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Abstract

In present investigation, the effect of the intrinsic factors including the structure, nature of B-site ions
in the four systems LaCoOs, LaNiOs, LaFeOsand LaZnOy perovskite-type oxide catalysts, and the ex-
ternal factors of catalyst-soot contacting model, and the operating parameters such as air flow rate and
temperature on the catalytic performances for the combustion of diesel soot were reported. The cata-
lysts were characterized by XRD, FTIR, SEM, and Nz-sorption. Activity of the catalyst for soot oxida-
tion was evaluated on the basis of light off temperature characteristics Ti, Ts0 and Tioo. LaCoOs, La-
FeOs and LaNiOs samples possessed the perovskite structure, and gave high activities for the total oxi-
dation of soot below 445 °C. Whereas, LaZnOy catalyst was not indicating the ABOsperovskite struc-
ture and existed as a mixture of metal oxides. The activity order in decreasing sequence of the catalyst
was as follows: LaCoOs>LaFeOs>LaNi0Os>LaZn0Oy. SEM pictures of the perovskite samples showed
that the particles sizes were close to 100 nm. Copyright © 2017 BCREC Group. All rights reserved
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1. Introduction particulate matter (PM) emissions, which
mainly consist of carbonaceous soot and soluble
organic fraction (SOF) of hydrocarbons [2]. The
majorities of the components emitted from die-
sel exhaust are mutagens, carcinogens and toxic
air pollutants and is suspected in a series of ad-
verse effects [3]. Particularly the soot particle
causes health problems, pollution of air, water,
and soil, soiling of buildings, reductions in visi-
bility, impact agriculture productivity, global
climate change, etc.

Catalyst coated diesel particulate filter

Diesel engines have a variety of advantages
over other engines types, such as higher fuel
economy, reliability, durability as well as lower
fuel and maintenance costs. Diesel engines have
a variety of advantages over other engines
types, such as higher fuel economy, reliability,
durability as well as low maintenance costs [1].
Despite these advantages diesel engines have
some drawbacks, one of which is high amount of

(DPF) is an efficient device to trap and burn the
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have been investigated for the soot combustion;
platinum group metals (PGM), Perovskite-type
oxides, spinel type oxides and mixed transition
metal oxides [4]. Most of perovskite-type ox-
ides, meet the requirements for soot oxidation,
and thus many kinds of bulk perovskite-type
oxides have been prepared and studied in order
to improve the performances for soot oxidation.
The redox property of a perovskite-type oxide is
closely related to the nature of B-site or A-site
cations. Some researchers [5-8] have proved
that the perovskite-type oxide catalysts exhibit
much better catalytic performances for the title
reaction than that of simple oxide.

There is no study reported on the effect of
different B-site ions in ABO3s perovskite struc-
ture for the catalytic oxidation of diesel soot.
Further, no report is available in the literature
regarding the optimization of various operating
parameters for diesel soot oxidation. Thus, in
this article, the physico-chemical properties
and catalytic performances of Ni-, Co-, Fe-, and
Zn- based perovskite-type complex oxide cata-
lysts for the removal of diesel soot were com-
paratively and systematically studied. The ef-
fects of the intrinsic factors including nature of
B-site ions, redox properties of perovskite-type
composite oxide catalysts, and the external fac-
tors containing contact model of catalyst and
soot, and the air flow rate on their catalytic
performances for the elimination of soot parti-
cles were also investigated.

2. Experimental
2.1 Preparation of soot

The soot was prepared by partial combus-
tion of locally available commercial diesel (HP)
in lamp with limited supply of air, and collected
on the inner walls of an inverted beaker. The
soot was collected from the recipient walls and
then dried in an electric oven for overnight at
120 °C.

2.2 Preparation of catalysts

A series of perovskite-type oxide catalysts
were prepared by the sol-gel method. All AR-
grade chemicals were used in the preparation
of catalysts. Three different set of La based
perovskite, LaCoOs, LaFeOs and LaNiOs, were
prepared by citric acid sol-gel method. For the
preparation of LaCoOs aqueous solution (0.1M)
of La(NOs)3.6H20 and Co(NOs3)2.6H20 were
mixed with citric acid that was equivalent in
gram mole with that of the total cations (La3*
and Co?*). Resulting red wine colored solution
was heated at 80 °C under continuous stirring.

After 3 h of continuous stirring the clear solu-
tion gradually transformed into gel which was
translucent and viscous. The wet gel was dried
homogeneously overnight in oven at 120 °C in
presence of air. Obtained loose and foamy pink
color solid was heated in two steps. First heat-
ing at 600 °C for 1 h is carried out to decom-
pose the organic and second step of calcination
was done at 750 °C for 4 h to obtain hazy black
porous solid. LaFeOs and LaNiOs perovskite
were prepared in the similar fashion from their
nitrate precursors Fe(INO3)3.9H20 and
Ni(NOs)2.6H20, respectively.

A mixed metal oxide LaZnOy with same
stoichiometric composition as required for
perovskite formation LaZnOs was also pre-
pared by the citric acid sol-gel method. Aque-
ous solution (0.1 M) of La(NO3)3.6H20 and
Zn(NOs)2.6H20 were mixed with citric acid
that was equivalent in gram mole with that of
the total cations (La3* and Zn?*). Resulting col-
orless solution was heated at 80 °C under con-
tinuous stirring. After 3 h of continuous stir-
ring the clear solution gradually transformed
into gel which was translucent and viscous.
The wet gel was dried homogeneously over-
night in oven at 120 °C in presence of air. Ob-
tained off-white colored loose and foamy solid
was heated at 600 °C for 1 h and further
grained before calcining it at 750 °C for 4 h and
finally obtained white colored porous solid.

2.3 Catalyst testing

The catalytic performances of the prepared
catalysts for oxidation of soot were evaluated
in a compact fixed bed tubular quartz reactor
shown as inset in Figure 1. The reactor was
consisting of two co-axial glass tubes of 20 mm
and 50 mm diameter. A helical coil of quartz
tube in between the co-axial tubes served as a
pre-heater of the air. There is a hole in the
lower part of the outer tube, to take care of
breakage due to the expansion or contraction of
air in between co-axial tubes as the unit is sub-
jected to the variation of temperature from am-
bient to the reaction temperature. The pre-
heated air enters the catalyst bed, kept in the
inner tube as shown in the figure. The product
stream from the bottom of the reactor is cooled
in a condenser to the ambient temperature and
then analyzed with the help of an online Gas
chromatograph.

The reactor was mounted vertically in a
split open furnace. The down flow stream of air
was used to avoid the distortion of the bed. The
soot-catalyst (catalyst bed diameter 20 mm and
height 1.27 mm) was placed on a thin layer of

Copyright © 2017, BCREC, ISSN 1978-2993




Bulletin of Chemical Reaction Engineering & Catalysis, 12 (3), 2017, 471

glass wool which is supported on perforated
quartz disc inside the inner tube. A thermocou-
ple well made of 4 mm diameter tube was in-
serted axially from the bottom all the way to
the centre of the disc for temperature measure-
ment and control. The catalytic activity was
evaluated by placing 110 mg catalyst-soot mix-
ture in the reactor, and the oxidation was car-
ried out in the temperature range from ambi-
ent to total conversion of soot at a constant
heating rate of 1 °C min-!. Before the reaction,
the soot-catalyst mixture, in a 1/10 weight ra-
tio, were milled in an agate mortar for “tight
contact” and with spatula for loose contact. The
inlet air was fed to the reactor with a steady
flow rate of 150 mL min-1. To verify the repro-
ducibility of the experimental data each experi-
ment was performed twice repeatedly for the
soot oxidation.

2.4 Calculation of the soot conversion

A graph between chromatogram areas for
CO2 vs. increasing temperature for catalytic
soot oxidation was plotted as shown in Figure 2
for a typical experimental run. The fractional
conversion of soot, (X) 1s defined as:

X= (Mo']W)/Mo (1)

where, M, is the weight of initial soot taken,
which is proportional to total area of the graph
bounded between temperature of initiation of
soot oxidation (7o) and temperature for 100 %

oxidation of soot (7)), can be given as
(equation 2).

Moy ™ A, AT 2

where M is the weight of soot at a typical tem-
perature (T3), higher than the temperature (75).
The weight loss (M,-M) at temperature Ti,
which is proportional to the area bounded by
the graph between 7, and Ti, can be given as
equation 3.

(Mo-M)a Y A, AT ©
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Figure 2. A typical graph between chroma-
togram areas for COz vs. temperature
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1.Air-cylinder, 2.N;-cylinder, 3.Digital gas flow meter, 4. Hg safety device,
5.Moisture and CO; trap, 6.Reactor, 7.Split-open Furnace, 8.Condenser,
9. Temperature indicator controller, 10.Thermocouple, 11.Thermocouple well,

12.Gas Chromatograph, 13.Computer.

Figure 1. Schematic diagram of experimental setup
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Therefore, the value of X at various extent of
reaction can be calculated using the following
formula (equation 4):

ZTO Aco, AT (4)
ZTmo ACOZ AT

2.5 Catalyst characterization

X =

The textural characterization of the cata-
lysts was carried out by low temperature No-
sorption method using a Micromeritics ASAP
2020 analyzer. Phase identification of the cata-
lysts were carried out by X-ray diffraction
(XRD) patterns on a powder X-ray diffractome-
ter (Rigaku Ultima IV) using CuKa (A = 1.5405
A) radiation with a nickel filter operating at 40
mA and 40 kV. FTIR spectra of the catalysts
were recorded in the range of 400-4000 cm~! on
Shimadzu 8400 FTIR spectrometer with KBr
pellets at room temperature. XPS of the cata-
lysts was performed on an Amicus spectrome-
ter equipped with MgKa X-ray radiation. For
typical analysis, the source was operated at a
voltage of 15 kV and current of 12 mA. Pres-
sure in the analysis chamber was less than 10-5
Pa. The binding energy scale was calibrated by
setting the main C 1s line of adventitious impu-
rities at 284.7 eV, giving an uncertainty in
peak positions of +0.2 eV.

3. Results and Discussion

3.1 Textural characterization of the cata-
lysts

The textural properties including BET sur-
face area, total pore volume and average pore
diameter of the perovskites studied in the pre-
sent investigation are summarized in Table 1.
It can be seen from the table that the various
perovskite have low specific surface area (4-9
m?2/g) and average pore diameter (36-42 A),
which is in expected range considering the high
synthesis temperature in accordance with ref-
erences [9,10]. The LaCoOs sample, calcined at
750 °C in stagnant air, showed the highest sur-

face area (09.12 m?/g). Similarly, the catalyst of
LaNiOs and calcined in air, displayed the low-
est surface area (4.80 m2/g). It is very interest-
ing to note that the catalyst of LaZnOy exhib-
ited the lowest pore diameter (36.67 A) and
comparable average pore volume (0.0087 cm?3/g)
as compared to other catalysts prepared.

3.2 XRD characterization of the catalysts

The powder XRD patterns of catalyst sam-
ples prepared by citric acid sol-gel method are
shown in Figure 3. The XRD peaks were found
to be very sharp indicating that the ABOs
perovskite structure is well maintained in La-
Co0s (A), LaFeOs (B), and LaNiOs (C). Instead
of expectation in the catalyst of LaZnOy
perovskite structure is totally inaccessible.In
Figure 3, the obtained XRD data were com-
pared with the standard JCPDS pattern for
LaCoOs (with JCPDS card No. 25-1060),
LaFeOs (with JCPDS card no. 37-1493) and
LaNiOs (with JCPDS card no.33-0711) while in
LaZnOy shows the presence of La203 (with
JCPDS card No. 83-1344), La(OH)s (with
JCPDS card No. 83-2034), and ZnO (with
JCPDS card No. 89-1397) as the main crystal-

* Perovskite

oy
= H200)

LaCoO, . LaFeO,

azn

220)

422
«l >= *312)
202)

(132

~

(o
"0 40)
=111

wb I‘) w
"Theta( Deg)

Figure 3. XRD Pattern of (A) LaCoOs, (B) La-
FeOs, (C) LaNiOs and (D) LaZnOy
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Table 1. Textural characterization of perovskite catalyst samples

Catalyst BET surface area Pore volume Average pore diameter
(m?g) (cm?¥g) A)

LaCoOs 09.12 0.0074 41.70

LaFeOs 07.91 0.0081 40.23

LaNiOs 04.80 0.0096 42.89

LaZnOy 05.87 0.0087 36.67
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line phase. The crystallite size was estimated
using the Scherrer equation (5) which is given
by Equation 5.

d =0.89A/f cos 6 5)

where d, A, 6, and § are the crystallite size, X-
ray wavelength (1.518 A), Bragg diffraction an-
gle and full width of the half maximum
(FWHM) of the diffraction peak, respectively,
and the crystallite size data are reported in Ta-
ble 2. The crystallite size values were found in
the range of 14.52-33.50 nm. LaNiOs shows the
smallest crystallite size of 14.52 nm, whereas
the LaCoOs shows the largest crystallite size of
32.13 nm.

In the catalyst of LaZnOythe presence of
La(OH)s phase is very unusual as calcination of
sol-gel precursors at 750 °C decomposes lantha-
num compounds purely into La2Os according to
following reactions (Equations 6 and 7) [11].

300-400°C 400-500°C

La(OH)s - LaOOH — Laz203 (6)

400 - 460° 460-550°C >600°C

La202C03 — Laz(COs)s > La202C03 — Laz0s (7

However, the presence of La(OH)s in the XRD
diffractogram (Figure 3(D)), indicates that ex-
posure of catalysts to ambient conditions favors
hydroxylation of La2Os.

3.3 FTIR characterization of the catalysts

The FTIR spectra in the range 4000-400
cm-! of the catalysts prepared are shown in
Figures 4 and 5. Figure 4 depicts the FTIR
spectra of the perovskite catalysts (LaCoOs,
LaFeOs and LaNiOs) calcined at the 750 °C in
stagnant air. The broad absorption bands
around 3054 cm-! and 2306.2 cm-! appeared in
the IR spectra corresponded to OH stretching
and OH bending of water. The absorption band
at 1408 cm'! was corresponded to nitrate ion.
In addition, the band at 1096 cm-! was corre-
sponded to Co—OH bending which is confirmed
with the reported value that MOH bending
mode appears below 1200 cm-! [12]. The ab-
sorption band at ~600 cm-! are ascribed to Co-
O/Fe-0/Ni-O and MOes stretch vibrations in the
perovskite structure.

Figure 5 shows the FTIR spectra of LaZnOy.
An intense and sharp band at 3609.4 cm-! is as-
signed to the stretching and bending O-H vi-
brations of lanthanum hydroxide [13]. Bands
near 3444 cm-! represent the O—H stretching

Table 2. The crystallite size of all the catalysts

Catalyst Crystallite size (nm)
LaCoOs 32.13
LaFeOs 25.12
LaNiOs 14.52
LaZnOy La203 La(OH)s Zn0
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Figure 4. FTIR spectra of (A) LaCoOs, (B) La-
FeOs, (C) LaNiOs

Wavenunber (Cm-1)

Figure 5. FTIR spectra of the LaZnOy
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mode indicative of the presence of adsorbed wa-
ter on the sample surface [14] and peaks at
1496 and 1385 cm-! shows La202COs [15]. The
strong peak at 1066 cm-! is assigned to the Zn—
O-H bending. The peaks of 538.13 cm'! and
656.29 cm-! shows the characteristics peak of
Zn0 and La203 [16].

3.4 SEM characterization of the catalysts

The SEM images of LaZnOy at different
magnifications shown in Figure 6 revealed that
the prepared catalyst sample was highly po-
rous, less aggregated and surface of the cata-
lyst appears to be spongy tendrils. The particle
size of the mixed oxides is small and uniformly
distributed. The SEM images (Figure 6) clearly
show the difference in surface morphology due
to presence of different B-site ions (Co, Fe, and

Ni). In comparison to LaCoOs other two
perovskite (LaFeOs and LaNiOs) were more ag-
gregated and porus surface can be visualized
(Figure 7F and G). Morphological microscopy of
the explored samples also demonstrated ag-
glomerates involved mostly thin, smooth flakes
and layers perforated by a large number of
pores.

3.5 Catalysts activity test

The catalytic combustion tests were per-
formed with a flow rate 150 mL//min over the
catalyst samples prepared by sol-gel method as
a function of temperature. The reproducibility
of the experimental data was confirmed by re-
peating some of the tests for a few times, as il-
lustrated in Figure 8. A long-term activity test
was also carried out, after reaching the tem-

Figure 6. SEM images of LaZnOy catalyst; (A) 1000x (B) 2,000x (C) 5,000xs, and (D) 10,000x magnifi-

cation

Figure 7. SEM images of (E) LaCoOs,(F) LaFeOs, (G) LaNiOs
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perature of Tio0 (100 % soot combustion). The
reaction was then continued at the constant
temperature of Tio for at least 7 h. No change
in the catalyst activity was ever observed. Ac-
tivity of the catalyst for soot oxidation was
evaluated on the basis of light off temperature
characteristics Ti, Tso0, and Tio0 where, Ti, Tso,
and Tioo are temperature corresponding to the
start of soot ignition, the 50 % conversion of
soot and total oxidation of soot respectively. Ex-
periments for the soot oxidation were planned
to run up-to maximum temperature of 450 °C
which can be achieved by the diesel exhaust.
Experiments were conducted to see the effect of
transition metal Ni, Co, Fe, and Zn at the B-
site of the ABOs perovskite on soot oxidation
represented in Figure 8 and also in Table 3.
Four catalysts LaCoOs, LaNiOs, LaFeOs, and
LaZnOy were tested for soot oxidation. Figure 8
shows that the combustion of diesel soot
started at light off temperature (73) 290, 319,
336, and 376 °C for the catalysts of LaNiOs, La-
FeOs, LaCoOs, and LaZnOy, respectively. The
catalytic activity of the perovskite samples
chiefly depends on three factors: chemical com-
position, degree of crystallinity, and the crys-
tals morphology (including particle sizes, pore
size distribution, and specific surface area of
the perovskite catalyst). All these factors are
affected by the synthesis method and the spe-
cific synthesis operating conditions.

Experiments were also conducted to study
the effect of air flow rate on soot oxidation over
LaCoOs for soot oxidation at four different flow
rates (50 mL/min, 100 mL/min, 150 mL/min,
and 200 mL/min). Figure 9 shows that increas-
ing flow rate from 50 to 150 mL/min cause de-
crease in the characteristic temperatures (Tj,
Ts0, Ti00) while further increase in flow rate
cause increase in characteristic temperatures.
This phenomenon explains two counter effects
of increasing flow rate on soot oxidation. In-
creasing flow rate of air leads to more oxidants
(O2), which helps to improve the combustion of
soot particle. On the other hand increase in the
air flow rate shortens the resident time of the
reactants which negatively affect the soot oxi-
dation. These two counter affects gives opti-
mum value of air flow rate at 150 mL/min hav-
ing lowest characteristic temperatures (7:=336
°C, T'5=389 °C, and T10,=420 °C).

Table 4 shows characteristic temperatures
of soot oxidation at different flow rates. A loose
contact study was also carried out to simulate
the actual circumstances of diesel particulate
filter [17]. Figure 10 shows a comparison of
conversion of soot particles over LaCoOs under
tight and loose contact conditions of the cata-
lyst-soot. It can be visualized from Figure 8
that lower activity under loose contact than un-
der tight contact existed. The observation is ob-
vious as the catalysis is a surface phenomenon,

Table 3. Light off temperatures of perovskite-type catalysts

Catalysts T; (°C) Ts0 (°C) T'100 (°C)
LaCoOs3 336 389 420
LaFeOs 319 397 428
LaNiOs 290 392 441
LaZnOy 376 426 456

100 4| —a— LaCoO,
~&— LaFeO,

LaNiO,
80 | —p— LazZnOy

2
1

% Soot Conversion

0 +—<7—r T—————T—
280 300 320 340 360 380 400 420 440 4060
Temnperature ("'C)
Figure 8. Soot conversion over Perovskite-type
Catalysts, Calcined at 750 oC, Catalyst/ Soot:
10/1, Tight Contact, Air flow rate: 150 mLmin

100 1
90 , —+—S0ml/min
+~100mVmin

—&— 150mVmin

—a—200mVmin

40 4

Soot Conversion

g

325 350 375 400 425 450

Temperature (°C)

Figure 9. Effect of air flow rate on soot oxida-
tion over LaCoOs
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Table 4. Effect of air flow rate on soot oxidation over LaCoOs

Flow rate (mL/min) T; (°C) T's0 (°C) T'100 (°C)
50 360 404 442
100 355 400 434
150 336 389 420
200 374 425 448

Table 5. Effect of contact type on soot oxidation on LaCoOs catalyst

Contact condition T:

T'so T100

Tight contact 336
Loose contact 376

389 420
438 472

—a&— Tight Contact
—&— Loose Contact

Soot Conversiom

20 /.

/-/.{’.
0 e IR TR e e ERTT

o T T ] T v
300 320 340 360 380 400 420 440 460 480 500
Temperature ('C)

Figure 10. Effect of contact type on soot oxida-
tion on LaCoOs catalyst, calcination 750 °C
catalyst/soot: 10/1, air flow rate: 150 mL/min

higher the surface contacts (tight contact)
higher the activity. From the Table 5, it is clear
that the LaCoOs resulted complete soot oxida-
tion at T = 472 °C under loose contact which
is 52 °C higher than tight contact. The catalytic
activity for soot oxidation under loose contact
conditions is found to be very much appreciat-
ing within the diesel exhaust conditions.

4. Conclusions

The LaCoOs, LaFeOs, and LaNiOs samples
prepared by citric acid sol-gel method possessed
the perovskite structure, whereas the LaZnOy
catalyst is a mixture of metal oxides as con-
firmed by XRD and FTIR. Morphological mi-
croscopy (SEM) of the explored samples demon-
strated agglomerates involved mostly thin,
smooth flakes and layers perforated by a large
number of pores. The LaCoOs perovskite cata-
lyst showed the highest activity for the total

soot, oxidation (7:00= 420 °C) among all the pre-
pared catalyst samples. This can be explained
due the same nano-metric range of the catalyst
and soot particles. The optimum air flow rate
of 150ml/min is found by experiment. Under
the loose contact study, which represents the
real diesel engine condition, performed on La-
Co0Osshows an increase of T by 52 °C as com-
pare to tight contact, for oxidation of soot.
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