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Abstract—Perovskite formulations of LaB,;Co,50; (B=Cr, Mn and Cu) were examined and evaluated as catalyst for
reduction of NOx by CO. Among the different and various formulations, LaMn,;Co,;0; showed the highest activity-
selectivity with 89.84% conversion of NO and 9.62% yield of N,O at 400 °C. Therefore, more precise evaluations were
implemented on LaMn,Co,_,O; to find the optimum formulation. The LaMn,,5C0,,50; included the maximum per-
formance (68.79% conversion of NO at 350 °C and 92.85% at 400 °C) and N,O yield (9.01); therefore, it was selected as
optimum catalyst. Characterization methods were utilized to correlate activity and physical-chemical properties. The
presented activity and reducibility of catalysts were improved due to partial substitution of Co™* by B cation. Finally, no
direct relationship was found between surface area and catalyst activity. The optimum catalyst showed complete activ-

ity-selectivity higher than 450 °C.
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INTRODUCTION

The emission of nitrogen oxides (NOx) is of great concern be-
cause of their important role in the environmental phenomena such
as acid rain and photochemical smog formation [1]. Selective cata-
lytic reduction (SCR), especially SCR using hydrocarbons (HC-
SCR), is proven effective for NOx control [2-6]. Because CO was
determined as an efficient reductant for NOx, the reaction between
CO and NO is very important from a scientific point of view
through the SCR process [7-10]. Utilizing the CO as the reductant
for NOx has some advantages in practical application because of
its significant presence in automobile exhaust. Moreover, CO has a
poisonous nature because it can displace O, from the blood and
can exacerbate heart problems, so there are strict government reg-
ulations for CO emissions. Simultaneous oxidation of CO to CO,
and reduction of NO to N, helps industries to convert both of these
poisonous gases into inert state without using any of the agents such
as NH; which can lead to cost increase.

Similar to the other catalytic reactions, the type of catalyst plays
the main role in the success of CO+NO reaction in certain condi-
tions. It is necessary to know that the noble metal incorporated cat-
alysts have the advantage of high activity at low temperatures for
the mentioned reaction. However, they are expensive and the chance
of deactivation by poisoning is high [11]. The perovskite-type mixed
oxides attracted scientists’ attention in the last decades as candi-
dates for NO+CO reaction due to their redox properties and non-
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stoichiometric structure. The general chemical formula for per-
ovskite compounds is ABO;, where A and ‘B’ are two cations of
very different sizes, and O is an anion (often oxygen) that bonds
to both; however, the A atoms are larger than the ‘B’ atoms. Many
metals are stable in the ABO; perovskite structure [12]. In addi-
tion, the perovskite compounds are able to tolerate significant par-
tial substitution in A or B sites, which leads to oxygen excess or
deficiency [13-15]. In the perovskite-type oxides, catalytic properties
mainly depend on the nature of A and B ions and on their valence
state. In fact, A atoms are in charge of structure stability of per-
ovskite, and catalytic activity is generally determined by the B cat-
ion [16-19]. In addition to description, substitution at A site with
ions, which includes the lower valence, can allow the formation of
structural defects such as anionic or cationic vacancies and/or a
change in the oxidation state of the transition metal cation to
maintain the electro neutrality of the compound. Also, the B-site
substitution of perovskites can be counted on as an effective way
to improve their catalytic properties due to the generation of new
lattice defects, mixed valence states and nonstoichiometric oxygen.
Among the various perovskite types with transition metal ions
in B position, the mixed oxides, which contained Fe [20-23] and Cu
[23-26] and their substitution with other transition metals, were
evaluated for NO reduction by CO. He et al. [27] studied substitu-
tion of Mn with Cu and Ag for CO+NO reaction and concluded
that Cu substitution was more effective than Ag substitution. Ciam-
belli et al. investigated the various metals in A site, which included
La, Nd, Sm and partial substitution of Fe, by using Mn in CO oxi-
dation. Note that the obtained sequence of A site metals for high
activity in CO oxidation is La>Nd>Sm based on their studies [28].
Moreover, Cu was utilized for modifying the LaCoO; and the re-
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sults of catalytic tests revealed that the activity of catalyst was in-
creased significantly. Also, the creation of oxygen vacancies as a
result of modification by Cu, which resulted in non-stoichiomet-
ric composition formation, was observed as the main reason for
catalytic activity improvement by characterization tests including
O, and NO, TPD [29]. Similar results for modifying the LaCoO;
were achieved in the other catalytic process, which included vola-
tile organic compound removal [30]. Therefore, oxygen vacancy
creation during the modification of LaCoO; which leads to better
adsorption and dissociation of reactants was the main reason for
catalytic activity improvement [29]. The Co, Mn, Cu and Cr were
determined and diagnosed as the transition metals which could be
utilized as the catalyst active phase because of various valences that
they could own [31]. In addition, it was proven that mentioned
metals were able to be stabilized in the unconventional oxidation
states in perovskite structure, which led to structural defects and
high catalytic activity [32-34]. In the base of present researchers
findings and knowledge, there is no study about catalytic perfor-
mance of partial substitution of Co in the perovskite formulation
by using other transition metals including Mn, Cu, Cr and ... for
the removal of NOx.

This work aimed at establishing the relationship between the
catalytic activity (NO conversion) and chemical-physical proper-
ties of LaCoO; and LaB,sCo,50; (Cr, Mn, Cu) catalysts, which were
obtained by sol gel combustion method. In addition, the evalua-
tion of substitution value was carried out through the best catalyst
to reach its optimum. Characterizing the catalysts by XRD, FTIR,
BET, SEM, DLS and TPR techniques was the secondary aim of
the present study, which was necessary to understand the relation-
ship between the catalytic activity and chemical-physical properties.

EXPERIMENTAL

1. Catalyst Preparation
La(NO;);-6H,0, Co(NO;),-6H,0, Cu(NO;),-3H,0, Mn(NO),-

4H,0, Cr(NO,);-9H,0 and citric acid monohydrate were the start-
ing materials. LaB,;C0,50; (B=Cr, Mn, Cu) catalysts were prepared
by sol gel combustion method as described through the present
researchers’ earlier work [30]. Briefly, to ensure the complete com-
plexation of the cations, citric acid was added over the stoichio-
metric amount to an aqueous solution of La, Co and B nitrates with
cation ratios La: M: Co, of 1:0.5:0.5. The ratio of citric acid to
nitrates was kept at 0.4. LaMn,Co,_,O; (x=0.1, 0.25) was synthe-
sized by the sol gel method by applying the stoichiometric amount
of manganese and cobalt nitrates.

The solution was left to evaporate the extra water at 80 °C with
continuous mechanical stirring until a sticky gel was obtained. To
carry out the gel decomposition under controlled conditions, the
temperature was gradually raised to 200 °C and finally the decom-
posed gel self-ignited. The spontaneous combustion lasted for 10-
20 s and gave rise to the powdered product. The combusted pow-
ders were then fired in static air at 700 °C for 6 h.

2. Catalyst Characterization

For FTIR spectroscopy, the samples were pressed into self-sup-
porting wafers of 10-15 mg/cm’ surface density and placed into a
glass cell sealed by KBr windows. The spectra were recorded in
transmittance at room temperature using a Bruker spectrometer
(model TENSOR 27, USA).

Crystalline phases were identified by X-ray diffraction on a Sie-
mens D500 diffractometer (Germany) and Cu K, radiation (A=
1.54 A). Diffractograms were recorded with a step of 4° per min-
ute for 2@ between 15 and 75°. ICSD files were utilized as the pat-
terns for phase recognition of resulting diffractograms, while the
mean size of crystallites (D) was evaluated by means of the Scher-
rer equation, D=KA/(f cos 6), where K is a constant equal to 0.89,
A is the wavelength of the X-ray and £ is the effective line width of
the X-ray reflexion.

N, isotherms were measured at —196 °C by using a micro pore
analyzer (ASAP 2010, USA) for determining the BET surface area
and pore volume of samples.

Thermocouple

va

V-2
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P Catalyst bed
Mixing Chamber
P-2
v
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NO
Co
m : valve Sampling Point 2
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Fig. 1. Simple scheme of catalytic test set up for CO+NO reaction.

E : pressure guage
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Fig. 2. X-ray patterns of LaB,;Co,;0; (B=Cr, Mn, Cu).

Temperature programmed reduction (TPR) measurements were
carried out with Micromeritics Autochem 2900 (USA). Samples
were pre-treated with a gaseous mixture containing 5 vol% oxy-
gen in helium at 500 °C for 2 h. Hydrogen consumption was mea-
sured with a mixture of 5vol% H, in argon at 20 cm’min”" and a
linear heating rate of 10 °C/min at 50-950 °C.

The morphology of the mixed oxides was determined by scan-
ning electron microscopy (SEM) by Tescan (Czech Republic) instru-
ment with pre-coating samples with gold.

Particle size of samples was determined by dynamic laser light
scattering (DLS) by Shimadzu SALD 2101 (Japan).

3. Catalytic Studies

A simple scheme of test setup can be seen in Fig. 1. The reac-
tion of CO+NO, was carried out in a straight quartz reactor (/=60
cm (2cm as catalyst bed), i.d.=0.8 cm) at different temperatures
under atmospheric pressure. The catalyst (200 mg) was inserted
between two quartz wool plugs. The temperature was controlled
with K-type thermocouple. Before reaction tests, the catalysts were
pretreated with air (40 cm’min ") at 300 °C for 2 h. Total flow rate
of feed was 200 cm’min ", Feed composed of 3,000 ppm NO and
3,000 ppm CO was balanced with Ar. According to the above-
mentioned arrangement, the gas hourly space velocity (GHSV) was
fixed at about 12,000 h™".

The feed and product gases were analyzed with a Shimadzu
2010 gas chromatograph (GC) equipped with a TCD detector and
a HP-MoleSieve (Agilent, USA)column (/=30 m, id.=0.53 mm)
with helium as carrier gas. The samples of reaction products were
injected by using a 1,000 uL Hamilton syringe.
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RESULTS AND DISCUSSION

Through the synthesis routine, which can be termed as citrate
method, the ratio of fuel to oxidant was kept at 0.4 as recom-
mended by Deganello et al. [35]. They indicated that lower fuel to
oxidant ratios avoid the segregation of dopant and provide small
particle size. Also, the mole ratio of B/Co was adjusted on one
because this value was the most common and the maximum pos-
sible substitution for substituted lanthanum cobaltites, as well as
the high activity of 50% substitution lanthanum manganite has
been reported in combustion of CO, previously [16].

The XRD patterns of synthesized catalysts can be seen in Fig.
2(a). Also, in Fig. 2(b), it is possible to see the accurate angle of
most intensive peak of under study patterns. As it is possible to see
in Fig. 2(b), all of LaB;Co,sO; catalysts show different patterns
compared to LaCoQO;. Main peaks for all LaB,5Co,50; catalysts in
comparison to LaCoO; were shifted due to 50 mol% metal dop-
ing. LaCoO; showed a pure rthombohedral structure (ICSD#156452),
whereas LaCu,5Co,50; showed a monoclinic crystal system. The
relative intensity of the samples was different to some extent. Besides,

Table 1. BET surface area of perovskites

Perovskite BET (m’/g)
LaCoO; 15
LaCuy5Coy50; 13.6
LaCr,5C0,505 113
LaMn,5Coy50; 12.6
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Fig. 3. (a) NO conversion versus reaction temperature for LaCoO; and LaB,;Co,;0;, (b) CO conversion versus reaction temperature for

LaCoQ; and LaB,;Co,50;.

a little segregation of BO, in LaB,5Co0,50; (£5%) is possible.

BET method was utilized to determine the specific surface area
of catalysts and results presented in Table 1. As can be seen, with
substitution of Co by B metals the specific surface area of catalysts
decreased. Cr and Cu substituted catalysts showed maximum and
minimum decrease of specific surface area in comparison to LaCoO;,
respectively.

The synthesized perovskites were tested as the catalyst for NO+
CO reaction for evaluating the effect of Co partial substitution on
the catalytic activity. Conversion versus reaction temperature curves
for LaCoO; and LaCo,sB,;0; are presented in Fig. 3. Through the
present figure, for better understanding the differences in conver-
sions for various formulations of synthesized perovskites, critical
area of plot was managed into the other subset of related plot with
more precision. That is, we focused on this area because various
formulations showed their differences as more recognizable in the
condition governing related area. For example, the difference be-
tween maximum and minimum conversion at 400 °C was about
twice that at 350 °C (27.1 and 13.3, respectively).

Based on the results presented in Fig. 3, substitution of Co by

Mn improved the activity of perovskite for NO+CO reaction. The
sequence for the activity of various formulations in CO+NO reac-
tion is as follows:

LaCo,;Mn,;0,>LaCo,;Cu, ;0;>LaCo,;Cr,;0;>LaCo,0;.

Another important feature of a catalyst through the NO+CO
reaction is selectivity in N,. For the reaction of CO+NO, two prod-
ucts can be achieved including N,O and N,. In fact, N,O is an
intermediate product considering following three step simple reac-
tion mechanism [36].

2CO+2NO—N,+2CO, 6y
CO+2NO—N,0+CO, )
CO+N,0—N,+CO, 3

For this reaction, the selectivity was defined by mole% of NO,
which converted into N,, as an inert product, by reaction with
CO. Explained simply; there are two main products including N,
and N,O, and selectivity for each one can be calculated by mole%

Korean J. Chem. Eng.(Vol. 33, No. 4)
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of NO which converted to each one. Also, it was well known that
for any reaction it is possible to calculate yield of each product by
multiplying its selectivity to reaction conversion. Fig. 4 shows the
yield of synthesized catalysts in N,O at various temperatures

From Fig. 4, LaCoy;Mn,;0; has high yield of N,O in lower tem-
peratures in comparison to other catalysts. By increasing of reac-

=& LaCoypsCrgs
«+ &+ LaCop sCug s
= LaCog sMng 5

Yield of N,O

150 200 250 300 350 400 450 500 550 600
Reaction Temperature

Fig. 4. Selectivity of synthesized catalysts in N,O at various reac-
tion temperatures.

—— LaCoO;
—— LaMng5Coy 505
—— LaCuyg5Coy 505
—— LaCry5Co 505

=
I
o
100 200 300 400 500 600 700
T ()
Fig. 5. TPR curves of LaCoO; and LaMn,;Co,50;, LaCu,;C0, 505,
LaCry5Co,50;.
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tion temperature, the yield of N,O becomes lower and reaches 0 at
500 °C. This can be explained by completing of reaction in step 3 of
the primarily mentioned mechanism. So, after 500 °C, all of reacted
NO converted into N, which is an inert gas and can be counted as
our goal for reaction.

The reducibility of the catalysts was studied by TPR analysis
and the reduction profiles can be seen in Fig. 5.

The reduction of La,0; occurs above 700 °C. The TPR profile
of LaCoO; shows some separate peaks, which indicates the con-
secutive reduction of Co™ to Co™ (LaCoQ, ;) and LaCoO, s to Co”
at ranges 330-475 and 550-650 °C, respectively. In the case of TPR
profiles of LaB,;Co,50;, the reduction temperature of cobalt de-
creased, in comparison to reduction temperature of Co’ in LaCoO,
which revealed that introduction of Cu, Cr, and Mn promoted the
reduction of cobalt in the perovskites. In the case of LaMn,;C0;;0;,
the first peak of the TPR profile around 400 °C is due to the removal
of oxygen from perovskite. In the TPR profile of LaCu,5C0,503,
the peak around 280 °C was ascribed to the reduction of Cu**. For
LaCry5C0y50;, a small peak was observed around 400 °C. It has
been reported that Cr** in LaCrO; structure is highly stable, so it
could not be reduced under the employed conditions through the
present work. The peaks in present range of temperature were at-
tributed to reduction of Co®* and also to some La,CrO, which could
be formed during the synthesis of perovskite [30].

In the catalytic oxidation reactions, reducibility of catalyst is a
prominent factor in the activity, whereas in oxidation/reduction
reactions like CO+NO reaction, it could not be a prominent fac-

LaCoO:s — LaMno.1C00.003

LaMno.5C00.503

_,Lk;l.k M

= LaMnp 25C00.7503

_,ij.l.h.._n

L L

20 30

Intensity (a.u.)

40 50 60 70 80

2 Theta

Fig. 6. X-ray patterns of LaMn,Co,_,O;; (a) x=0, (b) x=0.1, (c) x=
0.25, (d) x=0.5.
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tor on activity and a catalyst with moderate oxidation/reduction
property is more desired. LaMn,;Co,50; showed higher catalytic

—— LaMnosCo0s03

LaMnp2sCoo7503  ——— LaMno.1CoosOs

Transmitance (a.u)

3980 3680 3380 3080 2780 2480 2180 1880 1580 1280 980 680 380
Wave Number (cm-!)

Fig. 7. FTIR spectra of LaMn,Co,_,O; (x=0.1, 0.25, 0.5).

SEMMAG:50.00kx  Det:SE Detector  Litiiiiiis VEGAI TESCAN
SEMHV: 1500kV  WD: 6.6406 mm 500 nm .
Date(midy): 111509 Vac: Hivac razi 4
Fig. 8. SEM micrographs of LaMn,Co,_,O;: LaCoO; (a), LaMny,;
Coy750; (b), La Mn,5Co,s0; (c).

activity despite having the lower reducibility in comparison to oth-
ers. This is a logical conclusion because CO+NO reaction is an
oxidation/reduction reaction, and a catalyst with only good oxida-
tion or reduction property is not suitable for this reaction.

To find the best ratio of Mn to Co, LaMn,Co,_,O; (x=0, 0.1, 0.25,
0.5) catalysts were synthesized and studied. XRD patterns of LaCoO,
and LaMn,Co,_,O; (x=0.1, 0.25, 0.5) can be seen in Fig. 6.

All characteristic peaks of perovskite phases were recognized at
all patterns. The perovskites crystallized in a thombohedral struc-
ture. The main differences of patterns were the shift of peak places
and the intensity of peaks. A little shift to lower 28is observed for
doped perovskites, which is due to a change in the d-spacing [18].
The intensity of peaks of LaMn,Co,_,O; is sharper than that of
LaCoO;, meaning the existence of larger crystallites in LaMn,Co,_,O;.

The structure of LaMn,Co,_,O; (x=0.1, 0.25, 0.5) was studied
by FTIR (Fig. 7). The broad band at 3,448 cm™" was attributed to
the presence of co-ordinate/entrapped water, which is rapidly ad-
sorbed by KBr [18]. The bands around 540 and 450 cm™" were at-
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Fig. 9. NO conversion (a), N,O yield (b) and CO yield (c) of LaMn,
Co,_0; (x=0.1, 0.25 and 0.5) perovskites in CO+NOx reaction.
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Table 2. Particle diameter of the perovskites obtained by DLS

Percentage of catalyst with mentioned

Particle mean particle diameter
diameter (nm)
LaCoO; LaMn,;Co,;s0; LaMn,;Coy50;
241 0 0 1.214
196 0 0 1.951
159 0 5.714 4.731
129 0 20.070 18.127
105 3.128 28.535 25.535
85 28.423 30.205 26.205
69 32.634 15.463 11.463
56 21.752 0 10.644
46 12.327 0 0
37 1.731 0 0

tributed to the Co-O stretching vibration (v, mode) and the O-
Co-O deformation vibration (1, mode), respectively. It was observed
that the intensity of the band at 540 cm ™" decreased with an increase
in cobalt substitution by manganese. The band seems to be two
overlapped bands, ascribed to the appearance of manganese oxide
with an increase in manganese loading,

The morphology and particle size of LaMn,Co,_,O; perovskites
were studied by scanning electron microscopy. Fig. 8 shows the
SEM images of perovskites.

All samples showed the porous features due to release of the large
amount of gases during combustion. LaCoO; (Fig. 8(a)) exhibited
rather spherical shape with mean particle size under 100 nm. The
SEM micrograph of LaMn,,sCoy50; is shown in Fig. 9(b). As it is
illustrated by SEM micrographs, agglomerates appeared to be thin
waffles whose surfaces were perforated. The micrograph of LaMn
Co,50; is shown in Fig. 9(c). The different particle sizes can be
observed for the sample, and some of them were in the range
below 100 nm. The images revealed nanostructure of the samples.

Particle diameter of perovskites was determined by dynamic
light scattering technique to confirm the existence of nanoparti-
cles through the samples. The results of DLS measurements can be
seem in Table 2. The diameter ranges of LaCoOs, LaMny,;C047505,
and LaMn,;Co,50; particles are 37-105, 69-159, and 56-241 nm.
LaMn,sCo,;0; included larger particles than LaCoO; and LaMny s
Co,,50;. However, the average size of perovskites was less than
100 nm and was in agreement with SEM results.

Catalytic activity of LaMn,Co,_,O; perovskites was evaluated in
CO+NOx reaction. Results are in Fig. 9. As seen in Fig. 9, by
increasing the molar ratio of Mn in LaMn,Co,_,O; from 0.1 to
0.25, the catalytic activity was increased. On the other hand, an
increase in molar ratio of Mn from 0.25 to 0.5 does not lead to an
activity elevation. From selectivity and yield points of view; all the
LaMn,Co,_,O; perovskites failed in complete converting of NO to
N, at lower temperatures. By elevation of reaction temperature,
N,O vyield decreased and reached zero above 500 °C. Since there
was not any significant difference in selectivity of LaMn,Co,_,O;
perovskites, LaCo,;sMn,,s0; could be counted as the optimum
formulation for LaMn,Co,_O; perovskites because of its high activ-
ity in lower temperatures.

April, 2016

CONCLUSIONS

The catalytic activity of sol gel combustion synthesized LaBs
Co,50; (B=Cr, Mn, Cu) catalysts was evaluated in CO+NO reac-
tion. Maximum increase in catalytic activity resulted by the partial
substitution of Co by Mn. The XRD analysis of catalysts of pres-
ent survey demonstrated the formation of the claimed perovskite
structures. The insertion of Mn into LaCoO; network in LaMn,
Co,_O; catalyst was proven by observing the different main peak
26in XRD patterns of mentioned catalysts. Results of BET method,
which was utilized to determine the specific surface area of cata-
lysts, did not show significant change of surface area for various
perovskite formulations; therefore, the specific surface area of cata-
lysts was not a key parameter for evaluating the of catalytic activ-
ity in this study. TPR results showed that LaMn,sCo,sO; has a
moderate reduction and oxidation ability at the same time, which
is necessary for CO+NO reaction, and this can be assumed the
reason of higher activity of LaMn,;Co,50; in comparison to other
LaB,5Co,;0; formulations. Moreover, an optimum value of 0.25
for Mn molar ratio in LaMn,Co,_,O; perovskite formulation was
revealed by evaluation of catalytic performance of various LaMn,
Co,_,0; perovskite formulations (x=0, 0.1, 0.25 and 0.5).
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