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Abstract

This paper describes the kinetics of catalytic oxidation of diesel soot with air under isothermal condi-
tions (320-350 °C). Isothermal kinetics data were collected in a mini-semi-batch reactor. Experiments
were performed over the best selected catalyst composition Lao.7Ko3ZnOy prepared by sol-gel method.
Characterization of the catalyst by XRD and FTIR confirmed that LaixKxZnOy did not exhibit
perovskite phase but formed mixed metal oxides. 110 mg of the catalyst-soot mixture in tight contact
(10:1 ratio) was taken in order to determine the kinetic model, activation energy and Arrhenius con-
stant of the oxidation reaction under the high air flow rate assuming pseudo first order reaction. The
activation energy and Arrhenius constant were found to be 138 kd/mol and 6.46x10'0 min-l, respec-
tively. © 2014 BCREC UNDIP. All rights reserved

Keywords: Soot emissions; mixed metal oxide; Soot oxidation; Isothermal kinetics

How to Cite: Prasad, R., Kumar, A., Mishra, A. (2014). Isothermal Kinetics of Diesel Soot Oxidation
over Lao7Ko3ZnOy Catalysts. Bulletin of Chemical Reaction Engineering & Catalysis, 9(3): 192-200.

(doi: 10.9767/bcrec.9.3.6773.192-200)

Permalink/DOI: http://dx.doi.org/10.9767/bcrec.9.3.6773.192-200

1. Introduction

During the last decade, diesel engines have
increased in popularity compared to gasoline
engines all around the world, due to better fuel
efficiency, lower operating cost, higher durabil-
ity, and reliability, simultaneously associated
with a favourable fuel tax situation in several
countries. They are energy efficient, durable,
and drivable but their emissions of particulate
matter (PM) or soot and NOy are responsible of
severe environmental and health problems [1].
Specifically, diesel PM has led the legislation to
adopt stringent emission standards. Diesel par-
ticulate filters (DPF) are becoming widespread
as an effective measure to reduce soot emis-
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sions from diesel vehicles as they have filtra-
tion efficiencies of almost 100%. As the filters
accumulate PM, it builds up back pressure that
has many negative effects such as decreased
fuel economy and possible engine and/or filter
failure [2]. To prevent these negative effects,
the DPF has to be regenerated periodically, i.e.
the combustion of the accumulated soot.

It is therefore, vital to understand the re-
generation process in order to optimize the ap-
plication and operation of DPF both for lifetime
durability and fuel economy purposes. How-
ever, diesel soot elimination is known to be a
hard task, since this material burns at around
600 °C with air, while diesel exhaust gases
temperature most of the time lies between 150-
450 oC. Therefore, some artifice is needed to
promote soot oxidation. Very often this is car-
ried out by the use of an oxidation catalyst
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based DPF [3] in order to lower the required
combustion temperatures.

The performance of catalytic traps is af-
fected by the intrinsic catalytic activity and the
soot-catalyst contact efficiency [4]. The nature
of the contact between soot and the catalyst de-
pends on two important parameters: the rela-
tive concentration of the solids and the mixing
method. In experimental studies the soot-
catalyst mixture, in an appropriate ratio, are
milled in an agate mortar for “tight contact” or
mixed carefully with a spatula for “loose con-
tact” [5]. In most of the studies reported in the
literature, the catalyst performances are based
on the light-off temperatures. The comparison
of the catalyst performances may be consistent
within one set of data, but the differences in

the experimental conditions such as the heat-
ing rates and the gas flow rates may cause dif-
ferences in the light-off temperatures. A better
tool for catalyst performance comparison is to
report the activation energy for the process [6].
Furthermore, the activation energy data are
needed for the modelling and design of the
catalytic soot converters.

Despite the significant progress in soot oxi-
dation studies and the extended literature,
there is still high uncertainty concerning the
corresponding kinetic equations. Great scatter
1s observed regarding the reported activation
energy (E), the order of reaction with respect to
both the oxidants and the running soot mass [7,
8] in the oxidation reaction. The reported acti-
vation energy (E) of the various soot-catalyst

Table 1. Reported activation energy for catalytic soot oxidation at a glance

Ref Cat. preparation Experimental Operating parameter E (kdJ/mol)
method
[8] 0.4% Pt/Ce-ZrO2 TPO, 700 mg Heated 5 °C/min, air flow 300 161
impregnation soot/catal = 1:20, ml/min, isothermal
loose contact
[32] 1% Pt/Al2O3 TPO, 500 mg Heated 2 °C/min, air flow 50 161
impregnation soot/catal = 1:9, ml/min, non- isothermal
loose contact
[32] 1% Pt/CeO2 TPO, 500 mg Heated 2 °C/min in air flow 50 154
impregnation soot/catal = 1:9, ml/min, non- isothermal
loose contact
[32] 1% Pt/La203 TPO, 500 mg Heated 2 °C/min in air flow 50 147
impregnation soot/catal = 1:9, ml/min, non- isothermal
loose contact
[32] 1% Pt/Si102 TPO, 500 mg Heated 2 °C/min in air flow 50 159
impregnation soot/catal = 1:9, ml/min, non- isothermal
loose contact
[32] 1% Pt/ZrOq TPO, 500 mg Heated 2 °C/min in air flow 50 158
impregnation soot/catal = 1:9, ml/min, non- isothermal
loose contact
[33] Mn20s3 TGA, Soot/Mn = Heated 1.5-7.5 0C/min in air 107
9:1 Soot doped flow 50 ml/min, non-isothermal
with Mn-acetate
[34] LaCrOs, TGA, Soot/catal = Different heating rates (@ =5, 142
Lag.sCrOs, 1/2 tight contact 10, 20, 30, and 40 °C/min) air 128
LaosCrOs, flow of 100 ml/min, 123
Lao.9Rbo.1CrOs, 119
Lao.sNao.1CrOs, 129
Lao.9Ko.1CrOs, 114
Lao.sCro.9Lio.103 115
Soln. combustn.
Present Lao.7K0.3Zn0Oy Semi batch, 110 Isothermal, 320-350 °C, air flow 138
Study mg soot/catal = 150 ml/min

1/10 tight contact
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mixtures is given in Table 1. The basic reasons,
which lead to those discrepancies, are related
with the soot samples, type of catalysts, soot
catalyst contacts and experimental setup char-
acteristics. The commonly used synthetic soot
samples are not necessarily equivalent to real
diesel soot. Then again the quality of real soot
1s not constant and depends on engine and op-
erational parameters. And finally, the experi-
mental setup itself may impose uncertainties,
such as rate controlling mass transfer limita-
tions, ete.

Different experimental approaches have
been used in the literature including thermo-
gravimetric analysis (TG) [9, 10], flow reactor
[11], semi-batch fixed bed reactor [8]. Several
studies [12-14] on the kinetics of non-catalytic
and catalytic soot oxidation have been reported
in the literature. It is concluded that more de-
tailed insight in the kinetics and mechanism of
soot oxidation might help in developing more
active and selective soot oxidation catalysts
and in modelling of catalytic DPF [8, 15].

A platinum group metals (PGM) coated DPF
has been presented as an efficient after-
treatment system [16]. But in recent years,
considering the high cost, limited availability of
the noble metals and their instability with im-
purities, more attention has been focused on
the metal oxide perovskite structure [17-19]
and mixed metal oxide [20, 21] catalysts. Vast
literature is available for the oxidation of soot
over various catalysts. The addition of alkali
metal acts as a catalyst promoter and enhances
the activity of the catalyst and decreasing the

Sample

Position X

activation energy [34] so we study the effect of
K substitution over LaZnOy. No work has been
reported in the literature on the mixed La20s
and ZnO catalyst for the oxidation of soot.
Therefore, present paper is devoted for the first
time to the study of kinetics of diesel soot oxi-
dation over the mixed metal oxides having com-
position as Lao.7Ko.3ZnOy catalyst.

2. Material and Methods
2.1. Catalyst Preparation

A series of potassium promoted mixed metal
oxides LaixKiZnOy (x=0, 0.1, 0.2, 0.3 and 0.4)
with similar stoichiometric composition as re-
quired for Perovskite formation A1.xKxBO3s were
prepared by the citric acid sol-gel method. All
AR-grade chemicals were used in the prepara-
tion of catalysts. Aqueous solution (0.1 M) of
La(NOs3)5.6H20, Zn(NO3)2.6H20 and KNO3 were
mixed with citric acid that was equivalent in
gram mole with that of the total cations (La3*,
Zn?* and K*). Resulting colorless solution was
heated at 80 °C under continuous stirring. Af-
ter 2-3 h of continuous stirring the clear solu-
tion gradually transformed into a gel which
was translucent and viscous. The wet gel was
dried homogeneously overnight in an air oven
at 120 oC. Obtained off-white colored loose and
foamy solid was heated at 450 °C for 4 h and
further ground before calcining it at 750 °C for
4 h. Obtained solid was white colored porous
material.
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Figure 1. Schematic diagram of the semi-batch reactor
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2.2. Soot Preparation

The real soot was prepared by partial com-
bustion of commercial diesel (HP) in a lamp
with limited supply of air which was deposited
on the inner walls of an inverted beaker. The
soot was collected from the recipient walls and
then dried in an oven for overnight at 120 °C.

2.3. Bench Scale Reactor

Experimental set-up for collecting kinetic
data under isothermal air oxidation of soot is

o LaCoOs3
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Figure 2. XRD patterns of mixed oxides of La/
Zn and perovskite (LaCoQs3)
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shown in Figure 1. It was consisted of a tubular
furnace with a microprocessor based tempera-
ture controller, a specially designed quartz re-
actor and a condenser for condensing water va-
pour and cooling the product gas to room tem-
perature. The reactor has a sample tube (Fig.
1) attached to it by B-14 socket joint and a
thermocouple well for measuring the tempera-
ture of the soot-catalyst bed. The bends of the
sample tube and the tube connecting the sam-
ple tube to the reactor are such that when the
sample tube is at position Y, the solid sample
falls into the reactor. The outlet of the reactor
is connected to a cooler cum condenser as
shown in the figure. The furnace temperature
can be controlled to +0.5 °C and the tempera-
ture of the bed is measured by a thermocouple
connected to a separate temperature indicator
(T). There is a hole in the lower part of the
outer tube of the reactor, to take care of break-
age due to the expansion or contraction of air in
between co-axial tubes as the unit is subjected
to the variation of temperature from ambient to
the reaction temperature.

2.4. Experimental Procedure

A known weight of the soot-catalyst mixture
was taken in the sample tube and it was con-
nected to the system (position X). Before the
oxidation reaction, the soot-catalyst mixture, in
a 1/10 weight ratio, were milled in an agate
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Figure 3. FTIR analysis of Lao.7Ko.3ZnOy
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mortar for “tight contact”. 110 mg of this cata-
lyst-soot mixture was placed in the sample
tube. The heating of the furnace was started
and the dry and the CO:z free air was fed at a
flow rate of 150 ml/min. When the reactor at-
tained the required temperature shown by the
temperature indicator (T) the sample was
dropped in the reactor by turning the sample
tube by 180 °(i.e. position Y) and the Gaseous
products were analyzed by a gas chromato-
graph as a function of time. The isothermal
catalytic soot oxidation data were collected in
the temperature range of 320-350 °C.

2.5 Catalyst Characterization

Prepared catalyst samples are characterized
by FTIR, SEM and XRD to identify the struc-
ture and functional group of the sample pre-
pared.

3. Results and Discussion
3.1. Characterization of Catalyst by XRD

It is interesting to note that the equimolar
ratio of La and Zn was taken with the aim to
prepare perovskite structure of LaZnOs, in-
stead of expectation perovskite phase is totally
inaccessible. It is also very clear from the com-
parative studies of XRD of LaZnOy with
perovskite of LaCoOs catalyst prepared by sol
gel method (Figure 2) that oxides of La and Zn
did not form perovskite structure. Figure 2

Figure 4. SEM images of Lao.7Ko.3ZnOy cata-
Iyst: (A) 1000x; (B) 2,000x; (C) 5,000x; (D)
10,000x magnification

Table 2.
Lai1xKxZnOy Catalyst

shows that LaCoOscatalyst exhibited the typi-
cal XRD peaks of the rhombohedral perovskite
structure (JCPDS No 84-0848).

3.2. Characterization of Catalyst by FTIR

The FTIR spectroscopy was employed as an
additional probe to evidence the presence of OH
groups as well as other organic and inorganic
species present in the metal oxides. The FTIR
spectrum in the range 4000-400 cm~! of the
catalyst, Lao.7Ko.3ZnOy is shown in Figure 3. An
intense and sharp band at 3609.4 cm™! is as-
signed to the stretching and bending O-H vi-
brations of lanthanum hydroxide [22-25].
Bands near 3444 cm™! represent the O-H
stretching mode indicative of the presence of
adsorbed water on the sample surface [26] and
peaks at 1496 and 1385 cm~1show La202COs
[27]. The strong peak at 1066 cm™! is assigned
to the Zn—-O-H bending. The characteristics

Light off Temperatures of

Catalysts Ti (°C)  Ts50(°C)  Tioo (°C)
LaZnOy 376 426 456
La0.9Ko0.1ZnOy 317 369 400
Lao.sKo.2ZnOy 258 300 333
Lao.7Ko.3Zn0y 204 280 329
Lao.6Ko0.4Zn0y 236 290 322
9
s —— x=°
© - x=01
—r x50 2
:.s-o 240 1% 0 10 a4 a0

Temperature (°C)

Figure 5. Soot conversion over Lai1xK<ZnOy (x
= 0-0.4), calcination 750 °C, catalyst/soot: 10/1,
tight contact, air flow rate: 150 ml/min
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peaks at 538.13 cm~! and 656.29 cm~! show
presence of ZnO and La203[28, 29]. Thus ZnO
and La203 remained as mixture; they did not
form perovskite structure.

3.3. Characterization of Lao.7Ko.3ZnOy Cata-
lyst by SEM

The SEM micrographs, at different magnifi-
cations, of K doped La203 and ZnO composite
catalyst is displayed in Figure 4 ((A), (B), (C)
and (D)). The SEM images show that the pre-
pared catalyst sample was highly porous and
less aggregated. The figure shows that the sur-
face of the catalyst appears to be spongy ten-
drils. It can also be seen in lower magnification
images (Figure 4A) that the particle size of the
mixed oxides is small and uniformly distrib-
uted. The average particle size of the catalyst is
about 100-120 nm, close to that for diesel soot
particulates (70-100 nm), which is favorable to
achieving the highest specific number of con-
tact points between the two counterparts.

3.4. Catalytic Combustion of Soot over
Lai1xKxZnOy Catalysts

Experiments were conducted on a series of
potassium promoted mixed metal oxides
Lai1<KxZnOy (x = 0-0.4) for soot oxidation and

Table 3. Characteristics temperatures for soot
oxidation of pure oxides

Conversion (%)

Catalysts  T; (°C) Ts0 (°C) T100 (°C)

La203 389 435 461

Zn0O 406 441 474

LaZnOy 376 426 456
100 -
90
80 -
70 4
60 -

50 1
40 A
30 1
20 1

—t— L2203
~&-Zn0

10 4 =& LaZnOy

T 1

350 450

400
Temperature (°C)

Figure 6. Synergistic effect of LaZnOy on soot
oxidation. Calcination temperature 750 °C, cata-
lyst/soot: 10/1, tight contact, air flow rate: 150
ml/min

effect on the activity of catalyst with increasing
amount of K was studied. Figure 5 shows the
percent conversion of soot on various Lai-
KxZnOy catalysts. The effect of addition of K
in the catalyst on the light off temperatures is
recorded in Table 2. Activity of catalyst in-
creased with increasing K from x = 0-0.3 and
with further increase for x = 0.4 the activity de-
creased as shown in Figure 5 and it is also evi-
dent from Table 2. Therefore the optimum
value of K in the catalyst is for x = 0.3.

3.5. Comparative Soot Oxidation on La:0s,
ZnO and LaZnOy

In order to investigate the effect of individ-
ual constituents of the LaZnOy in the oxidation
reaction of soot, La:03 and ZnO were also
tested under same experimental condition. Fi-
gure 6 shows the percent conversion of soot
over three catalysts viz LaZnOy, La20s and
7Zn0O. The nature of conversion curve of LaZnOy
is similar to that of La20s and ZnO, not inter-
secting each other. It is very clear from the con-
version of soot over composite oxide (LaZnOy) is
higher than its individual component at all the
temperatures. The light off characteristics is
summarized in Table 3. From table it can be
seen that LaZnOy started soot oxidation (T;) at
376 °C earlier by an amount of 13 °cC and 30 °C
with respect to ZnO and La20srespectively.
Also LaZnOy perform better than their con-
stituent oxides by giving complete oxidation at,
Ti00= 456 °C while Tioofor La:0s and ZnO are
461 and 474 °C respectively. The synergistic ef-
fect detected can be attributed to the morphol-
ogy of the catalyst, spongy tendrils found in the
SEM images (figures) helps to capture the soot

F)
a4
8 ——320°C
g 3
< y 330 °C
e
2 1 ‘--. —&—340°C
—350°C

2 T e 111 T Lhanr Y YYVORY

0 20 40 60 80 100 120 140
Time (min)

Figure 7. Plot of chromatogram area of CO2
(Acoz) vs time at four constant temperatures
over Lao.7Ko.3ZnOy
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particle and gives more intimate contact of
catalyst and soot.

3.6. Kinetics Study

The kinetics of catalyzed soot oxidation with
air was studied under isothermal conditions as
described above. Temperature range chosen for
performing kinetic study is predicted from be-
low mentioned light off temperatures of
Lao.7Ko.3ZnOy catalyst (Table 2). The screening
of the prepared -catalysts showed that
Lao.7K0.3Zn0Oy was the most active for soot oxi-
dation under the experimental conditions stud-
ied. Therefore, Lao.7Ko.3ZnOy catalyst in tight
contact with soot was chosen to determine the
kinetic model, activation energy and Arrhenius
constant of the oxidation reaction as discussed
below.

3.6.1. Determination of kinetic model

Figure 7 shows the chromatogram area at
varying time obtained during experiment at
four different constant temperatures (320, 330,
340 and 350 °C). Here as temperature increases
the time required for complete oxidation of soot
decreases due to higher rate of oxidation at
higher temperature.

The fractional conversion of soot, (a) 1s de-
fined as:

1)

where, m and m, are the running and the ini-
tial sample mass respectively. The value of a at
various extent of reaction is calculated using
the following formula:

a = (mo-m)/my,

a= Xf Apga /T Appy At @

where, At is the time differences. The empirical
rate law equations as favored by Levenspiel

y=00425x-0.0141
¥=0.1045x +00053 R2= 05092
y=0]637x-00513 R2=089917  w=00667x+00123 +
SEe=09955 X a R2= 09951 -
/ -] +*
‘ - Q“
4 4 / [=[=] &
/, - | &
A Iy 1 ‘)C
E A a s+
3 A . of
/A o
/ .. )"“
| /o o #3120 o
A = “6‘ B30 o
4 B e 4340 0T
o "
%350 o
0 . . . . . :
0 20 40 &0 &0 100 120 140
Titn e (min)

Figure 8. First order kinetics model for cata-
Iytic oxidation of soot at different tempera-
ture

Ln(k)

[30] have been used to derive the kinetic pa-
rameters of diesel soot oxidation. The most gen-
eral rate equation of solid-state reaction as
given by Equation (3).
daldt = k f(a) 3)
where a is fractional conversion, & is the reac-
tion rate constant at any temperature and f(a)
is any function of conversion. The assumption
often made in the literature [31] is that the
global soot oxidation rate in large excess oxy-
gen can be described by a first order kinetic
equation with respect to fraction conversion of
soot, (a). In the present study flowing oxygen
was in large excess, therefore Equation (3) be-
comes pseudo first order:

daldt =k a 4)
Integrating Equation (4) we get:
Ina=Fkt (%)

Calculating a from Equation (2) and plotting
Equation (5) as In a vs. ¢, one should get a
straight line passing through the origin. Figure
8 shows such plot for the first order kinetics of
soot oxidation.

These results obtained are best fit models
having a high regression coefficient. Slope of
the straight lines gives the values of reaction
rate constants, ‘k” at different temperatures.

3.6.2. Determination of activation energy

The kinetic rate constant ‘%4’ in the model
Equation (4) is temperature dependent and ex-
pressed by Arrhenius equation (Equation 6):

k= Ag(Elam)

)

194
y=-16.642x + 24.893
R*=0.9998
-23 4
=27
=314
-35 . . ]
16 1.62 164 166 1.68 1.7
1T 103 ()

Figure 9. Arrhenius plot for catalytic oxidation
of soot
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where A is the frequency factor, E is activation
energy, T is absolute temperature, R is the gas
constant. On taking log of Equation (6), it can
be written as Equation (7):

Ink=mnA E 7
nk=inA- ™
and at two different temperatures this equation
modifies to Equation (8):

Erl 1
E — e - T(ﬁ_ﬁ) where T, >Ty
k2

®)

The obtained value of £ when fitted in Equation
(7) gives straight line also known as Arrhenius
plot as shown in the Figure 9. The slope of the
straight line ‘S’ is related to activation energy
which can be given as follows (Equation (9)):

S = E 9
=-3 )]

With the help of Arrhenius plot obtained value
of activation energy, £ = 138 kd/mol. The value
of the activation energy obtained is lower than
that reported by wvarious previous authors.
Again using Equation (7) for two different tem-
peratures frequency factor ‘A’ was calculated
which is equal to 6.46x1010, Thus the rate of
catalytic oxidation of soot can be written as fol-
lows:
Rate = 6.46x1010exp (-138 kdJ/RT)(a) g.soot/
(g cat. min).

4. Conclusions

Soot oxidation was studied in a specially de-
signed mini semi-batch reactor. The study of
soot oxidation kinetics in the mini-scale reactor
revealed that it assures practically isothermal
conditions. Kinetics data were collected under
the conditions of free heat and mass transfer
limitations. Intrinsic reaction rate of air oxida-
tion of diesel soot over Lao.7Ko.3ZnOycatalyst
was determined as a function of temperature
and fractional conversion in the temperature
range of 320-350 °C, given by:

Rate = 6.46x1010exp (-138 kJ/RT)(a) g.soot/
(g cat. min).

The value of activation energy was found to be
138 kd/mol which was found the least com-
pared with the reported activation energy for
different catalysts in the literature.
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