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CHAPTER 7

REACTIVE CALCINATION: A NOVEL
ROUTE FOR IMPROVED ACTIVITY OF THE
PEROVSKITE CATALYST

7.1 Introduction

Soot/PM is the major pollutant released from dies®jines used in on-road and off-
road applications around the globe. Numerous adibbhve been reported to control the
diesel engine emissions, predominantly soot afeatinent technologies. Catalyst
coated DPF is an efficient passive device to trag bBurn the diesel soot at low
temperature. The performance of the catalysts nergh depends upon the conditions
for calcination of the precursor and the subsequastivation. Partially reduced
catalysts have been reported to be more active tlhmaduced ones in vehicular
pollution control Beverino et al. 1998Reduction of the oxide phase of the catalysts is
highly exothermic process and therefore great darerequired to avoid local
overheating. High temperature causes sinteringctWecrystallites with a consequent
loss of surface area and activity. So, the catab/seduced under a very controlled
condition. To minimize the above mentioned drawkaakthe conventional methods of

two step processes of calcination and activatiorevaer route of single step reactive-
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calcination (RC) of catalyst precursor far beloveithdecomposition temperature is
investigated presently for preparing highly acivatalysts bypassing the reduction step.
Details of RC are described below.

Thus, the objective of the present chapter wastopare the effect of calcination
mode in stagnant air and reactive calcination efghecursor. The double-substituted
perovskite, LaoSr 1Coy sFey 5035 were prepared by calcination in stagnant air a¢ we
as by RC. The catalysts thus obtained were chaizateby various techniques and

examined for catalytic performance of the diesekt sombustion.
7.2 Experimental

7.2.1 Preparation of Catalysts

The precursor, of the double substituted perovskigoSr, 1Cop sFe 5035 showing the
best activity for soot oxidation was also calcinetlowing the novel route of RC
developed in this laboratory, as discussed in thieseguent section. The detailed
method of preparation of the precursor has alréaey discussed in section 6.2.1.
7.2.2 Reactive Calcination of the Catalysts

Reactive calcination of the precursor of double ssitlted perovskite
(Lag.oSrh.1Cop sF&y 5035) was carried out by the introduction of low concatitm of
chemically reactive CO-air mixture (4.6% CO) abtat flow rate of 60 ml mir over
the hot precursors. The RC was carried out in andibtew bench-scale tubular reactor
having a definite amount of the precursor. Thectaawas placed in a split open
microprocessor temperature controlled furnace. flb rates of CO and air were
monitored using digital gas flow meters to feed thiture (dried and CPfree) in
required proportion to the reactor. The temperatdirhe precursor bed was measured
with a thermocouple inserted in the thermo-welltied reactor reaching the bed. The

temperature of the bed was increased at a stetalpfrheating at’ min* from room

Department of Chemical Engineering & Technology, |1 T (BHU), Varanasi Page 149



Reactive Calcination: A Novel Route for Improved Activity of the Catalyst

temperature to 60C in the flowing environment of CO-air mixture. Shiemperature
was maintained for an hour. Then in the second stegalcination temperature of the
bed was increased to 78Dand maintained for another 2h under the samesgtineve.
The catalyst was cooled to room temperature instee atmosphere, collected and
stored in an airtight bottle. Nomenclature of théatysts is given below in table 7.1.

Table 7.1Nomenclature of the Catalysts

Catalyst (calcination mode)  Name

Lao.oSi.1C 0oy sFen 5035 (Air) Cat-CC*

Lao.sSih.1C o0 sFen 5035 (RC) Cat-RC**

* Conventionally calcined; **reactively calcined

7.2.3 Characterization of the Catalyst Samples

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 IV) using CaK (. = 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 wuwé 12 mA. Pressure in the
analysis chamber was less than1®a. 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¢ab/sts were recorded in the range
of 400-4000 crit on Shimadzu 8400 FTIR spectrometer with KBr psllat room

temperature. Scanning electron micrographs (SEM)S#M EDX were recorded on
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Zeiss EVO 18 scanning electron microscope (SEMjrungsent. An accelerating
voltage of 15kV and magnification of 1000X was agqbhl

7.2.4 Catalytic Performance Measurements

The catalytic performances of the prepared catlyst oxidation of soot were
evaluated in a compact fixed bed tubular quartztogashown as in figure 3.9 as
described in section 3.6.Zhe reactively calcined Cat-RC showing the besivisigt
was examined for its thermal stability by performihe experiment consecutively five
times. After complete combustion of soot the catialyas taken out from the reactor
and mixed again with 10 mg of soot under tight aohtThe oxidation experiment was
repeated as mentioned above, in the same way ¥ielesc of experiments with this

catalyst were conducted.
7.3 Results and Discussion

7.3.1 Textural Characterization by N,-Physisorption

Typical nitrogen physisorption isotherms and porze distribution curves for the
catalyst Cat-CC and Cat-RC are shown in Figures 7.1 and 7.2 réspc The
nitrogen sorption isotherms exhibit type-1V isotimsr with H1 type hysteresis loop.
This type of isotherm occurs on porous adsorbetit pores in the mesoporous range
of 2-25 nm. The desorption curves are practicatinade with adsorption branch of
the respective sorption isotherms of all the samplespective of the composition of
the catalysts. This behaviour is a representativepen textured pores, which offers
practically negligible diffusion resistance duritig reaction. The pore size distribution
curve for Cat-CC presented in figure 7.1 (b) tdal nature with most probable pores
around 40, 140, 220 A while for cat-RC in figur@ 7b) its monomodal with most

probable pore around 70 A.
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Figure 7.2(a) N, Physisorption isotherms ai(b) Pore size distribution of C-RC

The textural properties including BET surface atetl pore volume and average p
diameter of the perovskite studied in the presevestigation are summarized in Ta
7.2.1t can be seen from the table that the catalystiread in ai (Ca-CC), displayed
the lower surface ardhanthe catalyst calcined reactively ((RE). Ca-CC exhibited

the lower pore volumthan Ce-RC and comparable awge pore diamet.
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Table 7.2Textural Characterization of Perovskite Catalyshsies

Catalyst Textural Properties
SseT Pore vol  Avg pore Crystallite size
(m%g)  (cm’g)  size (A) (hm)
Cat-CC 7.29 0.0041 6.51 14.09
Cat-RC 7.71 0.0056 6.24 12.42

7.3.2 XRD Analysis of the Catalysts

The powder XRD patterns of catalyst samples arevshio Figure 7.3. The XRD peaks
were found to be very sharp indicating that the ABferovskite structure is well
maintained in both the catalysts. The XRD analgdisonventionally calcined in air
Cat-CC showed the formation of cubic Lake€ructure (JCPDS card No. 00-075-
0439) and LaCo&(JCPDS card No. 25-1060) with no traces of otpfeases. For
Cat-RC, additional peaks of i@; (JCPDS card No. 83-1344) were present. The
broader peaks in Cat-RC indicate relatively amogshoature of the catalyst and
formation of small crystallitesf perovskite. The crystallite size was estimatsohgl

the Scherrer equation (3.9) is reported in Talle 7.
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Figure 7.3 X-Ray Patterns of Cat-CC and Cat-RC Perovskitalgsis
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7.3.3 XPS Analysis of the Catalysts

The XPS Spectra of kLaSr 1Coy sFe 503 sample calcined in air (Cat-CC) are shown in
Figure 7.4. Figure 7.4(a) shows the XPS spectizaddd, the peaks of La ggdand La
3ds2 were situated at 854.2 eV and 857.4 eV and at188X. and 840.6 eV,
respectively. The spiorbit splitting of La 3d level is 17.0 eV. Figured7(b) and 7.4
(c) shows the XPS spectra of Co 2p and Fe 2p ragplsc The spirorbit splitting of
Co 2p and Fe 2p levels are 15.2 and 12.8 eV whiamwell support with the literature.
The O 1s energy spectrum consists of two peaksngavinding energies 531.2 and
533.8, which correspond to two forms of oxygen, ladtice oxygen and adsorption
oxygen respectively as shown in figure 7.4(d).

The characteristic spectra of catalyst Cat-RC @&plalyed in Figure 7.5, the collected
data for La 3d, Co 2p, Fe 2p and O 1s. There®xedatively more adsorption oxygen
on the surface indicating the presence of more exygacancies. These adsorption
oxygen traps electron and form more active. ®igure 7.5(a) shows the XPS spectra
of La 3d, the peaks of La ggland La 3¢, were situated at 853.3 eV and 856.8 eV and
at 836.4 eV and 840.4 eV, respectively. The gphit splitting of La 3d level is 16.4
eV. Fig 7.5(b) and 7.5(c) shows the XPS spect@mPp and Fe 2p respectively. The
spinorbit splitting of Co 2p and Fe 2p levels are 1&m2l 12.8 eV which are in well
support with the literature. The O 1s energy sp@ctconsists of two peaks, which
correspond to two forms of oxygen, i.e. lattice galy and adsorption oxygen are
shown in figure 7.5(d). As in both the catalystmsof L&* was replaced by Srthere
were changes in the relative ratio of adsorptiorlattice oxygen. More adsorption
oxygen existed on the surface indicating the preseh more oxygen vacancies and an
increased content of quasi-free electrons in thelyst. More adsorption oxygen traps

more electrons and thus it is favourable for fomgnimore G-, which becomes more
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active centres for oxidation, thus it results ia hhancement in oxidizir ability of the

catalyst. It would contribute to the decrease @& tdombustion temperature of s

particles.
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Figure 7.4 XPS Spectra ofa-CC (Lay.oSl.1Cop sk s03-)
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Figure 7.5XPS Spectra (Cat -RC (L3.9Sl.1C sF& 5035)

7.3.4 FTIR Characterization of the Catalysts

Figure 7.6depicts the FTIR spectra of the catalysts calcatedb(°’C in stagnant air ¢
well as in reactive mixtures of C-air. The broader peak appeared in range88-594
cm? is characteristic of the Ms octahedra commonly found in perovskite ox
powder and is observed in this system IRamesh et al. 1995The peaks found ne
to 2350 critin the samples are due to the presence of atmdspheisture as reporte
earlier Mandelovici et al. 19S. The absorption band at 1480 1490 cnt was
corresponded to nitrate iorln addition, the band at 110@nd 1200 cm® was
corresponded to COH bending which is confirmed with the reportedueathat MOH

bending mode appears bel1200cm™ [Nakamoto 1997].
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Figure 7.6 FTIR spectra of pure and substituted perovskitalgsts

7.3.5 SEM Characterization of the Catalysts

The SEM micrographs of perovskite catalysts arevshim figure 7.7. It can be seen
that the morphologies of particles are of irregslaape and within the nanoscale (<100
nm). The SEM images clearly show the differencesunface morphology by partial
substitution of ions. More aggregated porous serfeen be visualized in Cat-RC as
compare to Cat-CC (figure 7.7A&B). The effects afanation mode (in air and RC)
on the catalyst LgSri1CosFey 5035 surface morphology are clearly observed in
figure 7.7. Morphological microscopy of the expldreamples also demonstrated

agglomerates involved mostly thin, smooth flaked perforated cracked layers having

large number of pores.
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Figure 7.7 SEM image:of (A) Cat-CCand (B) Cat-R@erovskite cataly

7.3.6 Energy Dspersive x-ray (EDX) of the Catalysts

It was evident from the results of energy dispersk¥-ray (EDX) analysis that all tr
samples were pure due to presence of La,Co, F®©gnehk there is no other elem
presenin the spectra as shown in Figure It also confirms the presence of Peikite

phase in the sample which is in good harmony whh XRD andXPS experiment
results. The theoretical and experimental datan{etd%) of Ca-CC and Cat-RC is

shown in table 7.3

Table 7.3Atomic % data oCat-CC and Cat-RC

Element Cat-CC (Atomic %) Cat-RC (Atomic %)
Theoretical Experimental Theoretical Experimental
O 60 57.54 60 54.53
Fe 10 09.87 10 12.65
Co 10 13.93 10 08.04
Sr 02 1.14 02 02.55
La 18 13.4 18 21.55
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Figure 7.8EDX spectra o(A) Cat-CC and (B) CaRC perovskite cataly

7.3.7 Catalysts Ativity test for Soot Combustion

The activity of the catalyst for soot oxidation wagluated on the basis of light
temperature characteristicg Tsp and T, i.e. the temperature corresponding to the
of soot ignition, the 50% conversion of soot andnptete combustion of so
respectively. Experiments were conducted to exartiaesffects of partial substitutic
of La by Sr and of Co by Fe on the acties of the resulting catalysts. The effect

calcinations mode of stagnant air and reactiveation were also investigatt
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Figure 7.9 Conversionof soot with Air and R~ Lag¢Sr.1CosFe 5035 Perovskite
Catalysts
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Figure 7.11Conversion of soot with different (-Soot Contact Conditions over |-
Lao.oS10.1CCo sF€.503-5

Both the catalysts were selective CO, as no CO was detected in the flue stream
showed total combustion of soot within the diesdlaaist range of 1:-450°C (figure

7.9). It is very clear from figure 7 and table 7.4, that theodble substituted cataly
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formulation La ¢Sth.1CoysFey 5035, obtained by RC showed the higher activities than
the catalyst produced by calcinations in stagnamtRC-catalyst exhibited the best
performance resulting total soot combustion atltveest temperature of 325. The
best performance of RC-catalyst was associated wghunusual textural and
morphological characteristics as well as partialbguced perovskite structure. RC
caused patrtial reduction of perovskite leadingattide vacancies and lattice defects
consequently ensuing high density of active sitesthe catalyst. The perovskite
structure remains unaltered for all the substitutathlysts prepared in the present
study. To verify the reproducibility of the expeemtal data each experiment was
performed at least twice repeatedly for the soadaton and the data were found to be
reproducible within £ 1% of deviation. The expermte were also performed over
Lag.oS1h.1Cop sFey 5035-RC to optimize the catalyst-soot ratio (Figure0j.and table
7.5). The activity order of the catalyst in decregssequence was as follows:
10:1>5:1>20:1. A loose contact study was also edrout to simulate the actual
circumstances of diesel particulate filter [Guillenrtado et al. 2014]. Figure 7.11
shows a comparison of conversion of soot particesr La ¢S 1CaysFeys035-RC
under tight and loose contacts conditions of thalgst-soot. It can be visualized from
figure 7.11 that loose contact exhibited lower \agti than tight contact. The
observation is obvious as the catalysis is a sarfdzenomenon, higher the surface
contacts (tight contact) higher the activity. Frone table 7.6 it is clear that Cat-R
resulted complete soot oxidation at ¥ 379C under loose contact which is °e4
higher than tight contact. The catalytic activigr 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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Table 7.4 Characteristic light off temperature for soot @tidn over perovskite

catalysts
Catalyst Ti(°C) Tso(°C) Ti(°C)
Cat-CC 238 330 355
Cat-RC 220 308 325

Table 7.5 Characteristic light off temperature for soot @tidn over Cat-RC with
different cat soot ratio

CIS ratio Ti(°C) Tso(°C) T(°C)
5:1 320 381 456
10:1 220 308 325
20:1 296 359 416

Table 7.6 Light off temperatures on kgSii1CoysFe s035-RC under different
catalyst-soot contacts

Contact Type T(°’C) Ts(°C) Ti(°C)
Tight contact 220 308 325
Loose contact 244 329 379

7.3.8 Thermal stability of the Catalyst

Further experiments were conducted to examine kmsEmal stability of typical
Lag oSh.1Cop sFes03-RC by consecutive soot combustion for five cyclasd the
results are shown in Table 6. It is evident frora thble that the catalyst maintained its
high catalytic activity for repeated five cyclesden the condition of tight contact
between catalysts and soot particles. The variatiadhe light off temperature of soot
oxidation values of [T Tsp and T are within the experimental error (table 7.7). The

result indicates that the catalyst has good thestadlility for soot oxidation.
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Table 7.7 Stability test of catalyst Cat-RC for soot comibusiunder tight contact

Test Cycle T(C) Tso(°C) TH(°C)

1st 220 308 325
2nd 221 307 324
3rd 219 307 326
4th 220 309 325
5th 221 308 324

7.4 Conclusions

A novel route of single step reactive calcinatidrcatalyst precursors far below their
decomposition temperatures for the synthesis ohlhigctive catalysts for soot
oxidation is investigated. The catalyst produceltbizang the novel route was more
active than the ones prepared by the traditionaghate The novelty of the catalyst
produced by RC is associated with the presencero€teral deffects and unusual
morphology. The LasSh1CaysFes035 calcined in reactive atmosphere reveals the
low temperature (E 325'C) than the Cat-CC calcined in air for total soridation.
The high catalytic activity of Fe-substituted Cdi-Roerovskite catalysts can be
explicated from following aspects: firstly, the algsts and the soot particulates fall in
the nano-metric range, which ensure the high congdficiency between them;
secondly, the textural defects and oxygen vacarwiged by partial reduction of the
perovskite structure which is confirmed by the X&%®lysis, increases the oxidation

ability of the catalysts.

Department of Chemical Engineering & Technology, |1 T (BHU), Varanasi Page 163



