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Influence of the presence/absence of bulky surfactant during the preparation of
nanostructured ceria-zirconia materials on their catalytic performance in ethyl acetate
total oxidation
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Novel nanostructured ceria-zirconia materials were synthesized in the presence or absence of bulky
cetyltrimethylammonium bromide (CTAB) surfactant using an original approach combining the utilization of urea as a
precipitator followed by hydrothermal treatment. The obtained materials were characterized by X-ray diffraction,
nitrogen physisorption, UV-Vis spectroscopy, temperature-programmed reduction (TPR) with hydrogen and their
potential application in catalysis was studied in ethyl acetate total oxidation as a model reaction for elimination of
volatile organic compounds. The results show that the presence of the bulky CTAB molecules not only does not
improve notably the textural characteristics of the obtained nanomaterials but limits Ce-Zr interactions in case of mixed
oxide samples and thus provides a negative effect on their catalytic performance in the studied reaction. With increasing
the amount of Zr in the mixed oxide samples both Ce-Zr interactions and textural mesoporosity are enhanced and this

has beneficial effect on the catalytic activity in the total oxidation of ethyl acetate.
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INTRODUCTION

Ceria based systems are extensively investigated
and have wide applications in materials science as
they are able to easily form oxygen vacancies
releasing surface and lattice oxygen [1 and
references therein]. To enhance the redox properties
and thermal stability of pure ceria, zirconia is often
mixed as an additive to form solid solutions [2].
Actually, CeO>-ZrO, system is one of the most
studied mixed metal oxides in the literature due to
its important role in the operation of automotive
catalysts [3]. CexZrixO, mixed oxides are
recognised to exhibit high resistance to thermal
sintering and high oxygen mobility, which
improves their catalytic behaviour in some
reactions, such as volatile organic compounds
(VOCs) combustion [4]. In our previous study
highest catalytic activity in ethyl acetate
combustion was demonstrated for the binary
materials, where a complete integration of both
metal oxides into one mixed oxide phase is realized
[5]. Here, for the first time, a series of nanosized
ceria-zirconia mixed oxides were prepared by co-
precipitation of the corresponding metal chlorides

with urea in the presence/absence of CTAB,
followed by a hydrothermal treatment step at
373 K. We chose urea as precipitator instead of
ammonia for better control of the processes of
metal salt hydrolysis and metal oxide condensation.
The obtained materials were characterized by X-ray
diffraction, nitrogen  physisorption, UV-Vis
spectroscopy, temperature-programmed reduction
(TPR) with hydrogen and their potential application
in catalysis was tested in ethyl acetate combustion
as a model reaction for total oxidation of volatile
organic compounds. Particular attention was paid to
the influence of both precipitator and template on
the textural and structural properties of the obtained
nanocomposites and their role in the studied
reaction.

EXPERIMENTAL
Materials

Mono- and bi-component oxide samples were
synthesized using precipitation technique in the
presence/absence of template followed by
hydrothermal treatment step according to a
procedure reported by Tsoncheva et al. [6]. Here,
the difference is the use of urea as a precipitator
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stirring of the solution under reflux conditions at
85 °C before the following hydrothermal treatment.
The obtained mixed oxide samples are designated
as follows: xCeyZr(a,T) where x/y represents the
mol ratio between Ce and Zr, a indicates the
organic template if used and T is the temperature of
hydrothermal treatment.

Methods of characterization

Powder X-ray diffraction patterns were collected
on Bruker D8 Advance diffractometer equipped
with Cu Ka radiation and LynxEye detector. The
size of the crystalline domains in the samples was
determined using Topas 4.2 software with Rietveld
quantification  refinement.  Nitrogen  sorption
measurements were recorded on a Quantachrome
NOVA 1200e instrument at 77 K. The UV-Vis
spectra were recorded on a Jasco V-650 UV-Vis

programmed reduction/ thermogravimetric)
analyses were performed in a Setaram TG92
instrument. The catalytic experiments were
performed in a flow type reactor (0.030g of
catalyst) with a mixture of ethyl acetate (1.21 mol
%) in air with WHSV — 335h?. Gas chromate-
graphic (GC) analyses were carried out on HP5850
apparatus using carbon-based calibration. The
samples were pretreated in Ar at 423 K for 1 h and
then the temperature was raised with a rate of
2 K/min in the range of 423-773 K.

RESULTS AND DISCUSSION

Some physicochemical characteristics of the
obtained samples are presented in Table 1.

X-ray diffraction technique (XRD) has been
used for determination of samples crystallinity and
phase composition (Fig. 1).

spectrophotometer equipped with a diffuse
reflectance unit. The TPR/TG (temperature-
Table 1. Texture and structure characteristics of the obtained materials.
SgeT, Viotal, Shicro, Vmicro, Unit cell, Crystallite size,
Sample melg cclg m2lg cclg Space Group A nm
Ce0(CTAB, 373) 707 010 640 0.026 Fm-3m 5.4150(7) 12
CeOz(no, 373) 719 006 590 0.024 Fm-3m 5.4146(6) 13
7Ce3Zr(CTAB, 373) 67.4 0.09 26.5 0.01 Fm-3m 5.4128(8) 14
P4a/nmc a=3.616(1) 12
¢=5.204(4)
7Ce3Zr(no, 373) 90.1 0.10 46.2 0.02 Fm-3m 5.4139(9) 13
P4o/nm a=3.616(1) 14
c=5.191(3)
5Ce5Zr(CTAB, 373) 67.3 0.10 17.6 0.008 Fm-3m 5.4118(8) 13
Pda/nm a=3.618(1)
¢=5.208(3) 13
5Ce5Zr(no, 373) 55.2 0.10 20.1 0.009 Fm-3m 5.4139(9) 11
P4/nm a=3.616(1) 17
c=5.194(2)
3Ce7Zr(CTAB, 373) 66.8 0.12 1.3 0.0004 Fm-3m 5.4138(9) 13
P42/nm a=3.617(1) 13
¢=5.206(2)
3Ce7Zr(no, 373) 80.4 0.11 5.2 0.003 Fm-3m 5.414(1) 11
P4/nm a=3.620(1) 13
¢=5.210(2)
ZrO2(CTAB, 373) 59.3 0.11 P2i/c a=5.150(5) 13
b=5.202(5)
¢=5.303(4)
$=98.85(2)
P42/nmc a=3.592(5) 10
¢=5.19(1)
ZrOz(no, 373) 443 0.09 P2i/c a=5.16(1) 11
b=5.20(2)
¢=5.31(1)
$=98.68(5)
P42/nmc a=3.608(5)
¢=5.173(9) 13

Pure ceria as well as all cerium-containing
samples show well defined reflections of cubic
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fluorite-like structure with crystallite sizes of about
11-14 nm (Fig. 1, Table 1). Both monoclinic (P2/c)
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and tetragonal (P4./nmc) phases are registered in
case of pure zirconia samples (Fig. 1, Table 1.).
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Fig. 1. XRD patterns of the studied samples.

Here, the absence of CTAB template molecules
during the synthesis of ZrOz(no, 373) sample seems
to provoke the formation of tetragonal phase in a
higher extent at the expense of monoclinic one (Fig.
1, Table 1). In case of mixed oxide samples, the
intensity of ceria reflections decreases with
zirconium content increase, but the ceria phase
seems to remain unchanged as its unit cell
parameter is almost not influenced by zirconium
addition (Fig.1, Table 1). For these materials
zirconia phase with tetragonal symmetry was also
detected (Table 1). Its unit cell parameters are
slightly expanded in comparison with the
corresponding ZrO, individual oxides. This
indicates partial introduction of cerium within the
zirconia phase, the effect being more pronounced
with the zirconium content increase.
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Fig. 2. Nitrogen physisorption isotherms with pore size distributions as insets for the studied pure and mixed metal
oxide samples.
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Nitrogen physisorption measurements were
conducted in order to elucidate the textural
properties of the studied samples (Fig. 2, Table 1).
All isotherms are of type IV that is characteristic of
mesoporous materials with the exception of pure
ceria samples, which isotherms are combination of
types | and IV with predominant presence of
micropores (Fig. 2, Table 1). At the same time, both
pure zirconia samples are exclusively mesoporous,
characterized with steep adsorption step within 0.6-
0.8 relative pressure and H1 type hysteresis due to
narrow pore size distribution (Fig. 2, Table 1). In
case of mixed oxide samples the shape of their
isotherms is in-between those of the pure metal
oxides with mesoporosity increasing with Zr
content and with comparable textural characteristics
for the analogous samples, however, smaller pore
sizes and narrower pore size distributions are found
for the samples obtained without CTAB (Table 1).

Uv-Vis analysis has been used to obtain
information for the coordination and oxidative state
of metal ions. The spectra of both ZrO, samples
show two absorption bands at around 215 and 230
nm, as expected for monoclinic ZrO, [7]. The
second broad feature in their spectra positioned at
around 320 nm reveals the co-existence of
tetragonal ZrO, [7] and it is larger for ZrO,(no,
373). For pure ceria (Fig. 3), the strong absorption

with maximum at about 350-360 nm is ascribed to
O*—Ce*" charge transfer (CT) transitions, while
that one at about 250 nm — to O*—Ce* CT
transitions [8]. In case of all mixed oxides samples
these bands are preserved, however, the latter one is
slightly red-shifted and the former — blue-shifted,
which together with the slightly increased overall
absorption above 500 nm could be ascribed to the
appearance of additional defects due to
incorporation of Ce within zirconia lattice.
Additional information for the redox properties
of the studied materials was obtained by
temperature-programmed reduction (TPR) with
hydrogen (Fig. 4). No significant TG effect is
observed for both ZrO, samples, indicating
negligible reduction transformations under studied
conditions. The reduction degree of both pure ceria
samples is about 14 %. The reduction of all mixed
oxide samples obtained without CTAB template is
facilitated as the start of the reduction is shifted to
lower temperatures compared to pure ceria samples
and/or the reduction degree is significantly
increased, especially with Zr content above 30 mol
% (Fig. 4). We could ascribe the observed effects to
the partial introduction of cerium within the
zirconia phase and the presence of smaller ceria
crystallites within these samples (Table 1).
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Fig. 3. UV-Vis spectra for the samples prepared with CTAB template (a) and without (b)
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Fig 4. TG (a) and DTG (b) data for the samples prepared with CTAB template
(solid line) and without (dash line).
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Fig. 5. Temperature dependency of ethyl acetate total oxidation for the studied samples.

The catalytic properties of the samples were
studied in temperature-programmed regime within
the range of 423-773 K (Fig. 5). Pure zirconia
samples show catalytic activity just above 625-
650 K with relatively low selectivity to CO due to
their significant acidic function and relatively low
redox ability. At the same time, both pure ceria
materials display steeply increasing conversion
activity above 550 K combined with enhanced
selectivity to total oxidation that could be assigned
to their superior redox properties. All mixed oxide
samples show improved catalytic activity, taking
into consideration their cerium content, as well as
very high selectivity to CO., and we assign this to
their overall enhanced redox properties in
comparison with pure ceria samples due to cerium
substitution within zirconia lattice. The latter seems
to be favoured by the absence of template during
the synthesis (especially for the samples with Zr
content above 30 mol %) and this is probably
provoked by the improved intimate contact between
the metal oxide particles.

CONCLUSION

By using an original synthetic approach we have
prepared highly active and selective in total
oxidation of ethyl acetate nanostructured ceria-
zirconia materials comprised of nanosized particles
arranged in a micro-mesoporous structure. The use
of urea only as both precipitator and template gives
optimal textural and structural characteristics of the
obtained mixed oxides, especially for the samples

with Zr content above 30 mol %, while the
additional presence of bulky CTAB molecules
during synthesis seems to limit Ce-Zr interactions
and thus has a negative effect on their catalytic
performance. Further investigations with time-on-
stream catalytic experiments are in progress.
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BJIMAHUE HA ITPUCBCTBUETO/OTCBHCTBUETO HA OBEMHO ITOBBPXHOCTHO AKTUBHO
BEILIECTBO ITPU ITOJIYHABAHETO HA HAHOCTPYKTYPUPAHU CeO2-ZrO; MATEPUAJIN
BBPXY TEXHUTE KATAJIMTUYHU OTHACAHUA B PEAKIIUATA HA IThJIHO OKUCJIEHUE HA
ETUJIALIETAT

P. Usanosa', M. Jlumutpos?!, JI. Koauesa?, T. Ilonuepa’

YUnemumym no opaanuuna xumus ¢ Lenmvp no gpumoxumus, BAH, 1113 Cogus, Bvneapus
2Uncmumym no obwa u neopeanuuna xumus, 5AH, 1113 Cogus, Bvreapus

IMoctemmna Ha 10 okToMBpH 2016 T.; KOpurnpana Ha 16 HoemBpw, 2016 T.

(Pesrome)

bsixa CHHTE3MpaHH HOBM  HAHOCTPYKTYpHpPAaHH  MaTepHald B  NPUCHCTBHE WM  OTChCTBUE  HA
nermnTpumermwiamonneB Opomun (CTAB), kaTo OGemre M3MOI3BaH OPUTHHAJICH ITOJXOM, BKIIOYBAII W3IIOJI3BAHETO HA
ypea Karo yramTell C MOCIejABalla Xuaporepmaina obpaborka. [lonmyueHute matepuanu Osxa XapakTepU3UPAHU C
MOMOIITA HA TIPaxoBa PeHTreHoBa maudpakims, pusndna agcopouus Ha a3ot, UV-VIiS crieKTpocKonusi, TeMIepaTypHo-
porpamMupana peayKIiHs ¢ BOJOPO/, & TAXHOTO MOTEHIMAIHO MPUIOKEHNE B KaTajiu3a Oellle U3CIIeBaHO B H3rapsHe
Ha CTHJIAICTAT, KaTO MOJEIHA PEaKiusd 32 CIMMHHUPAHE Ha JICTIIMBH OPraHUYHH ChCIUHEHUs. Pe3ynTatuTe mokasear,
ye mpuckcTBHero Ha CTAB He camo He mogoOpsBa 3HAYMTEIHO TEKCTYPHHUTE XapaKTCPUCTHKH Ha IMOJYYCHHUTE
MaTepualld, HO UMa HeraTuBeH e()eKT BbPXY TEXHUTE KaTAIUTUYHU CBOWCTBA KaTO orpaHH4aBa B3aumojeiicterero Ce-
Zr. C yBenuyaBaHe Ha ChIbPXKAHUETO HAa ZI B CMECECHHTE O00pa3slu ce IMOoA00psABaT ME30MOPUCTOCTTa U
B3aumozeiicteuero Ce-Zr, koeto uma OiaronpusaTeH eeKT BbpXy KaTalUTHYHATA aKTHBHOCT Ha 00Opa3lUTE B IBJIHO
OKMCJICHHE Ha €THUJIAIETAaT.
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