Nano-Sze Perovskite Catalyst Synthesised by Reactive Grinding

CHAPTER 8

NANO-SIZE PEROVSKITE CATALYST
SYNTHESISED BY REACTIVE
GRINDING FOR DIESEL SOOT
OXIDATION

8.1 Introduction

Several perovskite-type mixed oxides have long bemsognized as very active
oxidation/reduction catalysts with many potentigbpléications in environmental
catalysis [Mishra and Prasad 2014] , generally gmexgb by citric acid SG method which
results a low specific surface area. To increasesthface area, several techniques are
developed, mechano-chemical synthesis also knoweaadive grinding (RG) has the
potential to provide more sustainable solvent-fresparative route to obtain perovskite
phase at room temperature, with surface area dsasgl00 rfig [Uchisavwa et al.
2000]. Following this technique, the double substdl La oSri1FesCay 03
perovskite catalyst was synthesized by reactivendgrg using the individual
components of simple oxide of each cation as tletamts using ZnO as grinding
additive. Thus, the aim of this work was to prepageuble substituted
Lag.oSr.1FesCa 5035 via SG and RG methods and compare their textucgdgsties as
well as activity for diesel soot oxidation. Thisagter also brings in picture the
feasibility of RG technique and the effect of operg parameters on diesel soot

oxidation.
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8.2Material and Methods

8.2.1 Catalyst Preparation

Lag.oSh.1Coy sFey 5035 was prepared by the citric acid sol-gel methoddiasussed in
section 3.6.1using nitrate precursors of the constituent elemdrg ¢Sy 1C0p sFey 503.

s was also prepared by reactive grinding using oxdecursors of the constituent
elements. The oxide precursors were first calciated00°C in order to eliminate any
possible hydroxides associated with them. 6.16 grefpurified LaO;, 1.68 g of
Co30,4, 1.68 g of FgO3; and 0.44 g of SrO were premixed by hand grindorgsf min
and loaded in a zirconia grinding jar (100°pmith zirconia balls (3 balls of 11 mm
size, 4 balls of 9 mm size and 7 balls of 7mm)sizbe weight ratio of ball to powder
was 5:1. The jar was closed with a lid and seal@t W-ring. The revolution per
minute (rpm) of jar was kept at 375. The millingsa@arried out for 4 h under air in
planetary ball mill. After this step the perovskiphase was obtained with small
impurities of LaO; [Kaliaguine et al. 2001]. Further, the grinding wime for 20 h in
two separate jars first without ZnO additive andosel with ZnO additive in order to
increase the specific surface area [Kaliaguine le@01, Zhou el al. 2010]. The
additive was in a weight ratio of perovskite/ZnQL=Then the obtained powder was
repeatedly washed with diluted NWRIO; in order to leach the additive ZnO from the
sample. Finally, the perovskite was calcined inaaib50C for 4 h. Nomenclature of

the prepared catalysts are given in table 8.1.

Table 8.1Nomenclature of the Catalysts

Catalyst (Preparation method) Name
Lag oSt 1Cop sF&y 5035 (SG) Cat-CC
Lag.oSr.1C o sk 5035 (RG) Cat-RG

Lag.oS1p.1Cop sFey 5035 (RG + ZnO) Cat-RGA
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8.2.2 Catalyst Characterization

The textural characterization of the catalysts wasied out by low temperature,N
physisorption method using a Micromeritics ASAP QG@alyser. Phase identification
of the catalysts was done by X-ray diffraction @XRpatterns recorded on a powder X-
ray diffractometer (Rigaku Ultima 1V) using CaK (A = 1.5405 A) radiation with a
nickel filter operating at 40mA and 40kV. The XP®asurement was performed on an
Amicus spectrometer equipped with Mg. K-ray radiation. For typical analysis, the
source was operated at a voltage of 15 kV and wmuwé 12 mA. Pressure in the
analysis chamber was less thari® Ba. The binding energy scale was calibrated by
setting the main C 1s line of adventitious impestat 284.7 eV, giving an uncertainty
in peak positions of £0.2 eV. FTIR spectra of tla¢abysts were recorded in the range
of 400-4000 crit on Shimadzu 8400 FTIR spectrometer with KBr psllat room
temperature. Scanning electron micrographs (SEM)%BM EDX were recorded on
Zeiss EVO 18 scanning electron microscope (SEMjrungent. An accelerating
voltage of 15kV and magnification of 1000X was agqbhl

8.2.3 Activity measurement of the Catalysts

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 the section 3.6.2.

8.3 Results and Discussion

8.3.1 Textural Characterization by N-Physisorption

Typical nitrogen physisorption isotherms and poize distribution curves for the
catalysts Cat-CC and Cat-RGA are shown in Figurdsand 7.2 respectively. The

nitrogen sorption isotherms exhibit type-1V isotmesr with H1 type hysteresis loop.
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This type of isotherm occurs on porous adsorbetit pores in the mesoporous rat
of 2-25 nm. The desorptioturves are practically coincide with adsorptionnofa of
the respective sorption isotherms of all the samplespective of the ccposition of
the catalysts. This behavits a representative of open textured pores, whitdrs
practically negligible diffusion resistance duritige reactio. The pore size distributic
curve for CatcC presented in figure 7.1 (kshows wide distribtion havingtrimodal
nature with most probable pores around 40, 140,R2¢hile for Cat-RGA shown in
figure 7.2 (b) it isnarrowly distributecmonomodalith most probable pore around

A

The textural properties including BET surface artasal pore volume an
average pore diameter of the perovskites studiedhén present investigation ¢
summarized in Table 8.2 can be seen from the table that the-prepared perovskit
catalyst havea low specific surface area.29 nf/g). Cat-RG synthesizecwithout
additive possessed higher surface area (3%/g) and smaller crystallites than samg
prepared by SG method. GRGA prepared with ZnO additive exhibited the highe

surface area (92.5%g), smallest crystallites (10.4 n.
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Figure 8.1 Cat-CC (a) M adsorption/desorption isotherms and (b) pore Seteiloution
curves
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Figure 8.2 Cat-RGA(a) N, sorption/desorption isotherm@) pore size distributio
curves

Table 8.2Surface argaaverage pore diameter and crystallite date

Catalyst Surface area Average  pore Crystallite size
(m?/g) diameter (A) (nm)

Cat-CC 7.29 06.24 14.0¢

Cat-RG 32.60 7.72 14.8(

Cat-RGA 92.50 8.04 10.4(

8.3.2 XRD Analysis ofthe Catalysts

The powder XRD patterns of catalyst samples araisho Figure8.3. The XRD peaks
were found to be very sharp indicating that the /; perovskite structurwhich is well

maintained in all the sampl The XRD analysis of S@repared Ci-CC showed the
formation of cubic LaFej structure (JCPDS card 00-075-0428)d LaCoG; (JCPDS
card No. 25-1060yith no traces of other phase. In the- Prepared C-RG and Cat-
RG-ZnO other phases such as,O3; (JCPDS card 00-001653) and L,O3 (JCPDS
card 00-0033602) were detected in addition to the major /4 perovskite phas The

diffractogram of CaRGA was scattered in many directions leading to a large

distributed in a wide range instead of high intgnearrower peaks present in -CC
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and Cat-RG. Peak broadening is normally seen i maystallites smaller than 100
nm. The crystallite size was estimated using ttlee8er equation and are reported in
Table 8.2. The Cat-RGA shows the smallest crystadize of 10.4 nm in comparison to

other catalysts.
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Figure 8.3 X-Ray patterns of SG and RG prepared Perovskitel{Zs

8.3.3 FTIR Characterization of the Catalysts

Figure 8.4 depicts the FTIR spectra of the cataliisthe range of 400-4000 &niThe
broader peak appeared at ~600cis characteristic of the M¢dctahedra commonly
found in perovskite (ABg) oxide powder [Ramesh et al.1995] and is obsemeétis
system too. The bands appeared at ~ 579 and ~586 cil in all the catalyst samples
are ascribed to Fe-O and M@&tretch vibrations in the perovskite structureddfet al.
2010].In sol gel prepared air calcined catalyst Cat-C@ R prepared Cat-RGA MO
stretch vibrations appeared at 586 ‘twhile in Cat-RG its shifts towards lower

Wavenumbers 579 ¢l The peak shift is towards lower wave number sidicates
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the mass of that molecule is increased becausedney of vibration is inverse
proportional to mass of vibrating molecule so heatihe molecule, less the vibrati

frequency and lower theave numbers. The peaks found2860 cn™ in the samples
are due to the presence of adsorbed atmospheristuremias reported earl

[Mandelovici et al. 199. The absorption band at 1480¢nin the Cat-CC were
corresponded to nitrate ic As nitrate prearsors were used for the preparation
catalyst.In addition, the band at100 cm' was resembled t€c-OH/Fe-OH bends
which is confirmed with the reported value that M@ENding mode appears bel

1200 cni [Nakamoto 1997

Cat-RGA 586
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Figure 8.4FTIR spectra 0SG and RG prepared Perovskitat&lyst:

8.3.4 XPS Analysis of theCatalysts

The XPS Spectra of bLaSr 1Coy sFey 5035 sample calcined in air (C-CC) are shown
in Figure 8.5. Theijure 85(a) shows the XPS spectra of La 8tk peaks of La %,

and La 3dg» were situated at 854.2 eV and 857.4, and at 837.1 eV and 840.6 €
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respectively. The spiorbit splitting of La 3d level is 17.0 e Figure 85 (b) and 8.5
(c) shows the XPS spectra of Co 2p and Fe 2p ragplyc The spinorbit splitting of
Co 2p and Fe 2p levels are 15.2 and 12.8 eV whiamwell support with the literatL
[lchimura et al. 1980]The O 1s energy spectrum consists of two peaksigainding
energies 531.2 and 533.8, which correspond to onmg of oxygen, i.e. lace oxygen

and adsorption oxygen respectively as shown imrd@5(d).
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Figure 8.5XPS Spectra ofa-CC

The characteristic spectod catalyst Ce-RGA are displayed in Figure 8.the collectec
data for La 3d, Co 2p, Fe 2p and O There existselatively more adsorption oxygt
on the surface indicating the presence of more exygacancies. These adsorpt
oxygen traps electron and form more activ, . Figure 8.6a) shows the XPS spec

of La 3d, the peaks of La gdand La 3¢, were situated at 853.3 eV and 856.8 eV
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at 836.4 eV and 840.4 eV, respectively. The -orbit splitting of La 3d level is 16.
eV. Fig 8.6(b) and 8(6) shows the XPS spectra of Co 2p and Fe 2p ragplc The
spinorbit splitting of Co 2p and Fe levels are 15.2 and 12.8 eV which are in \
support with the literare [Ichimura et al. 1980, Cesar et al. 2D00he O 1s energy
spectrum consists of two peaks, which corresponvtoforms of oxygen, i.e. lattic
oxygen and adsorption oxygen are shown in fi8.6(d). As in both the catalysts sor
of La*" was replaced by *, there were changes in the relativeio of adsorption to
lattice oxygen. More adsorption oxygen existed o surface indicating the preser
of more oxygen vacancies and an increased contequas-free electrons in th
catalyst. More adsorption oxygen traps more elestrand thus it ifavourable for
forming more 3, which becomes more active centres for oxidatibas it results it
the enhancement in oxidizing ability of the catalyiswould contribute to the decree

of the combustion temperature of soot parti
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Figure 8.6 XPS Spectra cLag ¢Sip.1Cop sk 5035-RGA
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8.3.5 SEM characterizationof the Catalysts

The SEM micrographs of perovskite catalysts showrFigure 8.7 represent quit
different morphologies of the catalyst sam. It can be seen that the morphologie:
particles are of irregular shape émost of them are within the nasgale <100 nm).
The Cat-RG prepared by the reactive grinding, possessedulzrarshape particle
while the addition of ZnO entirely changthe morphology of the C&RGA, it may be

due the interaction of the surfaces of the pasi

Figure 8.7 SEM images of &ovskiteCatalysts

8.3.6 Energy Dispersive Xay (EDX) of the Catalysts

It was evident from the results of energy dispersk-ray (EDX) analysis that all th
samples were pure due to presence c Co, Fe and O peak there is no other eler
present in the spectra as showifigure 8.8.1t also confirms the presenceperovskite
phase in the sample which is in good harmony wie XRD and XPS experime
results. The theoretical and experimental datar{et@6) of Ca-CC and C«RGA are

shown in table 8.3.
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Figure 8.8 EDX spectra of (A) Cat-CC and (B) Cat-RGA perowsidatalyst

Table 8.3Atomic % data of Cat-CC and Cat-RGA

Element Cat-CC (Atomic %) Cat-RGA (Atomic %)
Theoretical Experimental Theoretical Experimental

o 60 57.54 60 59.23

Fe 10 09.87 10 12.00

Co 10 13.93 10 08.34

Sr 02 1.14 02 01.36

La 18 134 18 14.78

8.3.7 Catalytic Activity Measurements
Soot conversion as the function of temperature @vepared catalysts are shown in
figure 8.9 and light off temperature on the catalye presented in Table 8.4. Cat-
RGA exhibited highest activity for soot conversitian other two. The soot conversion
of 100% was achieved with this catalyst at the ktwemperature of 32@. This may
be related to unusual characteristics arisen fréra $evere mechano-chemical
deformation during ball-milling; leading to cold ldeng and fractures in nano-
structured catalyst.

The oxidation of diesel soot is directly dependamthree factors. The first one is
the reducibility of the transition metal cations onder to produce vacancies. These

vacancies are essential to allow the soot oxidafibe second factor is the amount of -
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oxygen available to initiate the reaction of sowidation into CQ. The third factor is
crystallite size and surface area. As the crystalize is smaller and surface area of
sample is higher in a catalyst, it accommodatesenaative sites for soot oxidation
reaction. The crystallite size is smaller and stefarea is higher of Cat-RGA than Cat-
CC and Cat-RG. Therefore, numbers of active siaedable in Cat-RGA are more for

soot oxidation reaction.
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Figure 8.9 Performance of the catalysts for Diesel Soot Cioda

Table 8.4Characteristics Temperatures of different Catadgstples for Soot Oxidation

Catalysts T(°’C)  Ts(°C)  TH(°C)
Cat-CC 238 330 355
Cat-RG 234 277 335
Cat-RGA 220 259 324

8.3.7.1 Effect of Catalyst-Soot Contact

A loose contact study was also carried out to sateuthe actual circumstances of diesel
particulate filterFigure 8.10 shows a comparison of conversion of padicles over
Cat-RC under tight and loose contacts conditionsthaf catalyst-soot. It can be

visualized from figure 8.1Ghat loose contact exhibited lower activity thaghti
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contact. The observation is obvious as the catlgsa surface phenomenon, higher the
surface contacts (tight contact) higher the agtiitom the tabl®.5 it is clear that Cat-
RC resulted complete soot oxidation at=T372°C under loose contact which is°3
higher than tight contact. The catalytic activigy Soot oxidation under loose contact
conditions is found to be very much appreciatin¢himi the diesel exhaust conditions
i.e. < 450C. Thus, it should be effective to oxidize the smotcoating over DPF in real

diesel engine exhaust.
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Figure 8.10The Performance of the Cat-RGA for Diesel Sootdation in Loose and
Tight contact

Table 8.5Light off Temperatures on Cat-RGA under differ@attalyst-Soot Contacts

Contact Type T(°C) Ts(°C) T(°C)
Tight contact 220 259 324
Loose contact 260 339 372

8.3.8 Thermal stability of the Catalyst

Further, experiments were conducted to examinehteamal stability of typical Cat-
RGA by consecutive soot combustion for five cyckes] the results are shown in Table
6. It is evident from the table that the catalystimained its high catalytic activity for

repeated five cycles under the condition of tighhtact between catalysts and soot
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particles. The variation in the light off tempenma&uwf soot oxidation values of,TTs
and T are within the experimental error (table 8.6). Tlesults indicate that the

catalyst has good thermal stability for soot oxlat

Table 8.6 Stability test of catalyst Cat-RG for Soot Combustunder Tight Contact

Test Cycle T(CC) Tso(°C) TH(°C)

1 220 259 324
2" 221 260 325
3¢ 220 260 324
4" 219 258 324
5" 222 259 323

8.4 Conclusions

Three catalysts; Cat-CC, Cat-RBd Cat-RGA are synthesized by the sol-gel method
and reactive grinding. XRD analysis confirms theropskite structure in all the
prepared catalysts consisting of nano-size cryssill

The catalysts synthesized by RG with ZnO addifpassesses the highest
surface area and the smallest crystallites thars pnepared by RG method without
additive as well as SG method. The RG technique ateates the Lattice defects,
which increases the density of active sites in ¢h&alyst responsible for enhanced
catalyst’s activity. The Cat-RGA which is inexpems thermally stable and have
highest activity within the temperature range afsaéil engine exhaust could be applied

in the self-regenerative diesel particulate filter.
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