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Abstract

A systematic study was carried out to assess the influence of simulated diesel exhaust on the activity of molten salt,
C9SO-V20s, supported on ceramic foam and~RHlumina catalysts in the oxidation of diesel soot. Gas compositions
containing @, NO,, CO, GHe, and SQ were used. The activity of molten salt catalyst, an active catalyst for the oxidation of
soot with @, is slightly affected by the gas component due to,N@eady present in NO In contrast, the presence of NO
significantly increases the soot oxidation rate with platinum catalyst. These changes were due to the catalytic oxidation of NO
to NO, with platinum, followed by soot oxidation with N O Three configurations are compared, viz. a fixed bed containing
a physical mixture of Pt catalyst and soot, Pt catalyst upstream of a fixed bed containing soot, and Pt catalyst upstream of
soot loaded on ceramic foam supported molten salt. The reaction cycle of oxidation of NO, followed by soot oxidation with
the NQ, produced, was observed only in a physical mixture of platinum catalyst and soot. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction showed a comparable activity with commercially
available catalytic fuel additives. Eutectic mixtures of
Increasing concerns on health effect and pressure C$SQ4, V205, M0oO;3, and CgO are active in soot
to fulfil the emission regulation of noticeable diesel oxidation in the presence of 10%0
emission, soot, urges the development of tailored Previous researchers concluded that open pore ce-
after-treatment systems. This stimulates the develop- ramic foams are good candidates as support for the
ment of both diesel particulate filter (DPF) and the molten salt as well as a soot trap [5]. The low porous
invention of catalyst materials for the oxidation of properties of ceramic foam offer the possibility to sta-
trapped diesel soot. Among others, the catalysts beingbilize the catalyst in a way that the catalyst material
developed are “volatile material” like Cu-K-V—Cl remains accessible for the deposition of soot under
based [1] and “mobile material” like molten salt sys- practical conditions [6].
tem [2—4]. Under simulated laboratory conditions, The concentration of the raw exhaust gases of diesel
molten salt catalyst appeared to be promising and engines, hydrocarbon (HC), CO, and NGilthough
relatively low compared to those of gasoline, might
" Corresponding author. Tekt31-15-2781391; affect the .performance of soot oxi_d_ati(_)n catalyst. For
fax: +31-15-2784452. example, if the catalyst has an activity in the oxidation
E-mail address: m.makkee@tnw.tudelft.nl (M. Makkee). of NO to NGO, the presence of NO can be an advantage
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in soot abatement. The commercial application of con-
tinuously regenerating trap (CRT) [7,8], is mainly re-
lying on the conversion of NO, from diesel exhaust,
to NO; in a “flow-through” honeycomb monolithic
substrate. N@ then subsequently oxidizes soot on a
wall-flow monolith filter.

SOy, up to now an unregulated diesel exhaust com-
ponent, is a common poison for almost all catalyst ap-
plications due to sulfate compound formation. Some
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ization of sulfate and partial of cesium was observed.
Since platinum catalyst is well known to be a good
catalyst for NO—NQ oxidation, 1 wt.% Ptj-alumina
catalyst was prepared for comparison. The catalyst
was prepared by impregnating 63—30® y-alumina
(Akzo Nobel 003-1.5e) with [Pt(NE)4]Cl> solu-
tion, dried for 2h at 355K, and calcined at 725K
for 2h.

Temperature programmed oxidation (TPO) and

soot oxidation catalyst performances were investigated isothermal experiments were carried out in microflow

with respect to S@ It was reported that sulfur diox-
ide acts as poison for Cu—K-V-CI [1] and Ce(®]
catalysts. This S©could also deactivate molten salt
catalysts.

Those effects might occur if molten salts are in-

equipment. The reactors were made of quartz and
had an inner diameter of 7 mm. The equipment con-
sists of six parallel reactor tubes and a gas mix
section which can provide Ar, £ CO, NO, GHeg,

and SQ gas mixtures. The gas-mass flow to each

troduced in the real application. Reported data on the reactor was 200 ml/min. A Hartman & Braun Uras

effect on soot oxidation of either individual or com-

10E non-dispersive infra-red analyzer (NDIR) is used

bination of gases present in diesel exhaust systemsto analyze the gas effluent of different reactors. The

is very limited, especially with molten salt catalysts.
Therefore, the activity of molten salt catalysts in soot

oxidation is tested in the presence of those gases us-
ing a gas composition close to the real diesel exhaust.

Platinum, a well-known catalyst for NO oxidation to

microflow equipment was described in more detail
elsewhere [10].

Every catalyst was tested in parallel in the pres-
ence and absence of soot in the same experiment. For
supported molten salt catalysts, soot was deposited

NO», was used as reference. Soot oxidation rates with by immersing the foam im-heptane dispersed soot

NO, were investigated in different catalysts soot con-
figurations of catalyst-soot to get information on the
effect of different reactor structure that might be use-
ful for the development of diesel particulate catalytic
filter.

2. Experimental

The molten salt catalyst system used wasSCy-
V7205 (0.55mol CsSQOy; 0.45mol W%Os; melting
point of 625K) supported on ceramic foam. The
ceramic foam used was Porvai-Al,O3 with 20
pores/cm, 87% porosity, and 398 g/l density. Cylin-
drical ceramic foam with 7 mm diameter and 25 mm
length was loaded by molten salt using method de-
scribed elsewhere [3,4]. Molten salt catalysts were
prepared by melting at its eutectic ratio [2]. Catalyst
loading on ceramic foam was 804 Before and
after the experiment the chemical composition of the
eutic mixture was determined by XRF and showed

(1.5 g/50 ml) for 2 min to deposit approximately 20 mg

soot. This immersion method is fast, easy to per-
form and given an excellent reproduction of the real
diesel soot trapping on these ceramic foam [6]. For
Pth-alumina catalysts, 40 mg catalyst was physically
mixed, in “loose contact”, with 20 mg synthetic soot

(Printex-U; Degussa), then diluted with 400 mg SiC.

Platinum catalysts were also directly placed upstream
of a soot bed diluted with 400 mg SiC, and upstream
of soot loaded on ceramic foam supported molten
salt.

The samples were then heated to 775K at 0.6 K/min
with a 200 ml/min simulated diesel exhaust gas. Sub-
sequently, they were heated to 900 K where they were
kept for 30 min to achieve complete oxidation in or-
der to establish the mass balance. The mass balance
for soot oxidation was calculated by integrating the
amounts of CO and Cf£released during reaction from
the reactor in which the catalyst was mixed with soot,
then subtracted by the amounts of CO and,Gé&
leased from the reactor loaded only with catalyst (no

the composition remained unchanged. Only when the soot loaded). The gas components, concentration, and
molten salts are heated to extreme high temperaturesthe compositions used are listed in Table 1. Argon was
(above 1075 K for a period over at least 1 week) vapor- used as a balance gas.
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Table 1
Gas components, concentration, and composition used in experiments
Gas component D(%) NO: (ppm) GHe (ppm) CO (ppm) SQ (ppm)
Compositions
a 10 - - - -
b 10 600 - - -
c 10 660 800 500 50

2Argon is used as balance gas.

3. Results oxidation already starts at 550 K. This is not the case
when NO was added to the system. The gas mixture
3.1. Soot oxidation rate with the catalysts containing only @ + NO, ‘without NG, shows an

almost identical soot oxidation profile as the one with

Fig. 1 represents soot oxidation rate, normalized for only O,. In the presence of C& C3Hg + SO, the
the initial soot mass, as a function of temperature with beneficial effect of N@ disappears.
different gas compositions catalyzed by ceramic foam  The experiments performed with ftalumina cata-
supported Gs£SOy-V20s. It is obvious that, with only lyst are shown in Fig. 2. A remarkably different result
O,, the molten salt catalyst shifts the onset tempera- is observed from the physical mixture of Pt and soot.
ture of non-catalytic soot oxidation from about 675 to The onsettemperature of soot oxidation with only oxy-
about 600 K. When NQ (contain about 540 ppm NO  gen in the feed, is about 675K, while in the presence
and 120 ppm N@) is introduced into the system, soot of NO,, it decreases to about 550 K. Unlike with the
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Fig. 1. Effect of gas compositions on soot oxidation rate with Fig 2. Effect of gas compositions on soot oxidation rate with

C9SO-V20s catalyst supported on ceramic foam; temperature piy-alumina catalyst; temperature programmed oxidation, heating
programmed oxidation, heating rate of 0.6 K/min. rate of 0.6 K/min.
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Fig. 3. Effect of gas compositions on isothermal soot oxidation
rate at 675K with Py-alumina catalyst. Fig. 4. Soot oxidation rate as a function of temperature with

O, + NO, for different catalysts soot configurations; temperature
programmed oxidation, heating rate of 0.6 K/min.

molten salt catalyst, the addition of GIOC3Hg + SO,
slightly increases the soot oxidation rate. The effect
of gas composition for the platinum catalyst systemis  In the system where O+ NO, are introduced, soot
clearly demonstrated in Fig. 3, in which the isothermal oxidation takes place both with&nd with NGQ. It is
soot oxidation rate is presented. The components CO, difficult to quantify the amount of N@produced from
C3Hg, and SGQ do not inhibit but even increase the the catalyst-soot bed in the configurations investigated.
rate. It is also worthwhile to underline that a physical Therefore, we assume that the maximal amount of
mixture outperforms a configuration with Pt catalyst NO, produced in all configurations is the same as that
upstream. produced from NO oxidation with platinum catalyst
The influence of the reactor configuration for both upstream, as shown in Fig. 5a. These amounts are
types of catalysts is clear form the TPO results in assigned as base case of N@oduced in the system.
Fig. 4. Comparing thephysical mixture of platinum The value of base case N@t several temperatures
with soot and platinumupstream of the soot bed, as well as the concentration of GOCO, produced
at the region below 615K, the profiles are approx- in different Pt-soot configurations is presented in
imately the same. Above 615K the oxidation rate Table 2. The concentration of C® CO, due to
of the upstream configurations is significantly lower. carbon oxidation with N@, assigned as Ncontri-
When soot was loaded on ceramic foam supported bution, is evaluated by subtracting the concentration
molten salt and compared to only soot loaded on SiC of CO+ CO; released from @+ NO, reaction sys-
bed both in combination with an upstream Pt cata- tem with the concentration of C&@ CO, from O,
lysts, the oxidation rate below 660K is higher for reaction system. Data of the temperature higher than
the soot loaded on SiC bed than that for the soot 700K is excluded because at those high temperatures
loaded on ceramic foam supported molten salt, while the reaction has reached high conversion at which
in the region above 660K the opposite result was the amount of unburned soot is already very small,
observed. leading to relatively large errors.



A. Setiabudi et al./Applied Catalysis B: Environmental 35 (2002) 159-166 163

NO/NO, CO conversion with Pt
1.0 4 ” . _ .
, Thermodynamic equilibrium
R NO/NOx HC conversion with Pt
0.8 — from platinum catalyts
= 5
e ?
= G>)
: 5
O
CO and HC conversion
with supported Cs,50,.V,0,
NO,/NOx from supported Cs,S0,.V,0, /
0.0 — 0.0 ="
T l T l T T I T I T
500 600 700 800 500 600 700 800
(a) Temperature (K) (b) Temperature (K)
1.0 —f-memeeeeanans e
80,80, .- -
Thermodynamic
equilibrium
0.8
SO, conversion
-~ with Pt
c 0.6
gel
&
o
g
Q 0.4 —
O
SO, conversion
0.2 4 with supported Cs,S0,.V,0
0.0 —
T | T I T
500 600 700 800
(© Temperature (K)

Fig. 5. Catalysts activities in the conversion of NO;Hg, CO, and S@.

Interesting is the ratio between N@roduced and  3.2. Conversion of gas components
NO, contribution to CO+ CO; released. In the physi-
cal mixture configuration, except at 600 K, the concen-  The activities of the catalysts in the conversion of
tration of CO+ CO; released from the reaction with  gas components were also evaluated. Fig. 5a compares
NO; is always higher than the base case concentrationthe concentration ratio of N Oto NO, dictated by
of NO, produced, in particular at high temperature. thermodynamic equilibrium, and the observed values
For platinum upstream the soot bed, except perhaps atfor both catalyst systems. For the Pt catalyst the ratio
675K, the concentrations of COCO; at all temper- increases with temperature up to approximately 650 K
atures is less than the concentration ofN\®@oduced. where the thermodynamic value is reached. For the
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Table 2

Comparison between C® CO, concentrations at several temperatures released from the physical mixture of platinum soot and platinum

Environmental 35 (2002) 159-166

upstream of soot bed and N@roduced in the system (base case N@ith O, and G + NO, as feed gas

Temperature  Base case of (CO+ COy) released (ppm)
® (NO2) (ppm) Oy contribution; physical Oy + NOy NO, contribution
mixture of Pt-soot with @ - - - -
Physical mixture Pt upstream Physical mixture Pt upstream
of Pt-soot soot bed of Pt-soot soot bed
600 340 55 250 265 195 210
625 365 95 465 380 370 285
650 355 115 735 430 620 315
675 325 145 950 465 805 320
700 275 235 940 455 705 220

CSOy-V205 system the N@NO, ratio is constant
over the whole temperature window.

As expected the platinum catalyst was very active
in CO and GHg oxidation. Conversely the molten salt
is very poor in converting CO andsBg. This result
is shown in Fig. 5b. In case of S@xidation, Fig. 5c,
the molten salt catalyst activity was significant, about
half of that of the platinum catalyst.

4. Discussion

From Figs. 1 and 2, it is clear that platinum is a less
active soot oxidation catalyst under the applied condi-

Soot oxidation with NQ is a (non-)catalytic reaction.
This reaction has lower activation energy than one
for the reaction of carbon with £i.e. —44 kJ/mol for

the reaction with N@ compared to—160 kJ/mol for

the reaction with @ [11]. The reaction is proposed to
proceed through an oxidized yet non-volatile carbon
speciegC - O}. In some literature théC - O} species

is named as surface oxygen complexes (SOC). This
species will release CO and G@rhen heated [12]:

NO; +C — NO+ {C- O} 2
Therefore, we can assume that one molecule CO or

CO, is produced from the oxidation of C with one
NO, molecule.

tions (loose contact and the ratio between catalyst and At our experimental conditions, 100-120 ppm €0

soot) than molten salt in the presence of onpy The
platinum catalyst is, however, more active in the pres-

ence of simulated diesel exhaust. This indicates that a

gas component has a major impact in soot oxidation
in platinum system rather than in molten salt catalysts.
In Fig. 5a it can be seen that a molten salt is very poor
in oxidizing NO to NQ, while NO oxidation with

platinum takes place in a significant amount. Different

activity in oxidizing NO to NQ clearly leads to the
difference in the activity of soot oxidation. NOa bet-

ter oxidant than @, can oxidize soot at relatively low
temperature. This observation is in agreement with the

reported data by Cooper and Thoss [7] and Jelles et al.

[10].

In the presence of £and NQ, soot oxidation takes
place both with @ and NGQ. The reaction of carbon
with NO> can be described as:

NO, + C — NO + CO 1)

CO, produced in feed gas, is equivalent to around
8—10mg/Gsoot initial SOOt oxidation rate. As we noted
before, the amount of Nin the feed gas is about
120 ppm. This explains the result of experiments with
molten salt catalyst. The presence of 120 ppmpNO
NO, +0O> caused a higher soot oxidation rate at the on-
set temperature in TPO experiment as shown in Fig. 1.
When NO+ O, was used as feed gas, without NO
increased soot oxidation rate was not observed in the
case molten salt catalyst. This is in agreement with
previous observations that explain that the activity of
NO in carbon oxidation, in the absence of Ni® low
compared to that of @[13]. NO is also a less active
oxygen-containing compound than oxygen in carbon
gasification [14]. Even an inhibition of soot oxidation

with NO at 298 K has been reported [15].

In real diesel exhaust gas, the majority of NO
is emitted as NO. The amount of NGrom diesel
engine is about 5-10% of the total NOHowever,
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increased emission of NOcan be expected from
idling spark-ignited engine as well as diesel engine
under low load conditions [16]. As shown in this ex-
periment, for an inactive NO oxidation catalysts, like
molten salt, the oxidation of soot with NOcould
only take place by N@that was already present in
the system. Therefore, the low amount of Ni@ the
real diesel exhaust will not significantly improve the
performance of molten salt.

More interesting are the results of the experiments
with platinum catalyst, especially when the physical
mixture of platinum and soot is applied. Besides shift-
ing the onset temperature of soot oxidation from about
675 to about 550 K, a multiple use of N@n the sys-
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of upstream configuration was lower than that of the
physical mixture. At this temperature region the equi-
librium of NO/NO, is almost established. Therefore,
the increase in temperature was not followed by the
increase of N@ in the system, as a result increased
of temperature does not significantly influence the ox-
idation rate. The contribution of NOto CO+ COy
production in this configuration is always lower than
the concentration of base case N@ith an excep-
tion at 675K. This suggests that only part of NO
oxidized soot and that the NO produced from the re-
action was not recycled to NOThis means that the
NO-NOy-soot reaction did not take place.

It might be surprising that below 625 K the configu-

tem seemed to take place. The lower onset temperatureration consisting of Pt upstream of and either soot de-

is clearly due to the production of NCat the tem-
perature at which soot oxidation by N@lso starts to
occur.

In Table 2, for a physical mixture of platinum and
soot at 600 K, the amounts of G&CO, produced from
the reaction of NQ with soot are less than the amount
of NO2 produced (base case of Mby platinum cat-
alyst. This indicates that only part of N@ffectively
oxidizes soot. At higher temperature region, at which
the amounts of CG- CO, produced from N@ con-
tribution are higher than the amount base case ,NO
the recycle reaction might take place. NO produced
from the reaction of N@with soot, reaction (1), was
re-oxidized to N@ and then repeatedly oxidized soot.

posited on ceramic foam supported molten salt or the
soot-SiC bed do not give identical results because at
that low temperature the molten salt is inactive. Prob-
ably, the reason is non-ideal reactor behavior of the
ceramic foam due to by-passing effects,

It is interesting that the molten salt catalyst is less
active in simulated diesel exhaust gas than in the cor-
responding @NO, atmosphere. Probably, the reason
is the presence of SOIn the presence of SQthere
are at least two possible reactions with NO@he first
is carbon oxidation, reaction (1), and the second is
SO, oxidation, reaction (3):

SO, + NO; — SO; + NO 3

The same reasoning is applicable to the increase of This gas-phase reactions couple is well-known to be

1001g/gso0tinitial iNitial rate in isothermal experiment
with platinum catalyst, Fig. 3. At 675K the amount

the basis of the so-called lead chamber process. Reac-
tion (3) might be in competition with soot oxidation

of NO, presence in the system is about 325 ppm. The by NO,, reaction (1). Therefore, reaction (3) could

increase of 10Q.0/Gsootinitial fate is equivalent with
about 1000 ppm CG- COy. This implies that in av-

suppress soot oxidation rate with N the presence
of supported CsSOy-V 205 catalyzed system. The de-

erage NO was at least recycled for about three times. crease is not expected due to the presence of CO and
On the basis of thermodynamic evaluation the num- CgHg, because those gases did not undergo any reac-
ber of recycles could be smaller than 3, but it is still tion during the process in the presence of molten salt
larger than 1. On the basis of our kinetic data this catalyst.
value should be at least 3. This number could also be In contrast with the foregoing, the presence of
higher since the formed NCcan also leave the reac- SO, + CO + HC slightly increases soot oxidation
tion zone before reacting with the soot (by-passing of rate for the platinum catalyst. Such effect was also
the soot or a sticking coefficient of less than 1). observed by Uchisawa et al. [17] with Pt/Si@at-
When platinum catalyst was placed upstream of alyst in the presence of water. They proposed that
the soot bed, the recycle reaction mode has not beenSQO; produced from S@over Pt catalyst has a role as
observed. The oxidation profile of the system below catalyst that accelerates carbon oxidation by,Ni©®
615K was approximately the same with the physical the presence of water. The presence of a trace of wa-
mixture, see Fig. 4. Above 615K, the oxidation rate ter, in our reaction conditions, might occur as a result
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of hydrocarbon oxidation. This interpretation agrees rate with NG in molten salt system, but moderately
with the observation that molten salt catalysts, that increased soot oxidation in platinum system.

do not exhibit this increase in catalytic activity, do To utilize the beneficial effect of diesel exhaust gas,
not catalyze the oxidation of hydrocarbons. It should particularly NO, the soot oxidation reactor should
be noted that also the heat released from CO and HChave a structure in which the recycle reaction of
combustion might cause a local heating of the catalyst NO-NO,-soot takes place. The combination of depth

surface that could increase the soot oxidation rate.
Both catalysts are active in the oxidation of SO
the activity of molten salt is less pronounced than that
of platinum catalyst. Their activity in SOoxidation,
could cause an additional number of particulate emis-
sion, or even catalyst deactivation. However, in tomor-
row application when a low sulfur content in diesel
fuel is applied those effects will largely be avoided.

5. Conclusion

Platinum, a less active soot oxidation catalyst than
molten salt with Q is more active in the presence of
NO, in simulated diesel exhaust. Platinum converts
NO to NO, and subsequently, NGormed increases
the rate of soot oxidation typically in the tempera-
ture window of 550—750 K. Conversely, the activity of
molten salt catalyst in the conversion of NO to Ni®
very limited. Therefore, with molten salt catalyst, only
NO» already present in the system is beneficial. In the
presence of NO a recycle mode of NO-h€oot was
observed in the physical mixture of platinum with soot,
which is not the case for platinum placed upstream of
the soot bed.

Soot oxidation activities of platinum and molten salt

filter loaded with platinum catalyst might be a choice.
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