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Abstract

The effects of hydrothermal aging (HT-aging), of a biodiesel oxidation
catalyst in presence of Na and P impurities were studied. The synthesized reference-
PtPd/CeZrO,/La-Al,03 and Na-, P-modified-PtPd/CeZrO,/La-Al,O3 catalysts were
HT-aged, characterized by several techniques and catalytically tested. The
characterization results showed the loss of specific surface area due to the sintering of
the catalyst. Ho-TPR results evidenced the decrease of the catalytic redox activity.
TEM results indicated that sodium impurities did not modified the catalyst structure
while phosphates were formed. In general, lower reaction rates were found for CO,
CsHg and NO involved reactions after HT-aging. The electronic changes induced by
sodium species were attenuated after HT-aging due to the sintering of the catalyst.
The lower metal-adsorbates charge transfer enhanced CO oxidation while had a
negative effect for CsHe and NO involved reactions. Diffuse Reflectance Infrared
Fourier Transform Spectroscopy experiments indicated that phosphates inhibited the

intermediates adsorption on the catalyst surface.
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1. Introduction

The legislation concerning the exhaust emissions of automobile is
continuously tightened, requiring more active and durable catalysts. The last
published normative EURO VI, requires a minimum durability of 700 000 km for
heavy-duty vehicles [1]. Diesel Oxidation Catalysts (DOCs) are critical component of
current diesel exhaust systems along with diesel particulate filters (DPF) and selective
catalytic reduction catalysts (SCR) [2]. DOC could efficiently eliminate the CO,
hydrocarbons and convert NO to NO», which plays a crucial role in the promotion of
soot oxidation [3] and the low-temperature activity for SCR [4].

On the other hand, biodiesel has been depicted as a promising alternative fuel
to conventional diesel due to the similar calorific power and the better carbon balance,
which implies lower net emissions of CO>. However, the use of biodiesel exposes the
catalysts to kilograms of impurities, such as Na, coming from its liquid-phase
synthesis. Alkali ions are known to modify the activity and selectivity of metal
catalysts. Previous studies [5—7] have shown that electropositive promoters, such as
alkali metals, enhanced the catalytic activity of supported Pt-group metal catalysts in
the NO reduction rate, as well as the N> selectivity. These effects were associated
with the electron donor behaviour of alkali metals, which would induce electronic
changes on the metal catalysts. The addition of alkali metal ions to noble metal would
increase the strength of the metal — electron-acceptor (eg. NO, CO) bonds. Our
previous study [8] showed that the nature of alkali and the added amount could have
different effects over catalytic activity of DOC reference catalysts. The results
showed that the strengthening of CO and NO adsorptions in presence of Na impurities
had a negative influence on the obtained reaction rates. Nevertheless, H>-TPR results
evidenced a higher interaction of the catalyst with the oxygen in presence of Na
impurities that enhanced the propylene oxidation.

In addition, phosphorus species derived from the anti-wear component ZDDP
(zinc dialkyldithiophosphate) commonly present in engine oils could also have an
important influence on performance of DOC catalysts [9]. These species could
produce the catalyst pore sites blockage and modify the composition of the support
[10]. In our previous study [8], we have verified that the addition of phosphorus to the
catalyst leads changes on the catalytic activity of DOC. The high amount of
phosphorus incorporated to the catalyst produced the formation of phosphates, which

could block the catalytic active sites. Thus, the CO and C3Hs reaction rates were



enhanced due to the inhibition of the “self-poisoning” effect produced by saturation of
the catalyst surface. However, as verified by NO-TPD the NO adsorption was
diminished, and so the NO oxidation was disfavored.

Additionally to the effects produced by the impurities coming from the
biodiesel use, the stability of DOC catalysts become questionable when it is exposed
at temperatures higher than 600 °C. Related to the configuration used in heavy-duty
after-treatment systems, in which DOC is placed next to DPF, the former often
experience very high temperatures, i.e. during active regeneration of DPF [11]. In
particular, platinum metal particles that are traditionally used on DOC formulations
due to its high activity for NO oxidation, sinter by Ostwald ripening mechanism at
high temperatures under oxidation conditions, involving metal particles growth by
coalescence [12,13]. This sinter of the catalyst could produce the thermal deactivation
of DOC, decreasing its catalytic activity. Thus, the Pt is usually combined with Pd in
order to avoid Pt sintering. Earlier studies have demonstrated a synergetic effect in
terms of thermal stability during interaction of Pt with Pd [14—16]. It has been verified
that Pt-Pd bimetallic particles sinter more slowly than pure Pt does, which is related to
the inhibition of Pt volatilization due to the low vapour pressure of Pd [17]. Although
the use of Pt-Pd bimetallic catalysts delays the sintering process, previous studies
have shown a loss of redox properties [18,19]. Otherwise, alkali metals affect the
thermal properties of the support and can accelerate the sintering process, i.e. by
interaction with acid sites of the alumina [20]. In addition, previous studies have
demonstrated that the combination of phosphorus impurities with high temperatures
has a strong effect on the activity of Pt-based catalysts [21].

Thus, DOC can be deactivated by chemical mechanisms, due to the
accumulation of contaminants that can act as poisons on the active surface of the
catalyst, and by thermal mechanisms due to the high temperatures experienced during
DPF active regeneration. However, a clear description for the combined effects of
high temperatures and impurities coming from biodiesel and automotive lubricants is
still unclear. The goal of the present study is to verify the stability upon hydrothermal
aging conditions of a DOC model catalyst, PtPd/CeZrO,/La-Al>O3, in presence of Na
and P impurities. Characterization by N> adsorption/desorption, XRD, TEM, XPS and
H>-TPR of hydrothermally aged samples provided insight of morphological changes
of the catalysts. The catalytic performance in operating conditions of hydrothermally

aged catalysts was addressed and compared with our previous results for the same



stabilized catalysts. In addition, DRIFT spectroscopy was used to get a deeper

understanding about the reaction mechanisms.

2. Experimental
2.1. Catalysts preparation

Reference catalyst was obtained by successive impregnations of an alumina
support obtained by calcination of y-AlbO3 (Alfa Aesar) at 650 °C for 5h under air
flow (50 ml min™!) containing 10% water. The alumina was stabilized with 4 wt% of
lanthanum also added by incipient wetness impregnation, using an aqueous solution
of La(NOs3).6H,O (Sigma Aldrich). A complementary phase of ceria-zirconia (10
wt%, Ce/Zr weight ratio of 2.5) was added by co-impregnation of the lanthanum
doped alumina with an aqueous solution of cerium (III) nitrate hexahydrate (Sigma
Aldrich) and zirconyl nitrate hydrate (Sigma Aldrich) as precursors of cerium and
zirconium, respectively. Finally, an aqueous solution of Pt(NH3)4(NO3), (Sigma
Aldrich) and Pd(NO3)2 (Sigma Aldrich) was co-impregnated on the CeZrO/La-Al;03
support, followed with the same calcination conditions. Thus, the obtained reference
catalyst was composed of 0.71 wt% Pt — 0.47 wt% Pd/CeZrO»/La-Al,Os. After that,
the impurities were also added by incipient wetness impregnation method of aqueous
solutions of NaNOs3 (Sigma Aldrich) or (NH4)>HPO4 (Sigma Aldrich). The amount of
impurities added was related to real percentage found on DOCs based on biodiesel
fuel consumption of 35 L/km for a truck during 700 000 km. The modified catalysts
synthesized were: 1.6 wt% Na- and 5.6 wt% P-PtPd/CeZrO,/La-Al,O3 catalysts.

Once the reference and modified catalysts were synthesized, they were
submitted to a hydrothermal aging protocol in order to study the influence of aging
conditions. The stabilized catalysts were hydrothermally (HT) aged at 850 °C during

16 h under 10% water and 50 ml min™' of air flow.

2.2. Catalyst characterization

The chemical composition of the different catalysts was quantitatively
determined using inductively coupled plasma optical emission spectroscopy (ICP-
OES) on a flame Perkin Elmer M1100 spectrometer. Before the measurement, the

metal oxides were dissolved using a mixture of inorganic acids (H2SOs4, HNO; and



HF).

Powder X-ray diffraction (XRD) patterns of all catalysts were obtained using a
Bruker D8 diffractometer (CuKa radiation at 0.154184 nm) equipped with a Ni filter
and 1-D fast multistrip detector (LynxEye, 192 channels on 2.95°). The
diffractograms were collected at 20 with steps of 0.02° from 4° to 80° for the total
acquisition time of 32 min. Phase identification was carried out using the Diffrac.Eva
software (Bruker) and the ICDD-PDF4+ database.

Nitrogen adsorption and desorption isotherms were measured at -196 °C on a
Micromeritics ASAP 2020 surface area and porosity analyzer. Primary, the catalysts
were degassed at 300 °C for 3 h under primary vacuum. The specific surface area of
each catalyst was calculated from the linear part using the Brunauer-Emmett-Teller
(BET) method (P/Py = 0.05-0.25). The porous volume and the pore size distribution
were calculated using the Barrett-Joyner-Halenda (BJH) method.

Transmission electron microscopy (TEM) observations of the catalysts were
performed on a JEM-2100 microscope with EDX detector. All catalysts were
ultrasonically dispersed in ethanol and then dried over a copper grid coated with a
carbon film.

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a Kratos
Analytical AXIS Ultra DLD electron spectrometer using the AIKa (1486.6 eV)
radiation source. In order to compare all the spectra recorded, the Al2p peak from
ADLOs3 present in the catalysts was selected as a binding energy reference as no
variations were detected, and its value fixed at 74.6 eV.

The reducibility of the catalysts was examined by hydrogen temperature
programmed reduction (H>-TPR) using mass spectrometer detection (Hiden, HPR 20).
Prior to the test, the catalyst (about 100 mg) was firstly pre-treated at 600 °C for 15
min in a synthetic air flow of 50 ml min" and then cooled down to room temperature
in an air flow. It was followed by 5 minutes of purge in an Ar flow, controlled by
residual Ox analysis. 2% Ha/Ar with a flow rate of 50 ml min as the reducing gas
was introduced and the reactor was heated from 25 to 650 °C with a rate of 20 °C min
! Hy consumption was quantitatively calculated by time integration of H,-TPR

profiles. Concomitant H>O evolution was also recorded.



2.3. Catalyst activity measurements

The catalytic behaviour was tested in a U tubular quartz reactor with the
catalyst placed on a fritted quartz place (30 mm in length and 8 mm in internal
diameter). The reactor was heated with a furnace and the temperature measured with a
K-type thermocouple (Omega). The water content in the reaction mixture was
controlled using the vapour pressure of H,O at the temperature of the saturator (28 °C)
controlled by a heating bath. All lines placed downstream from the saturator were
heated above 100 °C to prevent condensation. Catalytic tests were carried out using
50 mg of catalysts and a reactant mixture containing [NO] = 500 ppm, [CO] = 300
ppm, [C3Hs] = 300 ppm, [CO2] = 5 vol.%, [O2] = 10 vol.%, [H20] = 3.5 vol.% and He
as the carrier gas, with the total flow of 250 ml min™'. The gas hourly space velocity
(GHSV) of the total gas mixture was fixed at 135000 h"!. Temperature was increased
and decreased by a ramp of 5 °C min! from 80 °C up to 600 °C. Three consecutive
temperature cycles were performed to analyse the catalytic stability. Gas effluents
were analysed with a micro gas chromatograph (SRA % GC-R3000) and an infrared-
ultraviolet spectroscopy (EMERSON IR/UV X-STREAM Enhanced XEGP).

2.4. DRIFT spectroscopy

In-situ DRIFT experiment were conducted by a Thermo Scientific Nicolet iS50
spectrometer equipped with a MCT detector and heated reaction cell with KBr
windows (Harrick Scientific, Praying Mantis) in which the catalyst powder was

placed. During spectra acquisition the external optics were purged with CO,-free dry

air generated from an air purifier system (Parker Balston, FT-IR purge gas generator).
The DRIFTS spectra were collected in the 4000-650 cm™ wavenumber range,
accumulating 98 scans at 4 cm! resolutions. A Temperature Controller (ATC, Harrick
Scientific) was connected to the chamber to monitor temperature profiles. Mass flow
controllers (BROOKS) were used to supply the gases to the reaction cell. The
catalysts were pre-treated by heating at 550 °C under O;. The total flow was 40 ml
min'! in every experiment. A background spectrum series were taken during the
cooling down in flowing He to remove any background shift due to temperature and
any other temperature effects. Adsorption of a reactant mixture containing [NO] =
500 ppm, [CO] = 300 ppm, [C3Hs] = 300 ppm, [O2] = 10 vol.% and He as the carrier

gas, with the total flow of 40 ml min™! was performed for 30 min at 150 and 250 °C.



3. Characterization results
3.1. Chemical analysis and N> adsorption/desorption
The chemical composition and physico-chemical properties of stabilized and
hydrothermally aged catalysts are listed in Table 1.
Table 1. Chemical composition and physical properties of stabilized and HT-aged

catalysts.
b
Element contents (wt%) ' St (m? g)?
Samples Pt Pd Impurity*

Stabilized 1 stabitized® T Swbitizedr BT stabitizeas 7T
aged aged aged aged

PtPd 0.85 0.69 0.49 0.49 - - 60 38

Na-PtPd 0.83 0.70 0.50 0.50 1.60 0.20 50 31

P-PtPd 0.64 0.54 0.46 0.43 5.60 5.45 33 22

2 Synthesized catalysts before HT-aging.

®Theoretical element contents (wt%): 0.8% Pt, 0.5% Pd, 2% Na, 7% P. Measurement uncertainty: 3%.
¢Na or P, respectively.

¢BET specific surface area.

ICP results showed a decrease in platinum amount after hydrothermal aged
treatment, which could be associated to the leaching of Pt during the HT-aging
treatment. The leaching of Na and P species was also evidenced, Table 1, especially
in the case of HT-Na-PtPd catalyst. It is worth noting that, although modified
catalysts were also stabilized in presence of water, the leaching effect was more
pronounced after HT-aging. This effect is probably related to the higher temperature
and longer exposition time during HT-aging comparing to the conditions used for
stabilized treatment. These results confirmed that the impurities leaching depend of
hydrothermal treatment duration. This assumption was corroborated by measuring the
pH of the output during the HT-aging process, which became more basic increasing
the aging time [22].

The specific surface area (SSA) of HT-aged samples was determined by N>
adsorption/desorption (Table 1). The obtained values after hydrothermal aging were
lower than the SSA found for stabilized catalysts. Otherwise, the isotherms of the HT-
aged catalysts were ascribed to type IV isotherms with H3-type of hysteresis,
according to the BDDT classification [23]. Although the HT-catalysts still associated
with mesoporous materials as the stabilized catalysts, the BJH pore size distribution
curves showed that mesopores distribution was mainly centred between 30-50 nm
pores size (not shown), which is in agreement with the lower SSA values found for

HT-aging catalysts.



The decreases of specific surface area and changes of pores distribution after
HT-aging could be attributed to the catalyst sintering. The sintering effect generally
takes place at high temperatures and under reaction atmosphere [24]. In particular,
water vapour accelerates the crystallization and the structural change in oxide
supports. For example, the hydrothermal treatment on alumina supports decreases the
surface area and shifts the pore distribution to larger pores [25] due to the closure of
the pores occasioned by the elimination of the water on the support. The condensation
of hydroxyl groups on alumina surface produced the formation of Al-O-Al bonds,
which bring more hydroxyls into adjacency sites and in such way results in the
closing of the pores [24]. Additionally, alkali metals, such as Na, affect the thermal
properties of the support and can accelerate the sintering process by interaction with
acid sites of the alumina [26]. Despite of the lower amount of Na impurity after HT-
aging catalysts, the results showed that the presence of alkalis can increase the
sintering process, and thus the loss of SSA [27]. Finally, in presence of phosphorus
impurities, the SSA also decreased comparing to the reference catalyst, which could
probably be ascribed to the pore blocking produced by the formation of phosphates
[28].

3.2. X-ray diffraction (XRD)
Figure 1 presents a comparison between the XRD patterns of PtPd, HT-PtPd,
HT-Na-PtPd and HT-P-PtPd catalysts, obtained using 26 positions between 10 and
80°.

+Ce0,
A CeZt0,

o pe-pd
+ *o * * CePO,
© - ZiP,0,

HT-P-PtPd

HT-Na-PtPd

HT-PtPd

PtPd

Intensity (a.u.)

T T T T T T T T T T T T
20 30 40 50 60 70 80
20 ()

Figure 1. X-ray diffraction patterns of PtPd, HT-PtPd, HT-Na-PtPd and HT-P-
PtPd catalysts.



After hydrothermal aging, the peaks at 28.8° and 33.1° corresponding to CeO»>
with cubic structure, and the peak at 56.5° attributed to ceria-zirconia mixed oxide,
were still present on the reference HT-PtPd catalyst. In the same way, the peaks
related to AlO3 phase at 37° and 67° did not change. However, the peak at 39.5°
attributed to alumina, became a shoulder of a more intense peak at 40° in the case of
HT-PtPd catalyst. Otherwise, the broad peak centred at 45.8° related to y-alumina,
was divided in two peaks at 45.5° and 46.5° after the hydrothermal aging. The
shoulder at 39.5° and peak at 45.5° were related to the alumina phase, while peaks at
40° and 46.5° can be attributed to platinum and/or palladium. The presence of these
peaks evidenced the sintering of noble metals after hydrothermal aging for the
reference catalyst.

Moreover, the XRD pattern of hydrothermally aged Na-modified catalyst,
Figure 1, was similar to that of reference HT-PtPd catalyst. However, the XRD profile
of HT-P-PtPd catalyst presented some differences comparing to that of the stabilized
catalyst, i.e. same catalyst before HT-aging [8]. Peaks corresponding to CePOs (27.1°,
31.2° and 41.9°) and to ZrP>O4 (21.5°) were found. The peak at 56.5° attributed to
ceria-zirconia mixed oxide was not observed, which could be probably due to the
lower amount of Ce and Zr available after the cerium and zirconium phosphates

formation.

3.3. Transmission electron microscopy (TEM)
Figure 2 presents the images TEM corresponding to: a) HT-PtPd, b) HT-Na-,
and c) HT-P-PtPd catalysts.
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Figure 2. TEM images of the synthesized (scale at images 1 — 100 nm; scale at
images 2 — 0.2 um): A) HT-PtPd, B) HT-Na-PtPd, and C) HT-P-PtPd.

Based on these TEM results, it can be concluded that no significant changes
were produced on the alumina-based support after the hydrothermal aging, even in the
presence of impurities. This assumption confirms the thermal stabilization of alumina
due to the incorporation of lanthanum [29,30]. Ceria-zirconia phase was presented in
form of a mixed oxide, well distributed along all the support.

However, the metal particle size of reference PtPd-catalyst was modified after
HT-aging comparing to that of the stabilized catalyst analysed in our previous study
[8] Figure 2 — A. After HT-aging at 850 °C, Pt-Pd particles were now detected by
microscopy, which evidenced the sintering of noble metal particles under this
treatment, in agreement to the XRD results. Nevertheless, it can be seen that the Pt-Pd
particles still well dispersed on this catalyst with an average particle size around 50
nm. Similar results were found for HT-Na-PtPd and HT-P-PtPd catalysts, Figure 2 —
B and C. These TEM images lead to appreciate the increase of platinum-palladium
particles size and the covering of alumina surface by ceria-zirconia phase as a
dispersed phase. In the case of HT-P-PtPd catalyst the formation of dispersed
phosphates was also evidenced.

In addition, elemental EDX analysis was performed over all HT-aged catalysts
in order to evaluate the presence of different metals. The obtained results indicated

that in all the HT-aged catalysts the noble metal particles contained both platinum and
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palladium. Nano-diffraction experiments were made on HT-PtPd catalyst in order to
identify the crystallographic structure of different noble metals and to verify the
formation of an alloy after HT-aging treatment. However, the measured
crystallographic structures of Pt, Pd and PtPd were almost similar (0.0390+0.02 nm),

thus it was not possible to differentiate the formation of a Pt-Pd alloy accurately.

3.4. X-ray photoelectron spectroscopy (XPS)
Moreover HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts, were analysed by
XPS in order to evaluate the changes in surface properties after HT-treatment. Firstly,
the XPS profiles corresponding to the Al 2p, Figure 3, are centred at the same range
(74.620.2 eV) for all catalysts, which is associated with y-Al,Os phase and evidenced
that no alumina-phase transition was produced after hydrothermal aging. This peak
interferes with most intensive Pt 4f peak, which made impossible to determine the

chemical state of platinum.

—a— HT-PtPd 74.6+0.2 eV
—A— HT-Na-PtPd 3 Al2p
—x— HT-P-PtPd l".
P
\
| |
o
Aa
4\

Intensity (a.u.)

82
Binding Energy (eV)

Figure 3. Al 2p XPS spectra of HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts.

Figure 4 shows the Ce 3d obtained spectra, in which the peaks characteristics of
CeO,, according to the convention established by Burroughs, are presented for all the
catalysts [31,32]. Thus, peaks 1, 3 and 6, 8 and 11 refer to 3ds» and 3ds, biding
energies, respectively of Ce’* characteristic states, whereas peaks 2,4,5and 7, 9, 10
corresponds to 3ds and 3ds, biding energies of Ce** states. In Table 2 are shown the
Ce**/Ce** ratios calculated by decomposition and integration of the corresponding
peaks. Reference and Na-modified HT-PtPd catalysts presented similar proportion of
Ce** and Ce** oxidation states, being slightly higher percentage of the oxidized state
for the HT-PtPd catalyst (Table 2). However, only the +3 oxidation state of cerium
(Ce**) was evidenced for HT-P-PtPd catalyst, which could be attributed to the

11



presence of phosphorus impurities that stabilize the ceria in its reduced state [33].
This fact confirms that after hydrothermal treatment, the Ce** species were bounded
forming the CePO4 compound, according to the broad peak depicted at 135.2+0.3 eV
corresponding to phosphates, in agreement with the results found by XRD. Moreover,
note that binding energy of Pd 3ds, shifted to lower values after HT-aging, Table 2,
which could correspond to the formation of Pt-Pd bimetallic phase [34]. Finally, the
Na impurities were found at 1072+0.2 eV, with no changes in the chemical state after

hydrothermal aging.

HT-PtPd

Intensity (a.u.)

'''''''

870 880 890 900 910 920
Binding Energy (eV)

Figure 4. Ce 3d spectra of HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts.

Table 2. Binding energies (BEs) of Ce and Pd and percentage of the chemical states

of cerium (Ce** and Ce**) on the surface obtained from XPS analyses.

PtPd Na-PtPd P-PtPd

Catalyst
Stabilized HT-aged Stabilized HT-aged Stabilized HT-aged
BE
884.4 884.2 884.5 884.2 885.0 884.5
Ce 3ds2 (eV)
BE
336.9 332.1 336.7 332.5 336.9 334.5
Pd 3ds2 (eV)

Ce* (%) 58.5% 88.0% 52.9% 84.2% 45.7% 0.0%

Ce’* (%) 41.5% 12.0% 47.1% 15.8% 54.3% 100%
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3.5. H> temperature programmed reduction (H>-TPR)
In order to analyse the influence of hydrothermal aging on the reducibility of
the catalysts, H> temperature programmed reduction experiments were carried out
from room temperature to 650 °C. A comparison between the TPR profiles of

stabilized and HT-aged PtPd, Na-PtPd and P-PtPd catalysts is shown in Figure 5.

1.2x10° 4 HT-PtPd F2.4x10°
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= ) 220 )
B 4.0x107 F8.0x107 =
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w00 . . : . . . . . . . Y-
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A2 4.0x107 Fsoxi0”  F
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Figure 5. TPR-H; profiles of stabilized PtPd, Na-PtPd and P-PtPd catalysts (left), and
HT-PtPd, HT-Na-PtPd and HT-P-PtPd catalysts (right).

In our previous study we have verified the presence of two reduction peaks: one
corresponding to the reduction of PdO species around 70 °C for the stabilized PtPd
catalyst; and another one observed at 220 °C attributed to the reduction of PtOx
species [8]. Finally, the broad peak at temperatures higher than 450 °C was associated
with the reduction of bulk ceria promoted by zirconium [35,36].

Notwithstanding, the reduction profiles of HT-aged catalysts only presented a
small broad peak between 350 — 450 °C, which could be attributed to the reduction of
superficial CeO; that is not interacting with metal. This is in agreement with the
decrease of SSA due to the catalyst sintering that would reduce the metal-ceria
interaction [37]. In addition, the HT-aging treatment could produce a deterioration of
the surface oxygen mobility capacity increasing the reduction temperature [38]. Thus,
the reducibility of the support would decrease, increasing the percentage of ceria
reduced at higher temperatures than in the case of stabilized catalysts. It is worth
noting that after HT-aging treatment no peaks corresponding to the reduction of
palladium and platinum were evidenced. Previous characterization results of HT-aged
catalysts (XRD, TEM) have proved the sintering of Pt-Pd particles produced after
HT-aging. Thus, the decrease of reducibility could be ascribed to the formation of Pt-

Pd bimetallic particles. Previous studies [18,19] also found a lower H» consumption
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for aged bimetallic catalysts. In agreement with the discussed results, they considered
that the metal sintering would limit the re-oxidation of the catalysts, thus decreasing
the subsequent reduction. The presence of cerium near to the noble metal particles on
the catalyst surface may facilitate the charge transfer from Pt-Pd to Ce support,
resulting in higher noble metal oxidation state [37]. However, the sintering of the
catalyst decreased the metal-support interaction, inhibiting the effect of cerium on the

noble metal phase.

4. Activity test results
The reaction rates of CO, C3Hs and NO for hydrothermally aged catalysts at
conversions lower than 10% are shown in Table 3. A comparison with stabilized
catalysts data was done in order to evaluate the influence of the HT-aging process in
presence of impurities.
Table 3. Catalytic activity results obtained with stabilized and HT-aged PtPd, Na-

PtPd and P-PtPd catalysts for catalytic diesel oxidation reaction.

Catalyst rco (150°C) rc3ne (180°C) 'rno (230°C)
Stabilized HT-Aged Stabilized HT-Aged Stabilized HT-Aged
PtPd 0.912 0.081 - 0.075 3.191 1.893
Na-PtPd 0.421 0.084 0.045 0.033 0.736 -
P - PtPd 0.994 0.256 0.446 0.144 3.643 -

Reaction rate ((mol s gpom™)-10%) during the heating at 150, 180 and 230 °C for CO, C3Hs and NO,
respectively for the first catalytic cycle.

To begin with, HT-aged catalysts presented in general lower CO reaction rate
than stabilized ones. After HT-aging, the redox capacities of ceria were diminished, as
verified by H>-TPR [39]. This would decrease the oxygen activation on the catalyst
and subsequently the reaction rate of CO (Table 3) related to its “self-poisoning”
effect [37]. Until the temperature was not high enough to CO could desorb, the
oxygen would not be available to initiate the reaction. Nevertheless, comparing all
HT-aged catalysts, higher reaction rate values for CO at 150 °C were found in
presence of Na and P impurities (Table 3). The low electronegativity of Na impurities
produces an inhomogeneous electric field that promotes the adsorption of CO.
However, relating with the catalyst sintering, this electronic effect would be inhibited
and lower metal-CO charge transfer would be produced [40]. Consequently the
saturation of the catalyst surface produced by CO adsorption was avoided, increasing

slightly the reaction rate for HT-Na-PtPd catalyst. Finally, the presence of phosphates
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verified by physico-chemical characterizations, also produced the inhibition of CO
catalyst saturation for HT-P-PtPd catalyst, increasing the reaction rate.

Secondly, the CsHg reaction rate calculated at 180 °C, presented lower values
for HT-aged catalysts than the stabilized ones due to their lower redox capacity. In the
case of HT-PtPd, the obtained C3He reaction rate was higher than for stabilized-PtPd
catalyst. This higher value could be probably due to the promotion of NO reduction to
N>O via CsHe-SCR. Previous studies [41] have shown that the higher size of
bimetallic particles enhances NO reduction to N2O. Thus, the sintering of Pt-Pd
particles after HT-aging would increase the C3Hg reaction rate. However, comparing
with HT-PtPd catalyst, the presence of Na impurities decreased the reaction rate,
while higher value was found for HT-P-PtPd catalyst. As discussed above, due to the
catalyst sintering the promotion effect of the Na impurities was decreased. The
induced strengthening of electron-accepting adsorbates such as O» produced by the
electron donor behaviour of Na impurities would be inhibited. Consequently the O»
adsorption will be disfavored, decreasing the C3Heg conversion [6]. Similarly to the
obtained results with CO, the formation of phosphates would also avoid the propylene
adsorption, inhibiting its self-poisoning.

Finally, the reaction rate of NO at 230 °C was also lower after HT-aging
comparing to that of the stabilized catalysts. This could be associated to the active
sites amount decreased due the noble metal sintering. Otherwise, the promoted NO
adsorption by alkali impurities was suppressed due to the leaching of Na and the
sintering of the catalyst [6,42]. In the case of HT-P-PtPd, the blockage of catalytic
active sites by the higher amount of phosphates and the formation of phosphates

oxides decreased the NO reaction rate.

5. In-situ DRIFTS study

Once the influence of HT-aging on physico-chemical, redox and catalytic
activity of reference and modified-catalysts was verified, direct spectroscopy
evidenced by in-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) were performed by exposition to a NO + CO + C3Hg + O> gas mixture at
150 °C and 250 °C respectively. The principal bands observed and the corresponding

assignments are summarized in Table 4.
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Table 4. Bands position and the corresponding assignments of surface species in

DRIFT spectra.
Surface species Peak Infrared Reference
P position (cm'!)  vibration
N 1314-1266 Vas(NO2)
Bridging o/ \o [42]
nitrites | | 1230-1276 vs(NO2)
M M
o) 1600-1650 vs(NO»)
Bridging 111
nitrates O/ \O 1200-300 Vas(NO2) [43-43]
oo
Monodentate 0 N ot 1510-1508 Vas(NO2) a6
nitrates 0 1275-1250 vs(NO»)
Linear or bent .
NO on Pt (NO) 1680-1780 v(N-O) [42,47]
1373 vs(COO)
Formates (HCOOY 1410-1390 O(CH) (48-51]
1585 Vas(COO") B
a . 1460-1440 vs(COO)
Acetates (CH3-(C=0)-0) 1555-1545 Vas(COO")
0 1645 Vas(COO")
I}
C
7N\
Carbonates (l) ? 1350-1345 v(COO) [51,52]
M M

Figure 6 depicts the evolution of IR spectra of adsorbed species on the surface

of PtPd (up) and HT-PtPd (down) catalysts under NO + CO + CsHg + O> gas mixture

at 150 °C.
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Figure 6. DRIFT spectra in the region 1900-1100 cm™! of PtPd (up) and HT-PtPd
(down) catalysts at 150 °C under simulated exhaust conditions. FT-IR chamber feed:
[NO] = 500 ppm, [CO] = 300 ppm, [C3H¢] = 300 ppm, [O2] = 10 vol.%, He as

balance. Total flow: 40 ml min..

The bands mainly found for PtPd reference catalyst (Fig. 6 up) were associated
with nitroxy species, corresponded to bridging nitrites (1308 cm!, vas (NO2); 1276
cm’!, vy(NO»)) and bridging nitrates (shoulder at 1622 cm™, v4(NO2); 1218 cm’!,
vas(NO2)). Moreover, acetates (1555 cm™, vis(COOY); 1460 cm’!, vs(COO")) and
formates (1585 cm™, vas(COO"); 1393 cm’!, §(CH); 1373 cm™, vs(COO")) were also

17



observed, corresponding to reaction intermediates of CO and C3Hg oxidation reactions
[48,49]. In addition, a band at 1692 cm’! corresponding to N — O stretch of linear or
bent molecular NO species adsorbed on Pt (v(N-O)) was depicted in PtPd spectra.
Regarding the evolution of the bands increasing the time, formates and acetates
species were firstly formed. The previous reaction rates values showed that CO and
CsHpg oxidations started at lower temperatures than NO consumption because they are
strongly adsorb on the catalyst surface. Thus, it seems evident that the catalyst surface
will be saturated by reactions intermediates, in agreement with the higher intensities
of peaks corresponding to carbonaceous species. Nevertheless, NO adsorption also
occurred, according to the formation of bridging nitrites and nitrates. Moreover, the
interaction of NO with metal Pt particles was shown by the appearance of a band at
1692 cm!. This could be attributed to the reduction of the metal during CO and C3Hs
oxidations, freeing active sites for NO adsorption.

After HT-aging (HT-PtPtd catalyst, Fig. 6 down), the bridging nitrates were the
first species observed on the catalyst surface and new bands related to monodentate
nitrates (1508 cm!, v,s(NO2); 1260 cm!, vi(NO,)) were observed. It is worth noting
that the intensity of bridging nitrites bands is higher than more stable nitrates species.

It seems that because of their high oxidant character, adsorbed nitrates oxidize
CsHs while they were reduced to nitrites. This conclusion is in agreement with the
higher C3Hg reaction rate obtained for HT-PtPd comparing to that of stabilized-PtPd
catalyst (Table 3), which was previously associated to NO reduction to N>O via HC-
SCR. Additionally, previous studies have shown that Pd exhibits strong structure
sensitivity for NO adsorption [53]. Thus, the higher Pt-Pd particles size after HT-
aging could enhance NO dissociative chemisorption.

Moreover, IR spectra of adsorbed species on the surface of Na-PtPd and HT-

Na-PtPd catalysts under the same conditions are shown in Figure 7.
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Figure 7. DRIFT spectra in the region 1900-1100 cm™ of Na-PtPd (up) and HT-Na-

PtPd (down) catalysts at 150 °C under simulated exhaust conditions. FT-IR chamber

feed: [NO] = 500 ppm, [CO] = 300 ppm, [C3H¢] = 300 ppm, [O2] = 10 vol.%, He as

balance. Total flow: 40 ml min..

Similarly to the DRIFT spectra of stabilized-PtPd catalyst, in presence of Na
impurities, formates (1585 cm’!, vas(COO"), 1393 cm™!, §(CH), 1373 cm!, v{(COO))
and acetates (1555 cm™, vi(COO), 1455 cm’!, vs(COO")) were the first adsorbed

species to depict. In addition, increasing the exposition time, bridging nitrites (1308
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cm™!, vas (NO2); 1276 cm’!, v(NOy)), bridging nitrates (1618 cm™, v{(NO»); 1218 cm’
! vas(NO2)) and monodentate nitrates (1508 cm™!, vas(NO»); 1260 cm™, vs(NO»)) were
evidenced. The band corresponding to the stretch of linear or bent NO adsorbed
species on Pt phase was also present at 1776 cm™. Comparing to the stabilized-PtPd
catalyst profile (Fig. 6 up), the Na-PtPd spectra (Fig. 7 up) presented more
pronounced intensities bands. As previously discussed, the electro-donor behaviour of
alkali metals such as Na, increases the metal-NO (and/or CO) interaction [5]. Thus,
the NO and/or CO adsorption would be favored, in agreement with the more
pronounced peak in presence of Na at the saturation moment.

When the catalyst was HT-aged (Fig. 7, down), the adsorption trend was similar
to that of the reference HT-PtPd catalyst. Only slightly higher intensity of the bands
associated with bridging nitrites was detected in the case of HT-Na-PtPd comparing
to that of the HT-PtPd catalyst. In agreement with the similar bands observed by in-
situ DRIFTS, alkali effects were attenuated after HT-aging. This could be ascribed to
two facts: (1) the leaching of alkali impurities during HT-aging, and (i) the lower
alkali-metal phase interaction [6], which could decrease their electronic effect on
catalytic activity.

Finally, phosphorus-modified catalyst was compared with HT-P-PtPd catalyst

spectra in Figure 8.
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Figure 8. DRIFT spectra in the region 1900-1100 cm™ of P-PtPd (up) and HT-P-PtPd
(down) catalysts at 150 °C under simulated exhaust conditions. FT-IR chamber feed:
[NO] = 500 ppm, [CO] = 300 ppm, [C3Hs] = 300 ppm, [O2] = 10 vol.%, He as

balance. Total flow: 40 m]l min’".

In both cases, stabilized P-PtPd and HT-P-PtPd catalysts, only bridging nitrates
at 1630 cm™ (vs(NO)) and 1618 cm™ (vs(NO2)) were detected as principal adsorbed
species. Moreover, broad peaks corresponding to formates (1585 cm™, vas(COO);

1393 cm’!, 8(CH); 1373 cm’!, vs(COO")) and acetates (1545 cm™', vas(COO"); 1460
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cm™!, v{(COO)) were observed. However, their intensities were negligible comparing
to that of reference PtPd-catalysts, even after HT-aging. The weak adsorption in
presence of phosphorus could be attributed to the formation of phosphates, which
would block the adsorption sites. Moreover, the adsorption of NO instead of CO
and/or C3Hs could be attributed to the presence of Ce** species, according to XPS
results, which promotes NO decomposition [54]. This low adsorption could explain
the higher reaction rates found for P-modified catalysts. The blockage of adsorption
sites favored the CO and Cs3He oxidation and direct desorption to the gas-phase,
avoiding the saturation of the catalyst surface. For NO, however, the reaction rate was
lower than that of the reference HT-PtPd catalyst. Regarding the obtained spectra, no
peak related to the interaction NO-Pt after HT-aging. Thus, the lower NO reaction
rate could be ascribed to the blocking of active sites by the higher phosphates
formation verified by TEM and XRD.

Finally, the temperature was increased up to 250 °C under exposition to the
same gas mixture. The Figure 9 shows the DRIFTS spectra obtained for stabilized and
HT-aging catalysts. Particularly, Figure 9-A shows the comparison between PtPd and
HT-PtPd catalysts at the saturation at 250 °C, in which was evidenced the lower
adsorption over stabilized-PtPd catalyst than HT-aged PtPd catalyst. It seems evident
that after HT-aging, the oxidation reactions shifted towards higher temperatures.
Thus, the catalyst surface was still saturated of un-reacted reaction intermediates such
as formates, acetates and nitrites. The presence of carbonates bands (1645 cm’!,
vas(COOY); 1350 cm!, vo(COO")) were also evidenced after HT-aging, coming from
the adsorption of CO; produced during CO and C3Hs oxidations. Higher intensity of
carbonates bands on the HT-PtPd catalyst spectrum was also evidenced due to the
blockage of the active sites, delaying the NO oxidation as verified by the lower NO
reaction rate obtained after HT-aging (Table 2).

In presence of Na impurities (Figure 9-B) some differences were observed. The
spectrum of Na-PtPd catalyst presented weak carbonaceous species adsorption.
Nevertheless, nitrites and nitrates species still presented as well as the broad peak at
1776 cm™ associated with the Pt-NO interaction. As previously discussed, the low
electronegativity of Na impurities promotes the metal-NO interaction, which would
increase the NO adsorption and subsequently decreased its reaction rate (Table 3).
After HT-aging, similar conclusions than that of the HT-PtPd catalyst were found. It

is worth noting the higher intensity of carbonates bands, which could due to the
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higher basicity of Na that would increase the CO» adsorption. Finally, P-PtPd and HT-
P-PtPd catalysts (Figure 9-C) presented slightly NO adsorption in form of nitrates,
with a shoulder corresponding to carbonates species. It seems that the active sites still

blocked by phosphates formation at 250 °C, avoiding NO oxidation.
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Figure 9. DRIFT spectra in the region 1900-1100 cm! of stabilized and HT-aged
PtPd (A), Na-PtPd (B) and P-PtPd (C) catalysts at 250 °C under simulated exhaust
conditions. FT-IR chamber feed: [NO] = 500 ppm, [CO] = 300 ppm, [C3Hs] = 300
ppm, [O2] = 10 vol.%, He as balance. Total flow: 40 ml min™.
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6. Conclusions

The hydrothermal aging impact on the physico-chemical, redox and catalytic
activity of PtPd/CeZrO>/La-Al>,O3 diesel oxidation catalyst modified with Na and P
species was investigated. The physico-chemical characterization results showed the
sintering of the catalyst and the higher Pt-Pd bimetallic particles size, which lowered
the number of catalytic active sites. The redox capacities of HT-aged catalysts were
also decreased, according to the H>-TPR results, inhibiting the oxidation reactions. In
agreement with these conclusions, lower reaction rates were found for CO, C3He and
NO involved reactions after HT-aging treatment of catalyst. The infrared spectra
indicated the promoted adsorption of NO after HT-aging, related to the higher Pt-Pd
particles size. The leaching of alkali impurities, as well as the catalyst sintering, was
also evidenced, which weakened the promoted adsorption of electron-accepting
adsorbates, such as CO, NO and O». Thus, although it had a positive effect on the CO
oxidation due to the inhibition of the “self-inhibition” effect, it decreased the reaction
rates of C3He and NO. Finally, the formation of phosphates species on HT-aged P-
modified-PdPt catalyst was evidenced by XRD and TEM analyses. As verified by in-
situ DRIFTS experiments, it inhibited the catalyst surface saturation, increasing CO
and C3Hs reaction rates. However, NO oxidation was disfavored due to the blockage

of catalytic active sites by the formed phosphates.
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