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CHAPTER 6

STUDIES ON SUBSTITUTED PEROVSKITE
CATALYSTS

6.1 Introduction

Many types of catalysts for the DPF have been tigyated for the soot combustion;
platinum group metals (PGM), Perovskite-type oxjdgsinel type oxides and mixed
transient metal oxides [Mishra and Prasad 2014]stMx the perovskite-type oxides
(ABOg3), meet the requirements for soot oxidation, andstimany kinds of bulk
perovskite-type oxides have been prepared and estugh order to improve the
performances for soot oxidation. The redox prop@tya perovskite-type oxide is
closely related to the nature of B-site or A-siédi@ns, some researchers [Teraoka et al.
1995, Teraoka et al. 1996, Burch and Coleman 1B89¢ proved that the perovskite-
type oxide catalysts exhibit much better catalyi@@formances for the title reaction
than that of simple oxide. Perovskite structurerates partial substitution of both A-
and B-sites cations with other elements, leadinthéogeneration of oxygen vacancies
or the change of valence of A- and/or B-site catjaas a result, the activity is often
improved. When the A-site cations are partiallytitbted by the cations with lower
valance, such as alkali metal ions, the oxidattatesof B-site cations will be increased

or some oxygen vacancies are generated in ordeaiatain the electrical neutrality.
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The formed higher valence ions usually possessehigatalytic activity for soot
oxidation [Li et al. 2010, Li et al. 2012], and tHermed oxygen vacancies are
favourable to oxygen transferring. It is generdlypught that the adsorbed oxygen
species such as?Oand O often locate at oxygen vacancies on perovskiteface
[Yamazoe and Teraoka 1990], which are main actixggen species for soot
combustion [Liu et al. 2008, Fino et al. 2003]. iFheature largely depends on the
character of B-site ions and the substituted amotiAtsite ions by lower valance ions
[Yamazoe and Teraoka 1990]. When the A-site ionsp@movskites are partially
substituted by lower valance ions such as potassiurstrontium ions, the catalytic
activity towards soot combustion is often improJjee&ng et al. 2007, Teraoka et al.
2001].

In this chapter, the physico-chemical properties eatalytic performances of Ni-
, Co-, Fe- and Zn- based perovskite-type complaadeocatalysts and substitution of
A-site by Sr and B-site by M (M = Cu, Fe and Ni)L.agfCoQ; were comparatively and
systematically studied to clarify the effect obstitutions of cations. The perovskite
structure tolerates partial substitution of both @&ad B-sites cations with other
elements. The effects of the intrinsic factors udahg nature of B-site ions, redox
properties of perovskite-type composite oxide gatal and the external factors
containing contact model of catalyst and soot, #mel gas hourly space velocity
(GHSV) on their catalytic performances for the étiation of soot particles from diesel
exhaust were also investigated.

6.2 Experimental
6.2.1 Synthesis of Perovskite Type Catalysts
A series of perovskite-type oxide catalysts wereppred by the citric acid sol-gel

method. All AR-grade chemicals were used in theparation of catalysts. Three
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different set of La based perovskite, LaGpOaFeQ and LaNiQ, were prepared by
the sol-gel method. For the preparation of Lagafueous solution (0.1M) of
La(NOs)3.6H,0 and Co(NQ@),.6H,O were mixed with citric acid that was equivalant i
gram mole with that of the total cations {L.and C43"). Resulting red wine colored
solution was heated at &D under continuous stirring. After 3h of continuaisring
the clear solution gradually transformed into gélick was translucent and viscous.
The wet gel was dried homogeneously overnight ineletric oven at 12C. The
obtained loose and foamy pink color solid was thatetwo steps. First heating at
60C°C for 1h is carried out to decompose the organitsatond step of calcination was
done at 75%C for 4h to obtain hazy black porous solid. Lag@@d LaNiQ perovskite
were prepared in the similar fashion from theiratg precursors Fe (NRR.9H,O and
Ni(NO3)..6H,O respectively.

A mixed metal oxide LaZnPwith same stoichiometric composition as required
for perovskite formation LaZnfwas also prepared by the citric acid sol-gel metho
Aqueous solution (0.1M) of La(N{y.6H,O and Zn(NQ)..6H,O were mixed with
citric acid that was equivalent in gram mole wiltatt of the total cations (E4and
Zn*"). Resulting colourless solution was heated 4€8nder continuous stirring. After
3h of continuous stirring the clear solution grdijuaansformed into gel which was
translucent and viscous. The wet gel was dried lyggmeously overnight in oven at
120°C in presence of air. Obtained off-white coloredse and foamy solid was heated
at 600C for 1h and further grained before calcining it7&(°C for 4h and finally
obtained white colored porous solid.

In the second step series of single substitutedvskite La. SKCoO; were
prepared. For the preparation of;L&rCoGO; (x=0.1-0.4) agueous solution (0.1M) of

each La(NQ)3.6H,O, Co(NQ),.6H,O and Sr(N@),were mixed with citric acid which
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was equivalent in gram mole with that of the totations (L§", SF* and C&").
Resulting red wine colored solution was heated)a€ &inder continuous stirring. After
3h of continuous stirring the clear solution grdtjuiansformed into a gel which was
translucent and viscous. The wet gel was driedrogkt in an electric oven at 12D in
stagnant air. Obtained loose and foamy pink cadbd svas calcined in two steps. First,
heating at 60 for 1h was carried out to decompose the orgaritters and second
step of calcination was done at 76(or 4h, to obtain a black porous solid.

In the next step series of double substituted hite L&y oSry.1C0nsMo 503 (M=
Fe, Ni and Cu) were prepared by the sol gel metdg nitrate precursors of the
constituent elements in appropriate ratio as fadldvabove. Here also the dried solid
precursor was calcined in two steps as mentiondgtiencase of the first type of the
catalyst preparation.

Lag.odPth 0sCy sF & 503 Perovskite catalyst was prepared by sol gel metisnag
chloride precursor of palladium and nitrates of eothconstituents elements in
appropriate ratio by following the same steps eparation for other catalysts.

6.2.2 Catalytic Activity M easurements

The catalytic performances of the prepared catlyst oxidation of soot were
evaluated in a compact fixed bed tubular quartztogaas shown in figure 3.9 and
discussed in section 3.6.2. To verify the reprdulity of the experimental data each
experiment was performed twice repeatedly for thet sxidation.

6.2.3 Catalyst Characterization

The textural characterisation of the catalysts easied out by low temperature,N
sorption method using a Micromeritics ASAP 2020larex. Phase identification of the
catalysts were carried out by X-ray diffraction (BRpatterns on a powder X-ray

diffractometer (Rigaku Ultima IV) using Cul (. = 1.5405 A) radiation with a nickel
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filter operating at 40mA and 40kV. FTIR spectratloé catalysts were recorded in the
range of 400-4000 cthon Shimadzu 8400 FTIR spectrometer with KBr pslitroom
temperature. XPS of the catalysts was performedrnoAmicus spectrometer equipped
with Mg Ka X-ray radiation. For typical analysis, the souws operated at a voltage
of 15 kV and current of 12 mA. Pressure in the gsialchamber was less than 1Pa.
The binding energy scale was calibrated by settiegmain C 1s line of adventitious
impurities at 284.7 eV, giving an uncertainty irapgositions of £0.2 eV. The surface
morphology was studied with FEI Quanta 200 scanmlegtron microscope (SEM)
instrument. An accelerating voltage of 30kV and mgation of 1000 and 20000x
were applied.

6.3 Results and Discussion

6.3.1 Textural Characterization of the Catalysts

Typical nitrogen physisorption isotherms and porze distribution curves for the
substituted perovskite catalyst de®15.1C00;, Lag.oSry.1Cy sNig 5035,
Lap.oS1p.1Ca sCly 5035 and La oSih.1CoysFens035 prepared by sol gel method and
calcined at 751 are shown in Figures 6.1 and 6.2 respectivelg. fitrogen sorption
isotherms exhibit type-1V isotherms with H1 typesteresis loop. This type of isotherm
occurs on porous adsorbent with pores in the mesapaange of 2-25 nm as can be
visualised on pore size distributions curves irufigg6.2. The desorption curves are
practically coincide with adsorption branch of tlespective sorption isotherms of all
the samples irrespective of the composition of thasalysts. This behaviour is a
representative of open textured pores, which offaactically negligible diffusion

resistance during the reaction.
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Figure 6.1 N, Physisorption isotherms of catalysts (iLapgeSto.1C00; (b)
Lao.eSrh.1ConsNigs035,  (C)  Lay.oSr.1C0psClo 5035 and  (d)
Lap.oS10.1C 00 sF€0 5035

The pore size distribution curves presented in rég6.2 for LagoSr1C00;,
Lag oSrp.1CasCl 5035 and Li oSy 1CaysFey 5035 catalysts showsimilar trimodal
nature while catalyst laSr 1C0ysNigs035 displays monomodakith most probabl
pore around 70 Aln the case olLag ¢S 1C0o0s, the most probable pcs were found
around 40, 140, 220 Aanc, while in the case of lgaSr 1CasClosOs;s and

Lag oS 1C o sF & 5035 the first peak appeared arou40A with othersnear 110 ar 220
A.
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Figure 6.2 Pore size distribution curves of catalysts (LapoSKp.1C00; (b)
Lay.oS10.1CCo.sNig 5033, (c) L&y .oSrh.1CpsCp:=0s5 and  (d)
Lap.9S10.1CCo.sFe 5035

The textural properties including BET surface atetal pore volume and average p
diameter of the perovskites studied in the presemstigation are summarized in Tal
6.1. It can be seen from the table that the variarsyskite have low speci surface
area (4.80-15m%g), which is in expected range considering thehhgynthesi
temperature in accordance with referenRusso et al.2008ampagnoli et al. 20(].

The La oSih.1CosNigs035 sample calcined at 7%0 in air showed the highest surfe
area (15.00 Afg). Similarly the catalyst LaNis calcined in air, displayed the lowe
surface area (4.80 #g). The catalyst L@Sh1C0sClpsOss exhibitec the lowest
averagepore diameter06.18 A) and comparable pore volun@®0056 cm®/g) with

other catalysts. Itan be seen from the table that on substitutiorSrofand Fe ir

LaCoQ;, thesurface areaf the catalyst decreased to the valug @89m?g.
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Table 6.1 Textural characterization of perovskite catalgshples

Catalyst BET surface Pore volume Average pore
area (Mlg)  (cm’g) dia.(A)

LaCoG; 09.12 0.0074 41.70

LaFeQ 07.91 0.0081 40.23
LaNiOs 04.80 0.0096 42.89
LaznGQ, 05.87 0.0087 36.67
Lap ¢Srp.1Co0; 10.14 0.0058 08.04
Lap ¢Sro.1Cap eNip 035 15.00 0.0088 09.10
Lap cS1p1Ca:Clp:035  07.55 0.0043 06.18
Lao_gSI’o_JCOo_EFQ)EOg-& 07.29 0.0056 06.51

6.3.2 XRD Characterization of pure and substituted catalysts

The powder XRD patterns of catalyst samples prephyecitric acid sol-gel method
are shown in figure 6.3. The XRD peaks were founde very sharp indicating that the
ABO3 perovskite structure is well maintained in all {repared catalysts, Instead of
expectation in Catalyst LaZOperovskite structure is totally inaccessilefigure 6.3
the obtained XRD data were compared with the st@nd@PDS pattern for LaCaO
(with JCPDS card No. 25-1060), LaFe@ith JCPDS card no. 37-1493) and LaNiO
(with JCPDS card no.33-071While in LaZnQ shows the presence of A& (with
JCPDS card No. 83-1344), La(GH)with JCPDS card No. 83-2034) and ZnO (with
JCPDS card No. 89-1397) as the main crystallines@h&hus, LaZznpdoes not form
perovskite structure but the constituents are ptasecatalyst as the mixed oxides. The
crystallite size was estimated using the Schegaagon (3.9). The crystallite size data
are reported in Table 6.Zhe crystallite size values were found in the raof&4.52-
33.50 nm. LaNi@ shows the smallest crystallite size of 14.52 nrhemsas; LaCo®

shows the largest crystallite size of 32.13 nm.
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Figure 6.3 XRD Pattern of (A) LaCog) (B) LaFeQ, (C) LaNiG; and (D)
LaZn®

In Catalyst LaZznQthe presence of La(Oklphase is very unusual as calcination
of sol-gel precursors at 78D decomposes lanthanum compounds purely int®4.a

according to following reactions (equation 6.1 &)gPeralta et al. 2011]:

300-400 °C 400-500 °C
La(OH)3 ——— LaOOH ———— La303 (6.1)

400-460 °C CO, 460-550 °C oc

6
La202C03—>Laz(C03)3 — La02C03 >—>La203 (6.2)
However, presence of La(OHin the XRD diffractogram (figure 6.3(D)), may baed
to exposure of the catalysts to ambient conditfameuring hydroxylation of LgDs.
The powder XRD patterns of substituted perovslatlgst samples are shown in

Figure 6.4. Since the standard XRD data for sulistit catalyst samples is not
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available in the literature, the obtained XRD datae compared with the XRD data of
the standard JCPDS pattern for LaGd@CPDS card No. 25-1060). In addition, the
main diffraction peaks of the samples containingsBift to lower ® position as
compared with pure LaCaQevidencing that the relatively larger strontiuom ihas
been incorporated into the perovskite structure. lmyoSrpi1Co0O; and
Lag.oS1h.1Cay sNio 5035 a very weak peak ab2= 46.9 can be detected, suggesting that a
small amount of Cg, may be present, as shown in Figure 6.4 for
Lap.oS1.1CapsC 035, the main diffraction peaks shift to lowe® Zosition as
compared with the other catalysts. This result iespthat the relatively larger Srand
CU*" ions have been successfully incorporated intoldttEe of perovskite structure.
The Fe-substitution in  baSrk 1CoysFe 5035 increased the intensity of the main
diffraction peaks indicates that Fe-substitutiocréases the degree of crystallization. It
should also be noted that the Fe-substitution m#kesnain diffraction peaks shift to
lower 2 position, evidencing that the relatively largenirion has been introduced into
the perovskite structure. The crystallite size wsismated using the Scherrer equation
(3.9) and are reported in Table 6.2.The crystadite values were found in the range of
11.01-36.50 nm. Ni- substituted Catalyst shows dmallest crystallite size of 11.01
nm, whereas; the Cu-substituted, catalyst showkathest crystallite size of 36.50 nm.

Table 6.2 The crystallite size of all the catalysts

Catalyst Crystallite size (nm)
LaCoG; 32.13
LaFeQ 25.12
LaNiOs 14.52
LaznG, La,O3; La(OH)  ZnO
33.5 23 27.1
Lag.oSrh.1C00; 14.71
L&p.oSr0.1C0p.5Nig 5035 11.01
Lap.oSr0.1C 0 sClp.5035 36.5
Lag.oSro.1C 0 sF&. 5035 14.09
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Figure 6.4 XRD Pattern of Pure and Substituted Perovskital@sts

6.3.3 FTIR Characterization of Pure and Substituted Catalysts

The FTIR spectra in the range 4000-400twf the catalysts prepared are shown in
figure 6.5, 6.6 and.7. Figure 6.5 depicts the FTIR spectra of theepaerovskite
catalysts (LaCog) LaFeQ and LaNiQ) calcined at the 758C in stagnant air. The
broad absorption bands around 3020*camd 2350 ci appeared in the IR spectra
corresponded to OH stretching and OH bending okemwathe absorption band near
1490 cnt was corresponded to nitrate ion. In addition, ilaed at 1100 cth was
corresponded to Co-OH bending which is confirmethhe reported value that MOH
bending mode appears below 1200 cfiNakamoto 1997]. The absorption band at ~
600 cm® are ascribed to Co-O / Fe-O /Ni-O and Méxretch vibrations in the

perovskite structure.

Department of Chemical Engineering & Technology, |1 T (BHU), Varanasi Page 128



Studies on Substituted Perovskite Catalysts

P T |
.
=]
[¥]
=]
+
S
o
=}

§

1 (B)

% Transmittance

(A)

586

T T v T T T v T v T ¥ T

4000 3500 3000 2500 2000 1500 1000 500
1
W avenumber (cm )

Figure 6.5 FTIR spectra ofA) LaCoCs, (B) LaFeQ, (C) LaNiGs

Figure 6.6shows the FTIR spectra of LaZ,. An intense and sharp band at 36(
cm tis assigned to the stretching and bendiH vibrations of lanthanum hydroxic
[Zhu et al. 2008]Bands near 3444c¢* represent the ®t stretching mode indicative
the presence of adsorbed water on the sample syzZhu et al. 2007 and peaks &
1496 and 1385ci shows L0,CO; [Mu and Wang 2011 The strong peak at 10¢
cm ' is assigned to the ZM—-H bending. 538. 13crthand 656.29ci™* shows the

characteristics peak of ZnO and,O3; [Vasudevan et al. 2013
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Figure 6.6 FTIR spectra of the LaZry
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Figure 6.7 depicts the FTIR spectra of the sulistiteatalysts calcined at 78&Din air.
The broader peak appeared at ~590ci®m characteristic of the M{octahedra
commonly found in perovskite oxide powder and iseaed in this system too
[Ramesh et al. 1995]. The peaks found near to 285bin the samples are due to the
presence of atmospheric moisture as reported edkliandelovici et al. 1994]. The
absorption band at 1480, 1490 and 1500'awas corresponded to nitrate ion. In
addition, the band at 1100, 1200 ans 1210" evas corresponded to Co-OH bending
which is confirmed with the reported value that M@ENding mode appears below
1200 cni [Nakamoto 1997]. The absorption band at 586 and &84 in figure 6.7
related to Co-O stretching vibration, which wasfoomed with the reported value that

cobalt-oxygen stretching appears at around 608[Kimalil 2003].
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Figure 6.7 FTIR spectra of Pure and Substituted Perovskital@Zas

6.3.4 XPS Analysis of the Catalysts

X-ray photoelectron spectroscopy (XPS) has been tbwenfirm the oxidation state
of the elements present in the samples. The cleaistat spectra collected for La 3d,
Co 2p Fe 2p, Ni 2p Cu 2p and O 1s in catalystslm@ayed in Figures 6.8 to 6.13. In

figure 6.8(a) the peaks of Laspfand La 3¢, were situated at 836.2 eV and 839.8 eV
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and at 854.1 eV and 858.5 eV, respectively. Tha-emit splitting of La 3d level is
18.7 eV. Fig. 6.8(b) shows the binding energiethefCo 2p main lines, it is difficult to
determine the oxidation states of cobalt catiorcmbse similar values can be obtained
for most of the cobalt oxides and hydroxides (€g0O, Cg0s;, Co;04 and CoOOH).
The spinorbit splitting of Co 2p level is 15.2 eV whichssnilar to the reported value
[Cesar et al. 2000] For @0, with mixed valence of Co ions. The Co 2p XPS gpect
of the catalysts consists of two main lines with #pin-orbit splitting AE) falling in
the range of CsD,4, implying that the cobalt ions exist in the mixeence states of +2
and +3. As a result of high-valent Co ion, oxygesmcancies are created which
accumulates a large number of adsorption oxygenhensurface. The O 1s energy
spectrum consists of two peaks, which corresponvtoforms of oxygen, i.e. lattice
oxygen Q4 and adsorption oxygen,gon the sample surface (fig. 6.8C). The peak at
the binding energy of 530.5 eV corresponds to #iick oxygen species {0 O),
which reflect the redox behavior of the metal, #mel peak at 532.8 eV corresponds to
the adsorption oxygen species,{00,*), which is the active centre for the oxidation

[Zhao et al. 1996\Vang et al 2012].
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Figure 6.8 XPS Spectra of LaCcs

Figure 6.9displays the XPS spectra of La 3d, Fe 2p and Ofts LaFeGC. In Figure
6.9(a) thepeaks of La 35, and La 3d, were situated at 838.2 eV and 841.2 eV ar
855.6 eV and 859.0 eV, respectively. The -orbit splitting of La 3d level is 17.4 e
In Figure 6.9b), the peaks at 714.6 and 727.4 eV correspotitetbinding energies «
Fe 2p, and 2p),, respectively Parida et al. 2010]. Nooticeable shoulder peaks are
found in the Fe 2p XPS spectrum, indicating thatnkanly exhibits +3 oxidatio
states The broad and asymmetric Ols XPS spectriure 6.2) at binding energies «
533.0 and 535.3 eV correspond to lattice oxygen species and the adsorption ox

species respectively.
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Figure 6.9 XPS Spectra of LaFes

Figure 6.10 showthe XPS spectra of La 3d, 2p and O 1s for LgStp1CoCs. The
peaks of La 3¢k and La 3dg, were situated at 839.1 and 856.5 eV, respectividig.
spinorbit splitting of La 3d level is 17.3 eV. In Figu6.10 (b), the peaks at 782.9 ¢
correspond to the binding energies of C3; [Parida et al. 20]0The broacOls XPS
spectra (figure 6.1 at binding energies of 533.6 eV corresponche adsorptiol
oxygen species. Figure 6.5hows the XPS Spectra of partial substitution ¢* by
S and Co by Ni in the LaCcs. The peaks of La 3@ and La 3d, were situatd at
839.1 and 856.5 eV, respectively. The -orbit splitting of La 3d level is 17.3 ¢ In
figure 6.11 (b), the pealt 782.9 eV correspond to the binding energies @?s.
[Parida et al. 2010]In figure 6.21 (c) the peaks at 856.5 and 852.7 correspond t
binding energies of NiZp. The broad and asymmetric O1ls XPS spectra (fi§ulc)
at binding energies of 530.2 and 532.6 eV corregorihelattice oxygen species al

the adsorption oxygen speciespectively.
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Figure 6.10 XPS Spectra of Ly ¢S 1C00;
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Figure6.11 XPS Spectra of Ly ¢S1p.1C 0 sNig 503

Figure 6.12hows the XPS Spectra of partial substitution * by Si and Co by Cu

in the LaCoQ sample.The peaks of La 3@ and La 3¢, were situated at 837.9 a
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855.3 eV, respectively. The s-orbit splitting of La 3d level is 16.4 eV. In figa6.12
(b), the peak at 783.9 eV correspond to the binéingrgies of Cozs, [Parida et al.
2010]. In figure 6.12c) the pea at 711.9correspond to the binding energies o
2p32. The broad and asymmetric O1ls XPS spectra (figi2c) at binding energies «
530.5 and 533.1 eV correspond to lattice oxygen species and the adsorption ox

species respectively.

La3d

1 Co2p
4

Intensity (a.u.)

Intensity (a.u.)
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Figure 6.12 XPS Spectra of Lo oSt 1C oy sCly 5035

Figure 6.13 showthe XPS Spectra (partial substitution of L by S¥ and Co by F
in the LaCoQ sample.Thereexistsrelatively more adsorption oxygen on the suri
indicating the presence of more oxygen vacanciégesd& adsorption oxygen tre
electron and form more active, . Figure 6.18a) shows the XPS spectra of 3d, the
peaks of La 3¢, and La 3d, were situated at 854.2 eV and 85&V and at 87.1 eV

and 840.6eV, respectively. The sg-orbit splitting of La 3d level is 10 eV. Figure
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6.13(b) and 6.1(&) shows the XPS spectra of Co 2p and Fe 2p ragpbc The spin
orbit splitting of Co 2p and Fe 2p levels are 1&12 12.8 eV whiclis in well support
with the literatureThe O 1s energy spectrum consists of two [ having binding
energies 531.2 and 53, which correspond to two forms of oxygen, i.eti¢at oxygn
and adsorption oxygene shown in figure 6.13(d). As this catalys some of L&" was
replaced by St there were changes in the relative ratio of gutgwr to lattice oxyger
More adsorption oxygen existed on the surface atalig the presence of more oxyc
vacancies and an increased content of -free electrons in the catalyst. Mc
adsorption oxygen traps more electrons and thissfavourablefor forming more ¢,
which becomes more active centers for oxidation, thresults in the enhancement
oxidizing ability of the catalyst. It would contrike to the decrease of the combus

temperature of soot particl
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Figure 6.13 XPS Spectra of Ly ¢St 1C0y sFe 5035
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6.3.5 SEM characterization of the catalysts

The SEM micrographsef LaZnOy at different magnifications shown in frgu614
revealed that the prepared catalyst sample wadyhjgbrous, less aggregated &
surface of the catalyst appears to be spongy tendine particle size of the mix«
oxides is small and uniformly distributeThe SEM images (figure 6.1%learly show
the difference in surface morphology due to presefiadifferent E-site ions (Co, F
and Ni). In comparison to LaC other two perovskite (LaFeGand LaNiG) were

more aggregated and porus surface can be visudfige6.15F & G).

Figure 6.14 SEMimages of LaZn, catalyst;(A) 1000x (B) 2,000x (C) 5,00( and (D)
10,000x magnificatic

Figure 6.15 SEM images ofE) LaCoGs,(F) LaFeQ, (G) LaNiG;
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It can be seen from figure 6.16 that the morph@segif particles are of irregular she
and within the nanoscale (<100 nm). The SEM imagearly show the difference
surface morphology by partial substitution of iolghen part of lanthanum ions
LaCoG; was partially substituted by Sr, more aggregatedoys surface can t
visualized. Further, substitution of cobalt ionsLigy ¢Sy 1C00; by Fe ions entirel
different surface structure can be seen in figui®@) in comparison to figure 6.16(
& ). Morphological microscopy of the explored sangpl@also demonstrate
agglomerates involved mostly thin, smooth flakesl $myers perforated by a lar

number of pores.

Figure 6.16 SEM imagesof (H) LayoSri1Co0s, (l) LageSrhi1CoysNios0zs, (J)
Lap oS1r.1CCo sCU 5035 and (K) La.oSrh.1C 0 sFey 5035
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6.3.6 Activity evaluation of catalysts
The catalytic combustion tests of diesel soot werdormed with an air flow rate of
150 ml//min over the catalyst samples prepared diygel method as a function of
temperature. The reproducibility of the experimed&ta was confirmed by repeating
some of the tests for at least twidkctivity of the catalyst for soot oxidation was
evaluated on the basis of light off temperaturerattaristics T, Tso and & where, T,
Tso and F are temperature corresponding to the start of sgwition, the 50%
conversion of soot and total oxidation of soot eesvely. Experiments for the soot
oxidation were planned to run up-to maximum temipeeaof 456C which can be
achieved by the diesel exhaust.

The first series of experiments were conducteckéotbe effect of transition metal
Ni, Co, Fe, and Zn at the B-site of the AB@erovskite on soot oxidation. Four
catalysts LaCog) LaNiO;, LaFeQ and LazZnQ@ were tested for soot oxidation. The
results of soot oxidation are shown in figure 6alil table 6.3 presents the light of
characteritics. It can be seen from the figure that oxidation of diesel soot over
different catalyst LaNiQ LaFeQ, LaCoQ and LazZnQ initiated at different
temperatures of 290, 319, 336 and %7@espectively. Similarly, the temperature for
total oxidation of the soot over different catalyalNiOs, LaFeQ, LaCoQ and LaZnQ
were 441, 428, 420 and 4%B5respectively. Except LaZn@atalyst, all other catalysts
showed total combustion of the soot < 4B0i.e. within the temperature window of
diesel exhaust. It is can be concluded from thelt®seported in the figure and the
table that LaCo@catalyst is the best for soot oxidation undergresent experimental
conditions. The catalytic activity of the catalysamples chiefly depends on three

factors: chemical composition, degree of crystdilirand the crystals morphology.
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Figure 6.17 Soot conversion over Perovskite-type Catalystdci@ed at 750°C,
Catalyst/ Soot: 10/1, Tight Contact, Air flow rafé&Oml/min

Table 6.3 Light off Characteristics Temperatures of PerowesHiype Catalysts

Catalysts Ti(°C) Ts(°C) T¢(°C)
LaCoG; 336 389 420
LaFeQ 319 397 428
LaNiO3 290 392 441
LaZnQ, 376 426 456

The second series of activity evaluation of catalygsere performed to optimize the
value of “X” in LaxSKC0Q;. Three catalysts LaSKCoO; (x = 0.1, 0.2, 0.3) were
tested for soot oxidation. Figure 6.18 and tabld 6hows that LgSr1Co0;
compositiorshowed the highest activity for soot oxidation aFB16C. The optimum
value of x in single substituted Sr-perovskite betais found to be 0.1. However, the
variation in catalyst activity in all the Sr sulbsted perovskite is very nominal. Thus,
the substitution of Sr does not greatly affectahsvity of the catalyst while it provides

the stability to the catalyst as evidenced in t&bte
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Figure 6.18 Soot conversion over Single Sr-substituted Pditesype Catalysts,
Calcined at 756C, Catalyst/ Soot: 10/1, Tight Contact, Air floate:
150ml/min

Table 6.4 Light off characteristic temperatures of singles8bstituted Perovskite-Type
Catalysts

Catalysts  T°C) Tso(°C) Ti(°C)
LaCoG; 336 389 420
LaggSn1CoO; 323 357 416
LaggSrn,Co0; 325 371 418
Lap7/SrsCo0; 330 376 420

Table 6.5 Stability test of catalyst LaSr 1CoO; for soot combustion under tight
contact

Test Cycle Ti(°C)  Ts(’C) Ti(°C)

1st 323 357 416
2nd 322 357 417
3rd 323 355 416
4th 324 356 416
5th 323 355 415

The previous observation showed that the optimurmddation of single substituted

perovskite catalyst is k@St 1C00;. Further, substitution of Co in b@Sr 1C0ysMo 503
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(M = Ni, Cu and Fe) were studied to find out thghhy active promoter in double
substituted perovskite catalyst. The soot oxidatgtadies performed over double
substituted perovskites are shown in figure 6.1@ laght off characteristics are given
in table 6.6. The gradual increase in the actiwiis observed with substitution of Ni,
Cu and Fe respectively and the enhancement ofitgctly double substitution of

perovskite by promoter can be arranged in the viotlg order: Fe > Cu > Ni. The
improvement in activities due to substitution of Wnd Cu are marginal over
Lag oS1.1C00s. From figure 6.19 and table 6.6 it can be condudeat the best

formulation of double substituted perovskite ig §3.1C oy sF ey 5s0s.
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Figure 6.19 Soot conversion over Substituted Perovskite-typ#algsts, Calcined at
750°C, Catalyst/ Soot: 10/1, Tight Contact, Air flowtegal50ml/min

Table 6.6 Characteristic lights off temperature for soot dation over perovskite

catalysts
Catalyst Ti°C) T=(°C) T«(°C)
LaCoQ 336 389 420
L&y oShh.1C0o0; 323 357 416
LayoSh1CysNips0s5 317 369 402
Lay.oSh1CxnsClp 035 285 350 381
Lag oS 1CpsFeys0ss 238 330 355
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6.3.7 Effect of Gas Hourly space Veocity (GHSV) on Soot Oxidation

Experiments were conducted to optimize the flove ratt air from 50-200 ml/min or
GHSV 7520-30080 'h on soot oxidation over k@St 1CoFeOs5. Figure 6.20
shows that increasing GHSV 752010 22560 H caused decrease in the characteristic
temperatures (T Tso, T;) while further increase in flow rate to 30080 imcreased the
characteristic temperatures. This phenomenon expldivo counter effects of
increasing GHSV on soot oxidation. Increasing flate of air led to more oxidants
(O2), which helps to improve the combustion of soottipie. On the other hand
increase in the air flow rate shortened the corita of the reactants which negatively
affect the soot oxidation. These two counter affegave optimum value of GHSV at
22560 R showing lowest characteristic temperatures {1238C, Ts;=33C°C and

Tt=355’C). Table 6.7 shows characteristic temperaturesoof oxidation at different

GHSV.
100
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Figure 6.20 Effect of Gas Hourly space Velocity on soot oxidatf by
Lag.oSr.1C oy sFey 5035, (Catalyst/Soot: 10/1)
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Table 6.7 Characteristic temperature of soot oxidation avaf oSty 1C0oy sFe 503 at
different space velocities

GHSV (hY) Ti(°C) Ts(°C) T(°C)

7520 278 368 412
15040 258 354 398
22560 238 330 355
30080 260 356 387

6.3.8 Effect of Catalyst-Soot Contact

A loose contact study was also carried out to sateuthe actual circumstances of diesel
particulate filter (Guillen-hurtado et al. 2014)igkre 6.21 shows a comparison of
conversion of soot particles overdg®rn 1Co sFey 5035 under tight and loose contacts
conditions of the catalyst-soot. It can be viswaliZrom figure 6.21 that loose contact
exhibited lower activity than tight contact. Thesebvation is obvious as the catalysis is
a surface phenomenon, higher the surface contaghd ¢ontact) higher the activity.
From the table 6.7 it is clear that olo®f 1CoysFe 035 resulted complete soot
oxidation at T = 407C under loose contact which is°&2higher than tight contact.
The catalytic activity for soot oxidation under $gocontact conditions is found to be
very much appreciating within the diesel exhaustditions i.e. < 458C. Thus, it
should be effective to oxidize the soot on coatowgr DPF in real diesel engine

exhaust.
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Figure 6.21 Effect of contact type on soot oxidation onb8r 1CoysFes0s;
catalyst, Calcination 75Q Catalyst/Soot: 10/1, air flow rate: 150ml/min

Table 6.8 Effect of contact type on soot oxidation or b 1C oy sFey 5035 catalyst

Contact condition Ti(°C) Ts(°C) T¢(°C)
Tight contact 238 330 355
Loose contact 261 349 407

6.3.9 Activity comparison of LaggSro1CoosFensOss With LaggsPdoosCoosFensOs
catalyst for soot oxidation

Experiments were also performed to compare thelytataactivity for diesel soot
oxidation with noble metal substituted perovskitgatyst. In literature it is reported
that the best formulation of Pd-substituted perdes&s La ofPh 0sC0p sk 503 for the
soot oxidation Therefore, the same composition of the catalyst seected for
comparative studies with optimized double substdyserovskite catalyst in the present
work. The comparative results are shown in figu@2@s well as in table 6.9. It can be
seen from the figure that in the beginning thers wlaw and gradual increase in soot
conversion upto 43C followed by sudden increase in conversion ovesleanetal

substituted perovskite catalyst, reaching the tstait conversion at 489. Whereas,
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for Sr-substituted perovskite catalyst the rates@bt conversion was faster from the
very beginning in comparison to Pd-substitutedlgata The complete combustion of
soot over LagSr1CoysFeysOss occurred 142C less than LggsPdh 0sCo sFe 5035

catalyst. It is very evident from the light off chateristics data in table 6.9 and figure
6.22 that the activity of Sr-substituted perovsksefar better than Pd-substituted

catalyst.
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Figure 6.22 Comparison of soot conversion over transition mated noble metal
based Perovskite-type Catalysts

Table 6.9 Characteristic lights off temperature for soot @tidn over perovskite
catalysts

Catalyst Ti(OC) Tso(OC) Tf(OC)
Lag oSt 1Cop sF&y 5035 238 330 355
Lag.o5P th.0sC 0o sF & 503 241 442 499

6.4 Conclusions

Un-substituted LaCo$) LaFeQ and LaNiQ; single substituted lgaSr 1Co0O; and
double substituted lLaSr 1CosMo 035 (Where M= Fe, Ni and Cu) are synthesized by
the sol-gel method. XRD analysis confirms the pskae structure in all the prepared
catalysts consisting of nano-size crystallites, iwhe, LaZnQ catalyst is a mixture of

metal oxides as confirmed by XRD and FTIR. Sirglbstituted catalyst formulation,
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Lag.oS1p.1Co0; shows better activity for the diesel soot oxidatiban un-substituted
LaCoG; perovskite.

The optimum composition of the double substituteatalyst resulted by
calcination in air is LgoSIp 1Cop sFey 5035 for soot oxidation which reveals the lowest
temperature (fE 355C) for total soot oxidation amongst all the cattdysThe high
catalytic activity of Fe-substituted perovskite atgsts can be elucidated from
following aspects: firstly, the catalysts and tleetsparticulates fall in the nano-metric
size range, ensuring a high contacting efficienegwieen soot particles and catalysts;
secondly, the oxygen vacancies created by partistgution of the perovskite
structure confirmed by the XPS analysis, incretise®xidation ability of the catalysts.
Optimum GHSV of 22560 his found by experiment. Under the loose contastlyst
performed on L&eSr 1Coy sFen 5035 shows an increase of By 52C for oxidation of
soot. The activity order of the catalyst in decregsequence for diesel soot oxidation
is as follows: L@¢S10.1C0on sFey.5035 > Lag.oSrh.1C 0 sCUy 5035 > Lap.oSIh.1C0.sNio 5035
> LagoS1p1Co0; > Lay gShL00; > Lay :SihsCo0; = LaCoG; > LaFeQ > LaNiO; >
LaZznQ,. The soot oxidation comparative studies revealt thactivity of

Lag oS1h.1C oy sFey 50355 is far better than Pd-substituted perovskite cataly
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