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The catalytic combustion of diesel soot was studied in the presence of fresh and aged catalysts: Co/Al, 03,
KNOs3/Al;03 and Co/KNOs3/Al,03. The catalysts were prepared by impregnation using nitrate solutions.
The catalysts were characterized by X-ray diffraction, thermal programmed reduction, vibrational spec-
troscopy and X-ray photoelectron spectroscopy.

Fresh and aged catalysts present high activity in presence of O, and 0, /NO. The values of the combustion

ggyw?rds:t temperature decrease more than 200°C with respect to that observed in the process without catalysis.
C;T;Eussi?on The activity is associated with the presence of KNO; and the role of this salt can be attributed to the
KNOs contribution of NO3;~/NO,~ redox cycle.

Cobalt © 2010 Elsevier B.V. All rights reserved.

1. Introduction

Emissions of diesel engines contain among other contaminants,
carbon oxides, nitrogen oxides, hydrocarbons and particulate
matter in their composition. In order to preserve the environ-
ment, it is necessary to regulate emissions and to stimulate the
search of new technologies able to decrease concentration of
contaminants.

In the particular case of particulate matter, mainly com-
posed by soot, it is possible to place a filter in the automobile
exhaust pipe where the material is retained and removed by
oxidation, thus avoiding the material accumulation with the
consequent increase of pressure fall and decrease of engine
efficiency.

The non-catalytic combustion of particulate matter occurs at
higher temperatures than the temperature of effluent gases. To
decrease the oxidation temperature of particulate matter, oxidation
catalysts are used since they are able to burn the soot without need
of an additional heat source. Among oxidation catalysts reported
as active there are those ones that contain alkali metals in their
composition [1-16].

Studies previously performed show that potassium nitrate sup-
ported on simple oxides presents a good catalytic activity and that
the incorporation of copper in the catalyst formula improves the
selectivity of carbon combustion to carbon dioxide [17,18]. The role
of KNO3 can be associated to: (i) increase of contact between soot
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and surface of the catalyst with the increase of possible effective
collisions between soot and catalyst, generated by the melting of
potassium nitrate on the catalytic surface, (ii) a redox reaction in
which the nitrate is reduced to nitrite by reaction with carbon and
again reoxidized to nitrate [18-21]. Water vapor can also affect
to the performance of the catalysts since deactivation can occur
due to chemical modifications that are more pronounced at high
temperatures.

The aim of this work is the study of fresh and aged catalysis
for the diesel soot oxidation reaction in the presence of O,/inert
and NO/O,/inert. Furthermore, several characterization techniques
have been performed to study the nature of cobalt and potassium
and potassium nitrate.

2. Experimental
2.1. Preparation of catalysts

Precursors of catalysts containing cobalt and/or potassium nitrate were pre-
pared by impregnation of gamma-alumina with an aqueous solution of Co(NOs ),
and/or KNOs in a rotavapor equipment. The equipment operates at 160 rpm, bath
temperature 50°C and vacuum pressure 50 mm Hg. The precursors were dried at
80°C for 24 h and were named PCo/Al,03, PKNO3/Al;03 and PCo/KNO3/Al,0s3.

Catalysts with a nominal cobalt content of 5% and/or a potassium nitrate content
of 25% (%w|w K=9.6 and %w/w NO3~ = 15.4) were prepared by calcination of precur-
sors at 600 °C for 2 h. Catalysts were generically denoted as Co/Al,03, KNO3/Al,03
and CO/KNO3/A1203.

2.2. Aging experiments with feed containing water vapor

Aging experiments were carried out on samples of fresh catalyst loaded in a
quartz reactor fed with a gaseous current (QTotal =30 mImin~') containing 10% O,
and 90% N saturated with water vapor (7 vol%). Aging treatments were performed
at 800°C for 2 h.
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Table 1

Chemical analysis according to AAS and size of Co304 crystals in fresh and aged catalysts.

Catalyst Co? (wt%) K2 (wt%) NOs~ exp.’ (wt%) NOs estimated® (wt%)
KNO3/Al,03 fresh - 9.50 7.91 15.10

KNOs3/Al, 03 aged - 7.50 0.11 11.9

Co/KNOs3/Al, 03 fresh 4.85 9.00 10.45 14.3

Co/KNOs3/Al, 03 aged 4.85 8.00 0.42 12.7

Co/Al, 03 fresh 495 -

Co/Al,03 aged 495 -

a By AAS.

b By UV-vis spectroscopic method.
¢ Calculated from %w/w K content.

2.3. Characterization of catalysts

Cobalt and potassium contents were determined by atomic absorption spec-
trophotometry with a spectrophotometer PerkinElmer AA 800.

The content of soluble nitrate ions in the catalyst was determined by UV-vis
spectroscopic measurements at ~224 nm where the absorption spectrum for nitrate
(NO3~) has a peak that is proportional to the nitrate concentration.

Crystalline phases within the catalysts were identified by powder X-ray
diffraction (XRD) analysis using a Rigaku D-Max III diffractometer equipped with
Ni-filtered Cu Ko radiation at 1° min~!. The crystal size was calculated using the
Scherrer equation and was determined with a scanning rate of 1/8° min~'.

TPR (temperature programmed reduction) experiments were carried out with
the conventional equipment. The TPR was performed using 10% hydrogen in nitro-
gen (flow rate =20 cm? min~—') with a heating rate of 10°Cmin~" up to 950°C. The
sample loaded was 20 mg.

The presence of nitrate anions on precursors and catalysts was studied by means
of FTIR spectroscopy using a Bruker EXINOX 55 equipment. Spectra were recorded at
ambient temperature in the 4000-400 cm~! range and the samples were prepared
in form of pills with KBr.

The X-ray photoelectron spectroscopy (XPS) was performed with a spectrom-
eter Physical Electronics PHI-5700, equipped with a dual X-ray source of Mg Ko
(1253.6eV) and Al Ko (1486.6eV) and a multi-channel detector. Spectra of pow-
dered samples were recorded in the constant pass energy mode at 29.35eV, using
a 720 pwm diameter analysis area. Charge referencing was measured against adven-
titious carbon (C 1s at 284.8 eV). A PHI ACCESS ESCA-V6.0 F software package was
used for acquisition and data analysis. A Shirley-type background was subtracted
from the signals. Recorded spectra were always fitted using Gaussian-Lorentzian
curves in order to determine the binding energy of the different element core levels
more accurately.

2.4. Catalytic measurements

The soot sample used in this work is synthetic flame soot named Printex-U
manufactured by Degussa. This carbon is commonly used to substitute diesel soot
in academic studies. Thermal programmed oxidation techniques were used to carry

Fig. 1. XRD diagrams of fresh and aged catalysts: (a) fresh KNO3/Al,03, (b) aged
KNOs3/Al, 03, (c) fresh Co/KNO3/Al,03, (d) aged Co/KNO3/Al, 03, (e) fresh Co/Al, 03,
and (f) aged Co/Al,Os.

out the catalytic tests. In these techniques the contact between the catalyst and the
soot is an important factor. When this contact is poor (loose contact) the catalysts
can be less active than when the contact is tight. The first type of contact is more
representative for practical applications.

In this work two equipments were used to carry out catalytic experiments:
a thermogravimetric reactor with an O,/He feed and a fixed bed reactor with
NO/O,/He or O2/He feed. In the first case, the soot combustion was performed in a
thermobalance (TGA-50 Shimadzu) with a heating rate of 10°Cmin~" and an 0,/He
feed (2:1). In order to carry out activity experiments, the soot and the catalyst, in a
1/10ratio, were milled carefully in an agate mortar before introduction into the reac-
tor (tight contact). The weight loss and the temperature were recorded as a function
oftime. The derivative curve (DTG) was obtained from the weight loss information as
afunction of time, and from this curve the temperature where the combustion rate is
maximum (Tmax ). In the second case, a quartz reactor (i.d. = 0.8 cm) was used simulat-
ing conditions near to the ones found in an exhaust pipe (loose contact, NO presence,
high space velocity and 8% of O;). The mixture composition was 8 vol% of O, and
1500 ppm of NO (total flow=50mlmin~'). The mass of soot/catalyst (1/10, w/w)
loaded in the reactor was 33 mg. The soot was mixed with the catalyst with spatula
(loose contact). The temperature range studied between 200°C and 700°C and the
heating rate 2 °C min—'. Reaction products were analyzed with a gas chromatograph
Shimadzu model GC-8A provided with a TCD detector. The separation of products
was carried out in a concentric column CTRI of Altech. This system permitted identi-
fication and quantification of O,, CO, and CO peaks. The amount of combusted soot
was calculated from the chromatographic information of CO, and CO.

3. Results
3.1. Chemical analysis

Cobalt and potassium contents in fresh and aged catalysts were
obtained by means of atomic absorption spectroscopy and it is
shown in Table 1. In the same table, the content of soluble nitrate
ions is shown obtained by the UV-vis spectroscopic method.

Results obtained indicate that the cobalt concentration of
Co/Al;03 and Co/KNOs3/Al,03 catalysts is very near to the nominal
one and that the aging treatment does not modify the concentration
of this transition metal.

The potassium concentration in fresh catalysts is near to the
nominal value (9.6%, w/w) and the aging treatment decreases such
concentration. The aged Co/KNO3/Al,03 catalyst loses 11% potas-
sium and the KNO3/Al,03 catalyst loses 21% with respect to the
fresh catalyst concentration.

Table 1 also includes the soluble nitrate content determined by
UV-vis spectroscopy in the washing water. Fresh catalysts contain
soluble nitrate in their composition and the content is noticeably
lower than the nominal value (15.4%, w/w). This would indicate
that during precursor calcination, a nitrate part is decomposed.
The Co/KNO3/Al, 03 catalyst shows higher content of soluble nitrate
ions than in the case of the KNO3/Al,03 catalyst. The aging treat-
ment decreases substantially the content of soluble nitrate ions.

Since the aging at 800 °C for 2 h partially modifies the potassium
content and even more noticeably the soluble nitrate content, it
is possible to postulate that the nitrate interacts with the catalyst
being transformed into a nitrate coordinate with the support (insol-
uble) or that the potassium nitrate decompose to K,O. Also, part of
the KNOj3 can be lost by volatilization due to the high temperature
(800°C) of the ageing treatment.
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3.2. X-ray diffraction (XRD)

XRD measurements were carried out to analyze the presence
of crystalline species in fresh and aged catalysts. Fig. 1 shows the
corresponding diagrams.

The XRD diagram of fresh Co/Al,05 catalyst shows typical sig-
nals of the Co304 spinel whose more intense lines are found at
2-theta=36.8°, 65.35°, 31.2° and 59.35°. The aged Co/Al,03 cata-
lyst presents a similar diagram. Taking into account that the catalyst
was aged for 2 h at 800°C, the incipient formation of the cobalt
aluminate spinel, CoAl,04, could be expected whose XRD lines
coincide with the lines of the Co304 spinel.

In the XRD diagrams of the fresh and aged Co/KNO5/Al, O3 cata-
lyst, XRD lines associated with the presence of cobalt oxidic species,
Co304, are observed. In these diagrams, neither XRD lines associ-
ated to crystalline species of KNO3 (2-theta=24.7° and 31°) nor of
K;0 (2-theta=37.7°, 30.6°, 32.3°,31.23°, and 49.79°) are observed.

In the XRD diagrams of fresh and aged KNO3/Al,O3 catalyst,
neither KNO3 nor KO signals are observed.

The Co304 crystallinity in fresh as well in aged catalysts is higher
in catalysts containing potassium nitrate.

The aging at high temperature in the presence of water vapor
generates a decrease in the crystallinity of Co304 spinel in catalysts.
The lower crystallinity can be attributed also to an amorphisation
of the surface leading to a decrease of the longer distances in the
cluster. This fact can be due to the diffusion of cobalt ions into the
spinel framework with alumina vacancies. Such process has been
previously observed in the case of Co/SiO; [22].

3.3. Temperature programmed reduction (TPR)

Fig. 2 shows temperature programmed reduction diagrams TPR
of fresh catalysts and Co304 bulk.

The Co304 spinel reduces between 300 and 500 °C with reduc-
tion of Co*3 to Co%* and subsequent reduction of Co2* to Co? [23].
The TPR diagram of fresh Co/Al,03 catalyst shows a very broad
band where the reduction occurs between 380 °C and 800°C. The
first reduction zone of catalyst is attributed to the segregated Co3 04
spinel reduction and reduction signals above 600 °C are attributed
to cobalt(Il) species reduction interacted with the support. The
gamma-alumina presents a defect spinel structure with vacant
cation sites, this structure allows the diffusion of cobalt ions into the

Fig.2. Temperature programmed reduction diagrams: (a) Co3Oy4, (b) fresh Co/Al, 03,
(c) fresh KNO3/Al, 03, and (d) fresh Co/KNO3/Al,Os.

Table 2
Gibbs free energy change in reduction reactions with hydrogen.

Temperature (°C)  AG (k])

Reaction (1) Reaction (2) Reaction(3) Reaction (4)

0 —134.184 —31.642 —704.527 21.285
100 —142.090 —73.842 —715.076 17.726
200 —148.872 —112.543 —720.511 14.689
300 —154.676 —148.684 —722.271 12.026
400 —158.770 —181.321 -719.712 9.594
500 —163.190 —211.898 —714.482 7.277
600 —168.099 —241.301 —707.615 5.081
700 -172.672 —269.713 —699.402 2.980
800 -176.953 —298.879 —691.674 0.934
900 —180.978 —328.374 —684.067 -1.087

oxidic matrix to generate incomplete spinels (non-stoichiometric
cobalt aluminate) [24].

The TPR diagram of KNO3/Al, 03 catalyst presents an important
reduction signal between 500°C and 650°C, with a maximum at
615°C, assigned to the potassium nitrate reduction [18,20]. The
potassium nitrate can be reduced with H, generating KNO,, NO
and NHj3.

KNO3 +Hy(g) = KNO; +H,0(g) (M
2KNO3 +3Hy(g) = 2NO(g) + K»0 + 3H,0(g) )
2KNOs3 + 8H;(g) = 2NH3(g) + K20 + 5H,0(g) (3)

Table 2 shows estimations of Gibbs free energy change noticing
that the proposed reactions can occur.

The TPR diagram of Co/KNO3/Al, O3 catalyst presents a reduction
signal starting from 350°C, with a maximum at 545 °C. This sig-
nal involves the reduction of cobalt and nitrate species. The cobalt
presence increases the nitrate reducibility probably by hydrogen
activation originated in the metallic cobalt decreasing the peak
temperature (approx. 70 °C). The reduction of Co will promote the
reduction of nitrates by hydrogen spillover, because hydrogen can
be dissociated on the reduced Co; such hydrogen spills to the nitrate
ions and reduces them [25-27].

TPR diagrams of aged catalysts show reduction signals of very
low intensity. The lowest reduction of aged Co/Al,03 catalyst is
attributed to cobalt aluminate incipient formation which is not
thermodynamically reducible (reaction (4)) below 800°C as it is
shown in results of Table 2.

COA1204+H2(g) = Co + Hy0 + A1203 (4)

Table 3 shows the areas of the TPR peaks of fresh and aged cata-
lysts. The areas of the peaks of aged catalysts containing potassium
nitrate are substantially lower than that observed in the case of
fresh catalysts, evidencing a nitrate species partial loss.

Table 3
Quantitative TPR results: mmol consumed H; obtained with fresh and aged catalysts.

H; consumption H, consumption

(mmol Hy) for the nitrate ion
reduction

Co/Al,03 0.041 -

KNOs3/Al, 03 0.082 0.082
Co/KNOs3/Al,03 0.130 0.089?
Co/Al, 03 aged 0.010 -

KNOs3/Al,03 aged 0.005 0.005
Co/KNOs3/Al, 03 aged 0.027 0.0172

2 Estimated as the difference between the total value and the one corresponding
to cobalt of catalyst without potassium nitrate.
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Fig. 3. FTIR spectra of support, precursor and cobalt catalysts: (a) alumina, (b)
PCo/Al,05 (precursor), (c) fresh Co/Al; 03, and (d) aged Co/Al,Os.

3.4. Vibrational spectroscopy by FTIR

Fig. 3 shows FTIR spectra of the following samples: precursor
of cobalt catalyst and of fresh and aged Co/Al,03 catalyst as well
as of the support (gamma-alumina). In the precursor spectrum, it
is possible to observe a band associated to the N-O antisymmetric
stretching of nitrate ions (1385 cm~1) coming from cobalt nitrate
[28]. Spectra of fresh and aged Co/Al,05 catalyst show signals in
the zone 500-700cm~! that can be associated with the presence
of cobalt species (Co304 or CoAl,04).

Fig. 4 shows FTIR spectra of the following samples: potassium
nitrate, catalyst precursor and fresh and aged KNO3/Al,03 cata-
lyst. The potassium nitrate presents the band of the antisymmetric
stretching mode typical of free nitrate ions (1385cm~!) and the
band associated to the angular antisymmetric deformation 0O-N-O
placed at 830cm~!. These signals are observed in the catalyst pre-
cursor spectrum. The spectrum of fresh KNOs/alumina catalyst
presents the signal at 1385cm~! evidencing the presence of free

Fig. 4. FTIR spectra of KNOs, precursor and KNOs; catalysts: (a) KNOs, (b)
PKNOs3/Al, O3 (precursor), (¢) fresh KNO3 /Al 05, and (d) aged KNO3/Al,0s.

Fig.5. FTIR spectrum of precursor and Co/KNOj3 catalysts: (a) PCo/KNO3/Al, O3 (pre-
cursor), (b) fresh Co/KNO3/Al, 03, and (c¢) aged Co/KNO3/Al,03.

nitrate ions and besides it shows bands placed at 1410cm~! and
1540 cm~! associated to the presence of monodentate and biden-
tate nitrate species. The aged catalyst spectrum shows a weak
band associated to the presence of free nitrate ions and besides
it presents two shoulders at 1420 cm~! and 1540 cm~! evidencing
the presence of coordinated nitrate groups [28,29].

Also, it is possible to observe in fresh and aged catalyst spectra,
the energy absorption band placed at 1070-1010 cm~! assigned to
the N-O symmetric stretching mode, which is inactive when the
nitrate ion is completely free.

Fig. 5 shows FTIR spectra of precursor and fresh and aged Co-
KNOs3/Al, 053 catalysts. The precursor spectrum contains bands of
potassium nitrate salt. Spectra of fresh and aged catalyst show
characteristic bands of nitrate ions, and the fresh catalyst presents
a band widening corresponding to the antisymmetric stretching
mode of free nitrates and an unfolding of such band with higher
signal intensity toward higher wavenumber (1410cm~1) charac-
teristic of monodentate coordinated nitrates. Besides, it presents an
intense band at 1545 cm~! assigned to nitrate species coordinated
as bidentate. In the case of the aged catalyst spectrum, the men-
tioned signals are of lower intensity and the signal at 1385cm~! is
not observed.

These results indicate that the aging at high temperature pro-
duces modifications in the nature of potassium nitrate species,
which reach higher interaction with the support.

3.5. X-ray photoelectron spectroscopy (XPS)

The XPS technique was performed to study the nature of cobalt
and potassium as well as the chemical composition at superficial
level.

The cobalt spectrum in an oxidic environment is a complex
spectrum due to the possibility of the existence of more than
one oxidation state (Co?* and/or Co3*) and different coordinations.
Cobalt species proposed by the other characterization techniques
tested are Co304 and Co2* ions forming part of the cobalt aluminate
incomplete spinel. The Co304 oxide contains Co(III) ions in octahe-
dral coordination with an electronic configuration t2g® and S=0
and Co(II) ions in tetrahedral coordination with electronic config-
uration eg?teg® and S=3/2, maintaining a ratio Co(Il)/Co(Ill)=1/2.
The incomplete cobalt aluminate has Co(Il) ions in tetrahedral coor-
dination.
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Table 4
XPS results for catalysts (all values in eV).
Co2 Co 2p3), Co 2p3)3 sat pp-sat? Co 2pq)2 Co 2p1)2 sat AEP K2p3p; K2pip
Co/Al;03 779.7-781.6 786.3 6.6 795.7 803.25 16.0 = =
Co/KNO3/Al,03 779.7 785.7 6.0 794.7 803.74 15.0 2929 295.6
KNOs3/Al,03 = = = = = 292.9 295.6
@ Difference between main peak and satellite in eV.
b Difference between main Co p3j2 and Co pyj; peaks in eV.
The core level cobalt spectrum shows de doublet Co 2p3, and Co Table 6 ) ) o
2131/2 atabout 781 eV and 795 eV, respectively with their respective Results of TPO experiments performed in a thermogravimetric reactor.
shake-up satellites. The existence of satellite bands is associated Catalyst Tini (°C) Tinax (°C) E, (kj mol-1) In(A)
wlth thg presence of pe.lramagnetlc species and for this reason this Soot 520 640 171 18
signal is associated with the presence of Co(Il) (S=3/2) ions. In Co/Al,03 505 580 188 21
order to elucidate the nature of cobalt species, binding energies Co/Al,03 aged 496 598 266 31
of Co 2p3j; peak components can be observed. The Co30,4 presents Eg? /2}283 . iég ‘31?3 ﬁ; ?g
core level Co 2ps; signals at 779.6eV of Co(lll) and at 780.7 eV CO/&O Al o 364 o 108 3
. . 3 2Y3
of Co(II). The cobalt aluminate bulk presents a signal at 781.5eV Co/KNO; /ALO; aged 383 420 104 13

of Co(IlI) [30-32]. Table 4 shows the binding energies of peaks
found in the core level Co 2p spectrum of catalysts Co/Al;03 and
Co/KNOs3/Al,03. However, before performing the analysis of results
it is necessary to mention that the cobalt spectrum intensity in the
Co/Al,05 catalyst is higher than the cobalt spectrum intensity in
the Co/KNO3/Al,05 catalyst. The component of lower energy (at
about 780eV) associated to the Co304 presence can be observed
in both spectra. The 782 eV component associated to the presence
of Co(II) ions was only observed in the spectrum of Co/Al,03 cat-
alyst, however, as both spectra have the satellite peak (shake-up),
the existence of Co(Il) species is evident. These Co(II) ions can come
from the Co304 or from Co(lIl) ions directly interacted with the oxi-
dic matrix. According to bibliography, in the Co304 spectrum, the
energy difference between the principal peak (pp) and its shake-up
satellite (sat) is 10eV and in the aluminate, the energy difference
is 5eV [33]. This difference is lower than 10eV in samples tested,
for this reason it is possible to propose the presence of Co(Il) ions
with interaction with the support. Besides, the potassium presence
does not generate an appreciable change in the binding energy of
cobalt at superficial level.

The core level K 2p spectrum presents a doublet K 2p level
located at about 293 eV (K2p3),) and 296 eV (K 2py ;) [8]. This bind-
ing energy found corresponds with the binding energy of potassium
in the KNOs. Also, the obtained results indicate that the cobalt
presence does not modify the potassium binding energy.

Table 5 shows superficial Co, K, Al and O atomic concentrations
of the three catalysts.

Concerning to cobalt, the obtained chemical composition indi-
cate that the cobalt is found more exposed in the Co/Al, 03 catalyst
than in the Co/KNO3/Al,03 catalyst. On the other hand, potas-
sium is found more exposed in the Co/KNO3/Al,03 catalyst than
in the KNO3/Al,03 catalyst. These results indicate that potas-
sium nitrate remains at superficial level covering the catalytic
surface.

3.6. Catalytic results obtained in a thermogravimetric reactor
These experiments were carried out in air/He flow with heating

rate 10°Cmin~'. Values of initial combustion temperature (Tiy;)
and the temperature of maximum combustion rate (Tmax) as well

Table 5

Surface chemical composition in atomic concentration %.
Sample Co K Al 0
Co/Al,03 2.3 - 333 64.3
KNO3/Al,03 - 10.1 23.8 66.1
Co/KNOs3/Al, 03 0.2 15.9 153 68.5

as the activation energy and the pre-exponential (A) expressed in
1/seg are summarized in Table 6. Kinetics calculations are made
assuming the behavior of differential reactor and a kinetic expres-
sion of first order with respect to the soot (C) [18].

The temperature at which the combustion rate is maximum
(Tmax) for combustion without catalyst is around 640 °C, this tem-
perature noticeably decreases when oxidation catalysts are used.
The cobalt catalyst supported on alumina presents the maximum
burning rate at 580°C. Catalysts containing potassium nitrate in
its composition KNO3/Al,03 and Co-KNO3/Al,03 present the max-
imum burning rate at 394°C and 418 °C, respectively, and with low
activation energy values (137 and 108 k] mol-1).

The results obtained when using aged catalysts in water vapor
presence indicate that the catalysts maintain their activity. Initial
temperatures obtained with catalysts containing potassium nitrate
are lower than 385 °C, which is within the operation range of an
exhaust pipe and the activation energy does not suffer significant
modifications.

3.7. Catalytic results obtained in a reactor of fixed bed fed with
NO/O,

Fig. 6 shows catalytic results obtained in a reactor of fixed
bed fed with a NO/O, mixture. In combustion experiments, 3 mg
of particulate matter and 30 mg catalyst were used and mixed
with spatula (“loose contact”). Curves represent the combustion
evolution of particulate matter as function of the temperature in
presence of fresh and aged catalysts.

The curve corresponding to the combustion reaction of partic-
ulate matter in catalyst absence shows that the temperature of the
maximum is 585 °C.

The fresh Co/Al;03 catalyst shows the maximum particulate
matter conversion at 495 °C. Catalysts containing in their compo-
sition potassium nitrate, KNO3/Al,03 and Co/KNO3/Al, 03, present
lower combustions temperatures at 372 °Cand 384 °C, respectively.

The aging treatment for 2 h at 800 °C does not generate activity
loss for these catalysts.

3.8. Catalytic activity and active species

The reaction mechanism proposed for catalysts containing
potassium nitrate is the soot oxidation with a concomitant reduc-
tion of nitrate ion to nitrite (step 1) completing the catalytic cycle
with nitrite oxidation by gaseous oxygen (step 2).
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Table 7
Calculated Gibbs free energy in K].

T(°C) AG reaction (5) AG reaction (6) AG reaction (7)
0 —203.296 —39.455 —190.995
100 —228.428 —60.852 —166.146
200 —251.823 —81.482 —143.020
300 —273.634 —101.340 —121.458
400 —292.309 —-119.612 —103.004
500 —311.861 —138.284 —83.648
600 —332.568 —157.488 —63.107
700 —352.748 -176.382 —43.070
800 —372.461 —194.994 —23.477
900 —391.755 —213.349 —4.285
1000 —410.669 —231.469 14.546
e Step 1
2NO;™ +C = 2NO,~ +COx(g) (5)
NO;~ +C = NO,~ +CO(g) (6)
e Step 2
NO; ™ +05= NO3~ (7)

Reaction proposed for step 1 where the formation of nitrite
and carbon oxides is thermodynamically feasible in the temper-
ature range studied (Table 7). An experiment evidencing that soot
combustion reaction occurs using oxygen of nitrate ion has been
performed previously [18]. A CuKNO3ZrO, catalyst extracted from
the reactor after soot reaction at inert atmosphere shows FTIR
energy absorption bands associated to the presence of nitrite ions
(1268cm™1).

The reaction proposed for step 2 is also thermodynamically
feasible (Table 5). To corroborate the feasibility of step 2, an exper-
iment of potassium nitrite oxidation was carried out in air flow
in thermogravimetric reactor. The nitrite oxidation with air of the
gaseous phase occurs from 470 °C.

Aged catalysts practically maintain the same activity than fresh
catalysts and this behavior is associated with the presence of
remainder nitrate ions determined by the previously mentioned
techniques.

Fig.6. Reactor of fixed bed. Fresh catalysts: (a) KNO3/Al, O3, (®) Co/KNOs3/Al,03,and
(m)Co/Al,05. Aged catalysts: (A) KNO3/Al,03,(O) Co/KNO3/Al, 03, and (O0) Co/Al, O3.
(x) Without catalyst.

4. Conclusions

Catalysts KNO3/Al,03 and Co/KNOs3/Al,03 are the most active
ones in the oxidation of soot. These fresh catalysts contain free
nitrate ions in their composition while in the aged form they con-
tain nitrate species interacted with the support.

The aging process of catalysts produces a significant change
in catalyst redox properties. The reducibility of these catalysts
with hydrogen is substantially lower than the one of fresh cata-
lysts. The fresh Co/KNO3/Al, 03 catalyst presents higher reducibility
since several species contribute in the reduction process. Besides,
it presents reducible species in the operation temperature range
of the automobile exhaust pipe when it has been aged for 2 h at
800°C.

In spite of this reducibility loss in hydrogen flow, all catalysts
analyzed do not present a decrease of catalytic activity.

The stages of the reaction mechanism proposed, soot oxidation
with oxygen from nitrate ion and subsequent oxidation of nitrite
ion, are thermodynamically possible and there exist experimental
data that support these facts.
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