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Among the studied (Pd), Co-, Ce-, Zr-oxide catalyatluding catalysts deposited on structured
cordierite support, the catalyst prepared by co-agfion of ceria and cobalt oxide is characterizeg
higher activity in reaction of reduction of nitragg), (II) oxides (CO + NO, bD + NO + CO) compared
with samples prepared by successive depositiors. flaly be caused by an increase in both mobility of
surface oxygen and dispersity of components icakedytic composition.

INTRODUCTION

One of the most important challenges for
scientific and applied researches is reduction of
nitrogen oxides (N in gas emissions mobile
and stationary sources, as evidenced by the
introduction of morestrict norms for emissions
into the environment (EURO-V). The emission of
nitrogen oxides B, (NO, NOQ, and NO) into the
atmosphere is 30 million tons annually. Nitrogen
oxides are involved into atmospheric processes
that lead to depletion of ozone layer bringing
about “greenhouse” effect and the formation of
acid rain, smog [1]. One of the most efficient
methods for neutralization of nitrogen oxides,NO
in exhaust gases is catalytic reduction with
various reducing agents (CO angHg).

Platinum group metals (PGM) (Pt, Pd, Rh) in
the composition of TWC catalysts (CO/NQHz)
are active for the reactions of CO + NO, Q)
One the way for reducing of the PGM content is
their partial replacement by other substances such
as transition metal oxides with high mobility of
surface oxygen [2, 3]. Rare earth oxide (REO)
doping may increase the activity of transition rheta
oxide catalysts. It is known that the catalytic
systems containing cobalt oxideogO,) with REO
(CeQ, La0s), which demonstrate high activity in
oxidation of CO, hydrocarbons and in reduction of
NO, may be used for purification of automobile
exhaust gases [4—7]. The high catalytic activity of
Co0, and Ce®@ mixtures is attributed to the
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formation of Co-O-Ce surface clusters during
preparation [4, 8].

Now the main attention is focused on
structured catalysts in the form of monolithic
blocks, in particular, because of the wide selactio
of options for constructive solutions, low gas-
dynamic resistance, easy placement in reactor [9].

This paper presents the results of study of the
effect of composition of palladium-cobalt-cerium-
oxide catalysts supported on zirconia as well as
over structured honeycomb monoliths
Pd/(CaO,+CeQ+(Zr0Oy))/cordierite  on  their
activity in the reduction of nitrogen(l),(Il) oxide
with carbon monoxide. Structure-sized
characteristics (phase composition, dispersion) and
redox properties of the composites Gd),-
CoQOycordierite  (with  different  preparation
methods) and their effect on the catalytic propsrti
of metal-oxide catalysts were also studied.

EXPERIMENTAL

Monolithic ceramic blocks of synthetic
cordierite (2A)052MgO5SIO) with a
honeycomb structure and zirconia (specification
6-09-2486-77) were used as a catalyst support. The
main characteristics of cordierite monolith were
described in [10]. The formation of catalytic
coating catalysts was carried by impregnation (in
the case of cordierite — on moisture capacity) from
agueous solution of (NHCe(NGy)s,
Co(NG;)»-6H,0, Pd(NQ), followed by drying in
air at 116C and calcining at 600 °C. The
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multicomponent catalysts were prepared by the
deposition of the active components in the
following order: (1) cerium oxide, cobalt oxide
(successive deposition, SD), palladium; (2) cerium
oxide with cobalt oxide (co-deposition, CD),
palladium. The following catalyst samples formed
on cordierite and zirconia were prepared:
0.1% Pd/5 % GO,
0.1 % Pd/ 2 % G®, + 3.5 % Ce@(CD),
0.1% Pd/2% CG®,/ 3.5 % Ce®@(SD),
0.1% Pd/2 % GO, + 2.7 % Ce+ 0.8 % ZrQ(CD).
Bulk samples with the same ratios and the same
order of component deposition as for the supported
catalysts were prepared to evaluate structural,
dimensional characteristics and morphology of the
catalyst surface by X-ray diffraction and
transmission electron microscopy.

The catalytic activity of the samples was
characterized by the conversion ofONand NO
to nitrogen which was determined in a
continuous-flow system with a gradientless
guartz reactor under atmospheric pressure in the
temperature range 150-400 °C. The following
reaction mixtures were used (vol. %yON- 0.2;
NO - 0.2;CO - 0.2 and 0.8; the rest — helium.
Gas hour space velocity was 6.000 Hrhe
sample (fraction 1-3 mm) was roasted prior to
testing at 550 °C for 1 h. The structured catalysts
were tested in reaction NO + CO in a flow
reactor with gas hour space velocity 20.000 h
on a catalyst block fragment (8 mm in
diameterx 13 mm in length with density
49 cells/ch, 0.3 g). The components and

reaction products were analyzed by gas
chromatography (Kristallyuks 4000M, Meta-
chrom, Russia) with conductometer detector and
CaA column (for N, NO, CO, Q), Polisorb-1
column (for NO, CQ).

The oxidation—reduction properties of the

catalysts were studied by temperature
programmed reduction with hydrogen (TPR}-H
in a flow system with continuous

chromatographic monitoring of the amount of
hydrogen consumed in the reduction. The gas
mixture contained was 10 vol. %,Hn argon.
The temperature was raised from 20 to 650 °C
with the heating temperature rate 17 °C/min. The
mass of catalyst was 0.5 g.

X-ray diffraction (XRD) patterns of the powder
samples were recorded using diffractometer with
monochromatized Cu<K radiation (nickel filter,
A=0.15184nm) (AXS GmbH D8 Advance
diffractometer, Bruker, Germany).

The morphology of the sample surface was
studied using transmission electron microscope
(TEM) (Selmi TEM-125K, Selmi, Ukraine).
The specific surface (5 m’/g)  was
determined chromatographically by thermal
argon desorption on a GKh-1 instrument.

RESULTS AND DISCUSSION

The activity of the (Pd)Co-, Ce-, Zr-oxides
catalysts, also over the monoliths with
honeycomb structure, in reactions of nitrogen(l),
(I) oxides reduction with carbon monoxide is
presented in the Table.

Table. Catalytic activity of (Pd)Co-, Ce-, Zr-oxides catalysts in reactions of nitroger{(l) oxides reduction by

carbon monoxide (V = 6.000"h

Catalyst

N,O[NOQO] conversion, % / T °C (Tso %)
for indicated reaction mixtures:

(method of preparation)

Spm7lg  02%NO+0.2%NO+08%CO 0.2%CO +0.2 % NO
5% Cq0,/ Zro, 6.7 83/400 (270) [82/250] -
0.1%Pd/5 % G,/ Zro, 5.7 85/350 (200) [99/200] -
0.1%Pd/2%Co, + 5.8 85/300 (190) [99/160] -
3.5 % CeQ@/ Zr0, (CD)
0.1 % Pd /5 % C®, / cordierite 15 78/350 (275) [99/300] 99/250 (230
0.1%Pd/2%Co, + 2.7 78/300 (180) [99/200] 99/155 (123)
3.5 % CeQ/ cordierite (CD)
0.1%Pd/2%C®,/ 2.2 - 99/200 (169)
3.5 % CeQ/ cordierite (SD)
0.1% Pd /2% GO, + 2.7 % CeQ 3.5 75/325 (240) [99/260] 99/190 (130)

+ 0.8 % ZrQ/ cordierite (CD)

The cobalt-containing sample based on ZrO
exhibited high activity in the reaction
N,O + NO + CO: in the temperature range 250—
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270 T the conversion of NGGO and NO is 82,
90, and 50%, respectively; the higher
conversions of nitrogen(l) oxide (83 %) is
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achieved at higher temperature — 4Q0°
Introduction of palladium (0.1%) into

5 % CQO4ZrO, catalyst leads to an increase in
its activity. High conversions of NO andO

(90 %) are achieved at lower temperatures (at
~160 ) in the presence of cerium-containing
sample Pd/C®, + CeQ/ZrO,; 85 % conversion

of nitrogen(l) oxide is achieved at 300.°The
difference in temperatures of high conversion of
nitrogen oxides under conditions of their
combined reduction with carbon monoxide may
be due to the competition of @ and NO
molecules for an active site of the catalyst as was
observed in the combined reduction of
N,O + NO with G-C, alkanes [11].

The activity of palladium-doped -catalysts
formed on the surface of cordierite in reduction
of N,O + NO with CO is changed in following
order:

C0304 —Ce0O5 > C030, — CeO, — Zr0, > Co30,.

At the most active sample of structured
catalyst 0.1 %Pd/2 %@0,+3.5 %CeQcordierite
60-78 % conversion of nitrous oxide and 99 %
conversion of nitrogen monoxide is achieved in
the temperature range 200-300 °C.

Decrease in NO and,N conversion on the
structured catalysts in comparison with
granulated, probablly, is related to some decrease
in specific and consequently also an active
surface of the samples (Table).

Modification of the palladium-cobalt-oxide
structured catalyst by cerium oxide enhances its
activity in CO + NO reaction. A more significant
increase in catalytic activity is achieved by co-
deposition of cobalt oxide and cerium oxide, in
comparison with successive deposition of the
components (Table).

The dependence of the catalytic activity on
the chemical composition and the method of
preparation (CD or SD), i.e. on the order of
deposition of the components may be caused by
generation of various phases during formation of
the catalytic composition. Bulk samples were
studied by XPA to elucidate this question
(Fig. 1).

The diffraction patterns of the cobalt—cerium
oxide compositions showed only finely dispersed
phases 0fCoz0, (spinel structure (oCo,0,)

(260 = 18.95°; 31.35° 36.90°; 44.90° 59.40°
55.90° 59.40) andCeO, (fluorite structure)

(20 = 6.25°; 28.65°, 33.10°; 47.75° 56.75°%
59.05°) with mean particle diameter 26 nm for
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Coz04and 14 nm for Ceg(co-deposition of the
components), and 55 nm fdfo;04 and 14 nm
for CeQ (successive deposition of the
components). The mean particle diameter for
pure cobalt oxide ((0Co,04) is 44 nm. We
should also note that the diffraction patterns of
the cobalt—cerium oxide compositions show
decreased intensity of the cobalt oxide peaks for
compositions prepared by co-deposition of the
components in comparison with compositions
prepared by successive deposition of the
components. Strong extinction characteristic
reflexes that respon@oz0,4 in the composition
C0304-CeO, (patterns 2 and 3) can also indicate
the formation of solid solutions. The formation
of a bulk crystalline structure derived from
oxides Ce®@andCo3z0, proved impossible since
the coordination numbers of the cerium and
cobalt ions are different [12]. Such systems
derived from Ce and Fe oxides were studied by
Liu et al. [13] who found that the formation of
solid solutions ofCeFe; O, occured only for
x<0.2 while a separate K& phase was noted
when x>0.2. Hence, we may propose that the
increase in activity of the Pd/go/cordierite
catalyst after cerium oxide doping occurs as a
result of an interaction of the finely dispersed
particles of the active components on the phase
boundary with formation of solid solutions
which facilitates diffusion of oxygen froieO,

to CaOq4[4, 6, 7].

20 30 40 50 60
26, degree

Fig. 1. XRD patterns of bulk samples of catalysts:
1-Co0Oy 2 — Cq;0,+Ce0,(CD); 3-
C0;0,/CeO,(SD)

It is known that doping of cobalt oxide spinel
structure with a small amount of cerium oxide
(Ce/Co =0.05) increases the surface;@zcand
assists the reduction &do Cd”*, thus facilitating
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the desorption of surface oxygen — the limiting
stage of nitrous oxide decomposition on the
catalysts of this type [14]. Cobalt is stabilized o
the separation boundary betweessO, and CeO,
in an oxidation state higher than stoichiometric,
there is an increase in the Co—O bond length at the
sites of contact of the cobalt and cerium
nanoparticles and the surface oxygen on the
interface between of the oxide phases becomes
more mobile than the bulk oxygen of the individual
oxides [4].

According to IR spectroscopy data (Fig. 2),
absorption intensity at 572 ém(bond Co**-O
[7]) for Co04+CeO, (CD) sample is higher than
that for individual cobalt oxide. At the same
time, one can see that absorption intensity at
663 cm’ (bond Co*-O [7]) is decreased
partially. This was not observed in the case of
catalyst prepared by successive deposition of the
components. So, preparation of the catalysts by
co-deposition of cobalt and cerium oxides assist
more intensive interaction and stabilization of
Co** state which is more reactive in redox
processes with oxygen.

Absorption, a.u.

750 725 700 675 650 625 600 575 550
-1
v, cm

Fig. 2. IR-spectra of bulk samples of catalysis-
Cx04 2-Co04+CeO, (CD); 3-
C0;0,/CeO; (SD)

Thus, the interaction betweefieO, and
Co30, is more effective in the case of
simultaneous introduction of @9, and CeO, —
active components of the catalyst.

Analysis of the TEM photographs of the
bulk samples shown in Fig. 3 indicates that a
more dispersed phase is formed upon the joint
introduction of the components into the catalytic
composition (precursors of cobalt and cerium
oxides) than in the case of pu®;O, oxide
(Fig. 3a, b while agglomeration of th€o0s0,
and CeO, particles occurs upon the consecutive

XOTI12013. T. 4. Ne 1 95

introduction of the components with subsequent
sintering at 600 °C already during the catalyst
preparation step. The stabilizing role of cerium
oxide is due to localization of this oxide between
the cobalt oxide microcrystals preventing
agglomeration of the binary oxide composition
[15]. Further reducing of the crystallites size of
the catalyst components is observed at the partial
replacement of cerium oxide by zirconium oxide
(Fig. 3c¢). Probably, zirconia  prevents
agglomeration of cerium oxide in the procedure
of preparation and assists to increase the
dispersion of the composition [16].

The results of a SEM study indicated a rather
homogeneous distribution of the Pd{Ogand
Pd/(Ca0,+CeQ) compositions on the cordierite
surface. Formation of ring-like structures of the
active components is  observed for
0.1 %Pd/(CgD,+CeQy)/cordierite (Fig. 3).

This may be taken as an argument to support the
hypothesis that the components form a
homogeneous structure containing a mixture of
pure phases. These results are in accord with the
XPA results and literature data [6, 7].

The values of the specific surface of the
catalyst samples deposited on a structurized
cordierite support and bulk samples indicate high
dispersion of the active phase in the case of co-
deposition of Cgd; and CeO, (ZrO,)
components (Table).

The mechanism for the reduction of NO with
carbon monoxide over platinum group metals, in
particular over palladium, involves a step
featuring the dissociative adsorption of nitric
oxide (1) [17]. Bol'shakov et al. [2] have shown
that palladium in the P@eo/y-Al,O; catalyst
provides for spillover of the oxygen formed onto
cobalt oxide where it reacts with carbon
monoxide. As a conseguence, 0Xygen
passivation of the P@el/y-Al,O; catalyst is
overcome and high activity in the reduction of
nitrogen oxides is achieved. Whereas
modification of the palladium-cobalt oxide
catalyst with cerium oxide increases activity in
the reaction NO + CO, we may also assume that
the addition ofCeO, to the Pd—CgD, catalyst
facilitates spillover of oxygen onto the cobalt
oxide surface due to an increase in the number of
oxygen vacancies on the separation boundary of
the Cos0, and CeO, phases and a reduction in
the bonding energy of the bond of oxygen to the
surface.
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Platinum group metals are characterized by TPR-H, experiments were carried out in
low metal-oxygen binding energy [3], so, oxygen  order to study the redox properties of the
is rapidly desorbed from the surface of such catalysts; the results are displayed in Fig. 4.
metals as a result of the reaction that occurs at
lower temperatures.

Fig. 3. TEM (a—9 and SEM microphotographsl,(© of catalyst samples:a) Co:04 (b) Co04+CeQ; ()
C0304+Ce0,+Zr0O,; (d) 0.1 %Pd/CgO,/cordierite; €) 0.1 %Pd/CgD,+CeGy/cordierite

The introduction of palladium leads to a shift 0.1 %Pd/(CeO,+CeQ)/cordierite catalyst in the
in the reduction onset temperature and maximum oxidation—reduction reactions involving nitrogen
on the TPR-H curves toward lower oxides(l), (Il) studied.
temperatures. The TPR;Hspectrum shows a
new low-temperature peak (180)°due to an
increase in the mobility of surface oxygen while
the concurrent increase in the area under the
TPR-H, curves indicates an increase in the
number of active sites. A low-temperature peak
in similar systems has been observed by Luo et
al. [4] for the TPR of catalysts by carbon
monoxide. The onset temperature and
temperature for maximum reduction rate for the _JL/\A
Co04+CeQJ/cordierite catalyst are 20 and T S
80 °C, respectively, lower than those for the 100 200 300 4000 500 600
Cos04/cordierite sample. The values f6f,, and Temperature,C
Timax for Pd/CaO,+CeO,/cordierite are 55 and Fig. 4. TPR-H, profiles of the cordierite-supported

Comsumptiortl, a.u
E

60 °C, respectively, lower than those for the catalysts1— CgOy; 2— 0.1 % Pd/5 %GO;;
sample lacking the CeOmodifying additive. 3— Ca04+Ce0; (CD); 4 — Ca0O/CeO;, (SD)

This rgsult indicates a higher mobiliity of oxygen CONCLUSIONS

at the interface between of the cerium oxide and

cobalt oxide phases and accounts for the increase Modification of the palladium-cobalt oxide
in the activity of the catalysts with cerium oxide enhances its activity
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in reaction of nitrogen(l), (Il) oxides reduction
with carbon monoxide and caused by increasing
the mobility of surface oxygen of catalyst. The
most significant increase in activity for the
catalyst prepared by co-deposition of ceria and
cobalt oxide takes place due to the more disperse
components in the catalytic composition
according to the results of XRD, TEM and SEM.
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BB ckaany i merony nmpuroryBanns (Pd), Co, Ce, ZrMmeraa-OKCHIHUX KaTaIi3aTopiB
Ha iX aKTHBHIiCcTH B peakuinx BiaHopaeHHs: okcuaiB azory(I), (II) MoHoOKCHIOM BYIJIEIIO

T.M. boiiuyk, I1.1. Kipienxko, C.M. Opauk, C.0. Conosiios

Tuemumym gizuunoi ximii im. JI.B. Iucapoicescorkoeo Hayionanvroi akademii Hayx Yrpainu
np. Hayxu, 31,Kuis, 03039,Vkpaina, boichuk_tm@ukr.net

B peaxyiax eionoenenns oxcuois azomy(l),(11) CO (CO+NO, NO+NO+CO) cepeo susuenux (Pd),
Co-Ce- Zr-oxcuonux kamaunizamopis, 30Kpema Ha CMPYKMYPOSAHUX HOCISIX 3 Kopoiepumy, Oinvbuty
AKMUBHICMb  BUABUE KAANIZAMOP, OMPUMAHULU WIAXOM OOHOYACHO20 HAHECeHHs OKCUlie yepito i
K0OAnLmMYy, Wo 00YMOBNIEHO 3POCMAHHAM PYXIUBOCT NOBEPXHEB020 KUCHIO | OUCNEPCHICIO KOMNOHEHMI8
Kamanimu4Hoi KomMno3uyii.

Biusinne cocraBa u merona npurorosiienus (Pd), Co, Ce, ZrMeTa/lI-OKCHIHBIX KATATM3aTOPOB
HA X AKTHBHOCTH B PeaKIUAX BOCCTaHOBJIeHHs okcuioB a30ta (1), (1) moHookcumom yriepoaa

T.M. bouuyx, I1 1. Kupuenxo, C.H. Opauk, C.A. Conogves

Hncmumym usuueckoti xumuu um. J1.B. [Hucapacesckoco Hayuonanbhoti akademuu HAyK Ykpaurol
np. Hayxu, 31,Kues, 03039, Vrkpauna, boichuk_tm@ukr.net

B peaxyusax eoccmanoenenusn oxcuooe azoma(l),(Il) CO (CO+NO, NbO+NO+CO) cpedu uzyuenmwvix
(Pd), Co-Ce-,Zr-okcuouvix kamanuzamopos, 6 HACMHOCMU HA CMPYKMYPUPOSAHHBIX HOCUMENSAX U3
KopOuepuma, 6onbULYI0 AKMUBHOCHb NPOSGUL KAMAIUZAMOP, NPUSOMOGILEHHbII NymemM 0OHOBPEMEHHO20
Hanecenusi OKCUO08 yepust u Kobarbma, 4mo 00yCLOICHO Y8eIudeHUeM NOOBUNCHOCTU NOBEPXHOCINHO20
KUCIOPOOA U OUCNEPCHOCTU KOMNOHEHMO8 KAMAIUMUYECKOU KOMNOZUYULL.
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