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Abstract: A series of catalysts Pt/Ce0,-TiO,-Al,0; were prepared by impregnation method using the
supports which have large surface area. Through changing the pH of Pt loading process, the soot
elimination performance under NO atmosphere was also studied carefully. The results showed that the
lower pH of Pt loading process, the catalysts possess greater Pt particle size, larger amount of chemisorbed
surface active oxygen species (O, O") and better activity. Combining the results of in-situ DRIFT and
catalytic activity, it is concluded that bidentate nitrates and adsorbed NO, are the active intermediate
species. Different concentrations of HO and SO, resistant test were carried out on the P3 catalyst, it is
found that the performance changed little before and after poisoning, which implies that the stability of
catalyst is good.
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In the past decades, diesel engines were widely =~ emission are two important pollutants in the exhaust

(1]

used due to their superior efficiency, durability and from diesel engines''. In recent years, increasing

reliability. Nitrogen oxides and particulate matter attention has been paid to diesel engine emissions,
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especially the particulate matter fraction (PM),
consisting mostly of carbonaceous soot and a volatile
organic fraction of hydrocarbons condensed or
adsorbed over the soot, which are highly hazardous
due to its potential mutagenic and carcinogenic
activity®”). In particular, diesel PM smaller than 2.5
um (PM2.5) does not only penetrate deep in the lungs
but remains there longer than Ilarger particles.
Consequently, the formulation of restrictive legislation
in EU regarding these fine particles is being imposed.
The use of a catalytic trap performing both filtration
and catalytic combustion of soot appears to be a
promising solution for soot removal™.

To develop suitable catalysts capable of
promoting soot oxidation by NO, is an efficient way
for removal of diesel soot at low temperature and has
been exploited in Johnson Matthey’s continuously
regeneration technology (CRT)®L This reduction
mostly involves NO, molecules by direct reaction with
soot to form NO and, to a much less extent, N, and
N>O"). The current commercial catalyst is Pt based
catalyst, but the performance of activity and sulfur-
resistance should be improved in practical used.

Ceria has been used as oxygen storage material
for three-way catalysts and was proven to be an
effective component of soot oxidation catalysts™®. The
Alumina has been added to CeO, based mixed oxides
as promoters for three-way catalysts to produce
nanocomposite materials with thermal stability at
temperature up to 1100 °C") however, its sulfur-
resistance is poor. Matsumoto et al.'”’ found that the
decomposition temperature of sulfates on TiO, support
is lower than that on Al,O; support under reducing
conditions. Our results show the CeO,-TiO,-Al,03
supported Pt catalyst has better thermal and sulfur
resistant performance than single or binary oxides
supported catalyst. As far as we know, little work has
been performed on Pt/CeO,-TiO,-Al,O; catalysts.

In the present work, the Pt based catalysts were
prepared supported by CeO,-TiO,-Al,O; composite
oxides. Thus, various physical and spectroscopic
O,-TPD, XPS, In-situ
DRIFTS were performed to investigate the influence

characterizations such as

of the pH value of Pt loading process on Pt particle

size, surface coverage of Pt, and NO, utilization for
NO assisted soot oxidation. The Pt dispersion, active
oxygen species and catalytic performance of the
catalysts are well correlated. The NO, storage
mechanisms and H,O and SO, resistant performance

over these catalysts are also revealed.

1 Experimental

1.1 Catalyst preparation

Ce0,-TiO,-Al,03 composite oxides with Al,Os,
TiO,, CeO, content (mass fraction) 54%, 10%, 36%
respectively were synthesized by fractional precipita-
tion. First, quantitatively ammonia solution and
aluminum solution were slowly added to the beaker
simultaneously to prepare aluminium hydroxide under
strong stirring, the pH value of the co-precipitating
solution was maintained at 8. After stirring 2 h at room
temperature, another quantitatively ammonia solution
and the solution contain ceria and titanium were added
to the aluminium hydroxide simultaneously, the pH
was maintained at 8. The obtained precipitate was
filtered and thoroughly washed using distilled water,
and finally dried at 120°C, then the powders were
calcined at 650°C for 4 h in air atmosphere.

The supported Pt catalysts were prepared by
conventional wet impregnation method with an
aqueous of Pt(NOs), as metal precursor. The pH of the
impregnated samples was adjusted by acetic acid to 3,
4,5, 6 and to 9 by KOH, the reference sample was not
adjusted by any another reagent. After stirring for 2 h,
the samples were washed with distilled water until
pH=7. After drying at 120°C and calcinations at 550
‘C for 4 h, the Pt/Ce0,-TiO,-Al,0; samples were
obtained, namely Px, x stands for the pH value of Pt
loading process.

1.2 Characterization technique

The measurement of the specific surface area
(SSA) was carried out at —196°C on Quantachrome
QuadraSorb SI instrument by using the nitrogen
adsorption method. The samples were pretreated in
vacuum at 300°C for 8 h before experiments. The
surface area (SSA) was determined by BET method in
0~0.3 partial pressure range.
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X-ray diffraction measurement was carried out on
an X’pert Pro rotatory diffractometer (PANAlytical
Company) operating at 40 mA and 40 kV using Co K,
as radiation source (A= 0.1790 nm). The data of 20
from 20° to 100° were collected with a step size of
0.033°.

0O, temperature-programmed desorption (O,-TPD)
measurements were conducted on a CHEMBET 3000
apparatus

supplied by Quantachrome Company.

During the test, 100 mg of each sample were
pre-heated in pure O, from room temperature to 500°C
and held for 30 min. After cooling to room
temperature, the sample was heated from room
temperature to 900°C at a heating rate of 10°C/min in
pure helium.

X-ray photoelectron spectra (XPS) were recorded
with a PHI-1600 ESCA spectrometer using Mg Ka
radiation (1253.6 ¢V). The base pressure was 5x10°
Pa. The binding energies were calibrated using Cls
peak of contaminant carbon (B.E.=284.6 e¢V) as
standard, and quoted with a precision of £0.2 eV.
Gaussian-Lorentzian and Shirley background was
applied for peak analysis.

In situ DRIFTS experiments were performed on a
Nicolet Nexus FT-IR spectrometer, equipped with a
MCT detector and a heating chamber allowing
samples to be heated up to 600°C. The DRIFT spectra
were recorded against a background spectrum of the
sample purified just prior to introducing the adsorbates.
Each time, about 15 mg of the sample was used. The
sample was firstly pretreated under (volume fraction)
5% Oy/He at 100°C for 30 min, and then exposed to a
flow of 400x10° NO+10% O, + balance He. The
spectra of NO, adsorption from 200 to 500°C at
intervals of 50°C were recorded with a resolution of 4
cm
1.3 Pretreatment method with sulfur and water

Light diesel engine exhaust is a multi-component
system, especially contains water and sulfur, so the
catalyst samples were pretreated in the atmosphere
containing water and sulfur to reflect the catalyst
performance in the real situation. The pretreatment
atmospheres included (a) 5% H,O + Nj; (b) 10% H,O
+ Ny; (c) 50x107° SO,, 10% O,, N, as balance; (d)

250%10°° SO,, 10% O,, N, as balance. The total flow
rate was 120 mL/min. Before test, 0.3 g sample were
pretreated at the above four mentioned atmospheres
for 2 h with the temperature of micro reactor was set
to 350°C. After pretreatment, the samples were dried
at 150°C, and used for TG/DTA test.
1.4 Activity measurement

For soot combustion, the catalytic activity of the
prepared samples was evaluated by TG/DTA techni-
que using Degussa Printex-U as the model soot, which
possesses a specific surface area of 100 m*/g and an
average particle size of 25+3 nm (C: 92.2%; H: 0.6%;
volatiles: 6%, in mass fraction)!'"), its morphology
could be seen in Fig.1!"?. The soot was mixed with the
catalyst to obtain a tight contact in a weight ratio of
1:20. Then, the mixture (8 mg) was loaded to the
sample chamber and heated from room temperature to
800°C at a rate of 10°C/min in the atmosphere of
(volume fraction) 400x10° NO and 10% O, balanced
by N,. By comparing characteristic temperatures of
TG/DTA profiles, the catalytic activity of the samples
was determined. In this work, the temperatures
corresponding to soot ignition (denoted as T)),
maximal soot combustion rate (denoted as T,,) and the
complete soot conversion (denoted as T,) were used to
evaluate the performance of the catalysts.

100 nm
et

Fig.1 TEM images of soot particles (Printex-U)
1 BRERURLE TEM &

2 Results and discussion
2.1 N, adsorption- desorption measurement

The N, adsorption/desorption isotherms and pore
size distribution from desorption branch of the
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isotherm by BJH method for different catalyst samples
are shown in Fig.2. The comparison of isotherms
reported in Fig.2 shows the catalyst P3, P7 and P9
have the similar adsorption/desorption isotherms, and
the isotherms of all the samples exhibit a typical
reversible type IV curve (IUPAC classify- cation) with
hysteresis loops''?), it means that the inflection point
the of
mesoporous. The result of pore size distribution shows

corresponding p/py belongs to range
that the sample is relatively uniform. As it can be seen

in Tab.1, P3, P7 and P9 show almost the same BET
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surface area, cumulative pore volume and pore
diameter. Compared with the pure support (202.5
m’/g), after loading Pt, the surface area of support
increased a little because of the increase of surface
hole which caused by acid “corrosion”. The pH adjust
in the Pt loading process has no influence on the
catalyst surface area, pore volume and pore diameter.
This shows that the change of the catalyst activity
should be attributed to other factors, such as precious
metal dispersion, activated oxygen ability of catalyst
etc.
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Fig.2 N, adsorption/desorption isotherms (a) and pore size distribution (b)
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Tab.1 Sggt, Dpe and T;, Ty, T of different samples
i 1 Kﬁ#lﬁlﬂgtbiﬁﬁi Pt ﬁﬁigﬁ%'ﬂ:ﬁg Ti9 Tms Tf

Catalysts Activity/'C SBET Dp; from
i T, T Am/g) H/Pt'/nm
P3 235 370 465 2102 031 3.7
P4 253 382 467 — — —
P5 265 402 480 — 0.35 3.2
P6 273 420 490 — — —
P7 280 420 505 2129 047 2.4
P9 300 440 528 2156 0.52 2.2

2.2 Catalytic activity for soot combustion

The soot elimination activity was tested on the

TG/DTA under NO auxiliary atmosphere, the results

are shown in Tab.l and Fig.3. The characteristic

temperature T;, T, and T, were used to indicate the

soot oxidation activity in NO atmosphere.

DTG / ug/min

300 400 500

Temperature / °C

100 200 600
Fig.3 DTG curves for different catalysts (the reaction
atmosphere was 400x10° NO +10% O, + Ny)

3 REMEAFIE DTG HZUR R 400X10° NO +

10% O, + Ny)
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From the test results in Fig.3, it can be seen that
the T,, of P7 is 420°C, with the decrease of pH, the T,
is decreased significantly, then the soot combustion
activity is improved, and it works the other way as
well. P3 has the best activity, the T,, is only 370°C,

compared with P7, the T, is reduced by 50°C.
2.3 Results of H,-plusing and HRTEM

Hj-plusing and HRTEM were used to investigate
the particle size of precious metal in the catalysts, the
results are shown in Tab.1 and Fig.4.

Fig.4 HRTEM images of the catalysts: (Left) P3; (Middle) P7; (Right) P9
B4 EUFIMRSPEEHEEE: () P3; (P)PT; (F)PI

As seen from Tab.1, with the reduction of pH
value in the process of catalyst synthesis, Pt particle
size in catalyst gradually increased, it is demonstrated
that different thermodynamic behaviors in the process
of synthesis affect the particle size of Pt (as shown in
Fig.5): HAc emits a large amount of heat in the
process of decomposition, moreover precious metals

have a promoting effect on the organic matter
decomposition, this kind of phenomenon will lead to
local high temperature near the Pt precursor which is
adjacent to acetic acid, and then causes precious

metals sintering and particle growth. Similar

phenomenon was also confirmed by other research

institute!"> ¢,

[Pt(?H)z]' [Pt(?H)z]'
500 °C
CeOz-TiOZ-A1203 — CeOz-TiOZ-A1203 P9
[(Pt(NO3).] [Pt(NOs)]
I I ’ 2500 OC
Ceoz'TiO2'A]203 _—> CCOQ-TiOQ-AIQOj, P7

[Pt-NO P1-NO ] [F]
—l—l— 500 °C
heat

heat

Ce0,-TiOy-Al1,04 P3

CCOZ-TiOZ-A]203

Fig. 5 The scheme of Pt particles growth during calcinations

B 5 2dEd Pt TFHRRARSRE

HRTEM was used to observe the size and mor- 5 nm in all samples. The lower the pH value in the

phology of Pt particles, on the different samples. From  process of catalyst synthesis, the larger Pt particles are,

Fig.4 it can be concluded that Pt particles are less than ~ this is consistent with the H, pulsing results. In
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addition, Al,O3 exists in the form of amorphous and
crystalline states from the TEM result. A large number
of research reports confirmed that Pt oxidation NO
[17'18], and the

NO oxidation reaction activity with Pt is the strongest

into NO, is a structure sensitive reaction

when the Pt particle size is around 4 nm, this is
because the NO, oxidizability is much stronger than
O, and NO, and in the soot elimination reaction with
NO+O, atmosphere, whether NO, is easy to produce
and the production has an important impact on activity.
According to some conclusions, the larger the Pt
particle size is, the more the NO, species produced in
the reaction are, then it is conducive to the soot
elimination (The phenomenon is consistent with the
situ infrared results). Furthermore, some studies
reported that the larger Pt particles in the catalyst, the
better the elimination activity for intermediate species
that were generated in the soot oxidation process'*=".
In brief, the greater the Pt particle size is in a certain
range, the better the activity of catalyst'*'],
2.4 Results of O,-TPD

0,-TPD was used to study the oxygen activation

and adsorption on the Pt catalyst, as show in Fig.6.

TCD Signal / a.u.
S

P3 208

100 200 300 400 500 600 700 800
Temperature / °C
Fig.6 O,-TPD curves of Pt/CeO,-TiO,-Al,O; catalysts
B 6 Pt/Ce0,-TiO,-ALO; LTI O,-TPD &

The pH adjustment in the Pt loading directly
affects the oxygen activity and adsorption of the
catalyst. The start desorption temperatures of P5~P9
are close to each other, about 285 C, but the
desorption temperature of P4 is reduced to 240°C, P3
is the lowest, about 208°C. The desorption peak

between 200~470°C can be attributed to the chemical
surface activity oxygen species (O,, O'), the higher
temperature desorption peak is the lattice oxygen (O%)
(221 Although, it is difficult to semi-quantitatively
analyze the amount of surface active oxygen species,
but it is also visualized found that the amount of
surface active oxygen species of Py (3=3, 4, 5, 6)
samples gradually increase with the pH decreased
compared with P7 sample, especially the S active
oxygen species. In addition, with the increase of pH,
P9 sample has the opposite regular than the P7 sample.
According to the above analysis, Pt has a strong
metal-support interaction with CeO,-TiO,- Al,O3, and
the pH in the preparation is the key factor that affects
the strong interaction. So it is deduced that the charge
distribution between small Pt cluster and support can
weaken the Ce(Ti)-O bond and improve the mobility
of reactive oxygen species.
2.5 Result of XPS

The XPS spectra of all catalysts are shown in
Fig.7.

Counts per second

540 538 536 534 532 530 528 526 524
BE/eV

Fig.7 O1s XPS spectra of catalysts (P3, P7, P9)
7 AT O1s XPS #E(P3. P7. P9)

The oxygen species of all samples mainly have
three chemical states, the binding energy of o oxygen
species is between 528.0 and 528.2 eV, in 530.5 and
531.1 eV is B oxygen species, and the binding energy
of the y oxygen species lies between 531.8 and 532.4
eV, this three could be belong to lattice oxygen 0>, O

[23-24

species and O, I As seen from figure, with the

decrease of pH wvalue, the binding energy of Ols
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shifting from the high binding energy direction, it
suggested that the surface adsorption oxygen species
are increased. As the Ols XPS spectrum peak of
sample is asymmetry, thus the standard Gaussian-
Lorentz method was used to fitting analysis, according
to the different proportions of integral area, the
relative content of different oxygen species on the
catalyst surface was obtained. The results in the
sequence of a/f/y are as follows: 4/86/10 (P3), 8/78/14
(P7) and 14/74/12 (P9), Accordingly, with the pH
decrease in the synthesis process by the addition of
HAc, the percentage of O species was improved, but
with pH increase in the synthetic process by addition
of KOH, the percentage of O™ species was reduced, so
sample P3 has the highest O-content, and P9 has the
lowest. In addition, O* and O species are known as
chemical absorption of surface active oxygen species,
many studies have demonstrated that O and O

species were the activity oxygen species in the
catalytic oxidation reaction. It is directly related to the
oxygen cavity of catalyst. The total content of O*and
O’ in the sample increases in the sequence of P3 > P7
> P9, this also suggests that the pH changing in the Pt
loading process will directly affect the amount of
oxygen cavity. The lower the pH in the preparation is,
the more oxygen cavities in the catalyst are. Oxygen
cavities can not only adsorb oxygen, but also can
activate oxygen, then to keep recycling of the surface
active oxygen, thus improve the catalyst activity in the
NO auxiliary atmosphere.
2.6 NO + O, in situ DRIFTS

In order to study NO, storage way, in situ
DRIFTS was carried out on sample P3, P7, P9, the
reaction atmosphere is 400x10°° NO + 10% O, + N,.
The adsorption results are shown in Fig.8~10.

®3) 1 0.025 ®7)

500°C 1620

500 °C

1620 1555
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400 °C

e e,

350°C

J
250°C .

350°C f‘ A
. AR 1280 300 °C
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1
) 200 °C
]
1

-1
Wavenumber / cm

Fig.8 In-Situ DRIFTS on catalysts
P3 at different temperatures
8 P3EAFESRRETH
JR AL &SI A5

It could be observed that the NO, adsorption
behaviors of the catalyst could be divided into two
stages, in the first stage (200~300°C), the peak
positions in 1250 and 1296 cm™ can be attributable to
single tooth nitrates'®), and the peak position in 1580
cm’' can be attributable to bidentate nitrate, the peak at
k21t is worth

mentioned that infrared intensity of the above species

1620 cm” is NO, absorption pea

reached maximum at 250°C, means strongest adsorp-

-1
Wavenumber / cm

Fig. 9 In-Situ DRIFTS on catalysts
P7 at different temperatures
9 P7ENFIERNFREETH
JRALfE LM A5

200°C N L 200°C A,/INV\..__ ™
1580 50 . 1614
18I00 16I00 14I(]0 12I00 1800 1600 1400 1200 1800 1600 1400 1200

-1
Wavenumber / cm

Fig.10 In-Situ DRIFTS on catalysts
P9 at different temperature
10 P9 BEALFIZEAR IR T I
JRALfE LM A5

tion. In the second stage (300~500°C), the peak of the
single tooth nitrate is eliminated (1250 cm™ ' and 1296
cm’), and the peak intensities of bidentate nitrate and
NO, absorption are gradually weakened, finally
disappeared at around 500°C. The adsorption behavior
of sample P7 was similar with sample P3, the peak at
1620 cm™ is corresponding bidentate nitrates™®. The
difference between P3 and P9 is that NO, absorption
peak of P9 shifts from 1620 cm™ to 1615 cm™ *"2*]. In
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addition, the intensity of infrared absorption peak in
the sample increases in the sequence of P3 > P7 > P9,
this is consistent with the active order.

According to the results of infrared analysis, it
can be concluded that bidentate nitrate and NO,
absorption peaks that formed on the catalyst surface
are the reactive nitrogen oxygen species, the stronger
the peak intensity of both, the better the soot
elimination performance in the NO + O, atmosphere.
2.7 Sulfur and water resistance performance of

the catalyst

The soot elimination performance in NO atmos-
phere for the samples that pretreated in different
concentrations of water and sulfur is shown in Fig.11.

250 ppm SO,

50 ppm SO,

10% H,0

DTG / ug/min

100 200 300 400 500 600 700
Temperature / °C
Fig. 11 DTG curves for different catalysts
(The reaction atmosphere is 400x 10°NO +10% O, + N).
11 AR DTG Lk
(RBLS4R, 400<10° NO +10% O, + N,)

As seen from Fig.11, the samples that treated in
different concentrations of water and sulfur have the
same soot elimination performance with the untreated
P3 catalyst under NO atmosphere. The T,, difference
among the catalysts is less than 8°C, so it could be
considered the five catalysts have the same activity.
The Pt catalyst that made of CeO,-TiO,-Al,O3 support
with good thermal stability has excellent resistance to
water and sulfur.

3 Conclusion

A series of catalysts Pt/CeO,-TiO,-AlL,O; were
prepared by impregnation method, through changing

the pH of Pt loading process, the soot elimination
performance under NO atmosphere was studied
carefully. The results showed that the lower pH of Pt
loading process, the catalysts possess greater Pt
particle size, larger amount of chemisorbed surface
active oxygen species (O, O7) and better soot
elimination performance. Moreover, according to the
results of in-situ DRIFT, it is concluded that bidentate
nitrates and adsorbed NO, are the active intermediate
species. Different concentrations of H,O and SO,
resistant test were carried out on the P3 catalyst, it is
found that the performance changed little before and
after poisoning, which implies that the stability of
catalyst is good and has an industrial application
prospect.
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