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Abstract

The influence of the choice of platinum precursor on the catalytic performance of Pt/BaCO3/Al2O3 NOx storage catalysts was studied.
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he precursors used in the preparation of the catalysts were: (i) hexachloroplatinic acid [H2Pt(Cl)6], (ii) tetraammineplatinum hydroxid
Pt(NH3)4(OH)2], (iii) diammineplatinum nitrite [Pt(NH3)2(NO2)2] and (iv) platinum nitrate [Pt(NO3)2]. The catalytic activity of the prepare
atalysts was tested for continuous lean NOx reduction with C3H6, NOx storage and reduction, and NO2 dissociation in a flow reactor. Th
eactor experiments show that the sample prepared using platinum nitrate is the most active catalyst followed by the catalyst pre
etraammineplatinum hydroxide. The catalyst prepared from hexachloroplatinic acid is more active for continuous NOx reduction, and NOx
torage and reduction than the catalyst prepared from diammineplatinum nitrite, but deactivates faster during NO2 dissociation than the cataly
repared using diammineplatinum nitrite.
In order to be able to predict mechanisms for the interaction between the platinum precursors and the BaCO3/Al2O3 surface during th

latinum impregnation, powder samples of�-Al 2O3, BaCO3 and BaCO3 precipitated on�-Al 2O3 were studied using FTIR and zeta poten
easurements. Additionally, XRD measurements were performed to verify the transformation of the barium precursor to BaCO3. The result

rom these studies show that up to 18% BaO content, the BaCO3/Al2O3 surfaces contain domains of both BaCO3 and Al2O3.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Combustion engines contribute significantly to the con-
umption of fuel and consequently also to the anthropogenic
missions of CO2. Increasing awareness of climate change
nd the connection between accumulated CO2 in the atmo-
phere and global warming[1] emphasizes the need to reduce
ehicle fuel consumption. Fuel economy can be improved by
ncreasing the air-to-fuel ratio, i.e. to run the engine lean.
owever, the high concentration of oxygen in lean-burn en-
ines gives rise to a drastic increase in NOx (NO + NO2)

∗ Corresponding author. Tel.: +46 31 7724541; fax: +46 31 7723134.
E-mail address:jazaer.dawody@fy.chalmers.se (J. Dawody).

emissions, since in these conditions the reducing age
the exhaust gas are more favorably oxidized by oxygen
NOx in conventional catalytic converters for cars.

The so-called NOx storage technology solves this pro
lem by adding a NOx storage component to the catalys
store NOx as nitrates during lean conditions until the cata
becomes saturated. Thereafter, the catalyst is expose
net-reducing exhaust composition for a short time to dec
pose and reduce the stored nitrate to N2 whereby the storag
sites become regenerated[2–4].

A typical NOx storage catalyst consists mainly of a h
surface area metal oxide such as alumina, a NOx storage com
ponent (often BaO or BaCO3) and precious metals such
Pt or Pd and Rh. NOx storage catalysts work satisfactor
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for sulphur-free fuels. The presence of sulphur in the fuel
poisons the catalyst due to the formation of thermally stable
sulfates with the storage material[5–10] and the decrease
in the reduction capacity of the precious metal due to the
accumulation of sulphur species on the noble metal during
net-reducing conditions[9].

The research on NOx storage technology has provided
quite good understanding of the NOx storage and sulphur poi-
soning mechanisms. However, it is not clearly known how to
avoid the sulphur poisoning, improve the temperature stabil-
ity and enhance the NOx storage capacity. Further research
thus is required to solve these limitations. One interesting
issue in this respect is to study the interactions between the
precious metals, the storage component and the support ma-
terial, since some studies have shown that the spill-over of
NOx from or to Pt is important for efficient storage and reduc-
tion [4,6,11,12]. Interesting information can be obtained by
investigating the processes that take place during the catalyst
preparation.

For Pt/Al2O3 catalysts, processes such as Pt–alumina
interaction, Pt complex decomposition during drying and cal-
cination, and washcoating have been studied by many re-
searchers[13–23]. The outcome of these studies is of great
importance for the interpretation of the performance of cat-
alysts based on Pt/Al2O3. However, additional studies are of
i l
c s the
A n Pt
a

of
b reg-
n ypes
o been
i sure-
m umina
a d-
i d at
p d at
p s ad-
s cies
a rac-
t

cur-
s role
i ce.
T size
a ern-
i etal
p sses.
A tion
i rtic-
u
1

f Pt
p
s .

The selection of the Pt-precursors was in accordance with
the principle of surface polarization of the support materials
upon impregnation with acidic or basic Pt-precursor solutions
[14]. Since the removal of chlorine traces after impregnation
with chlorine containing Pt-precursors is demanding, both
chlorine containing and chlorine-free Pt-precursors were in-
cluded in the study. The ammine complexes were also of
interest due to the basicity of these solutions, and also since
they are widely used in many types of catalysts. Accordingly,
the following Pt precursors were used in the impregnation of
the BaCO3 and Al2O3 washcoated monoliths: hexachloropla-
tinic acid, platinum nitrate, tetraammineplatinum hydroxide
and diammineplatinum nitrate. The impregnation using the
first two precursor solutions was performed under acidic con-
ditions, while the impregnation using the last two ones was
performed under basic conditions.

In order to study the surface properties of BaCO3/Al2O3,
we precipitated BaCO3 on �-alumina and performed FTIR
and zeta potential measurements to compare the surface prop-
erties of this sample with pure BaCO3 and Al2O3 samples.

2. Experimental

2.1. Sample preparation
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nterest when a storage component is added to the Pt/A2O3
atalyst, since the storage material, e.g. BaO, modifie
l2O3 surface, which may affect the interaction betwee
nd the support material.

For Pt/Al2O3 attention has been given to the effect
oth the type of Pt precursor and the pH during imp
ation on the Pt dispersion. For this reason different t
f alumina support materials and Pt precursors have

nvestigated. In some of these works, zeta potential mea
ents have been used to study the surface charge of al
s a function of pH[14,20,23,24]. In general, these stu

es show that the alumina surface is positively charge
H < 8, zero charged at pH 8–9 and negatively charge
H > 9. This means that negatively charged Pt specie
orb on alumina at pH < 8 and positively charged Pt spe
dsorb on alumina at pH > 9 due to electrostatic inte

ion.
The chemical properties of the precious metal pre

or used in the catalyst preparation play an important
n the interaction of the precious metal with the surfa
his interaction influences the precious metal particle
nd distribution on the surface. Thus, knowledge conc

ng chemical properties and stability of the precious m
recursor is important for the catalyst preparation proce
mong the Pt-precursors used in this study, most informa

s found in the literature on hexachloroplatinic acid, pa
larly; data on hydrolysis, speciation and stability[13,16,
7,25].

In this work, we have studied the effect of the type o
recursor on the activity for continuous NOx reduction, NOx
torage and NO2 dissociation of Pt/BaCO3/Al2O3 catalysts
.1.1. Powder samples for zeta potential and FTIR
easurements
Zeta potential and FTIR measurements were perfo

sing powder samples of�-Al2O3 (SBa-200) from SASOL
aCO3 (99.99%) from Sigma-Aldrich and BaCO3 precipi-

ated on�-Al2O3. The BaCO3/Al2O3 sample was prepare
y adding an aqueous solution of Ba(NO3)2 to �-Al2O3, dis-
ersed in distilled water, under continuous stirring. The
as adjusted to 11.0 by addition of NH4OH and the slurry wa

urther stirred for 20 min and then freezed with liquid nit
en, freeze-dried and calcined in air at 600◦C for 1 h. In orde

o transform the precipitated BaO on alumina to BaCO3, an
queous solution of ammonium carbamate (NH3NH2COOH)
as added to the BaO/Al2O3 powder under continuous st

ing. The slurry was finally freezed, freeze-dried and calc
t 500◦C for 1 h.

Two BaCO3/Al2O3 samples were prepared according
he procedure described above. The first one was pre
rom �-Al2O3 with a particle diameter (d) ≤ 10�m, which
as obtained by sieving of the�-Al2O3 powder; while for the
ther sample, alumina with the original particle size distr

ion (d≤ 150�m) was used. Further, two BaO loadings w
hosen. The two BaCO3/Al2O3 samples will be noted as 13
aO/Al2O3(S) and 18% BaO/Al2O3(L) where 13 and 18%
tands for the barium oxide content, (S) and (L) for small
arge support particles, respectively.

.1.2. Monolith samples for catalytic evaluation
Four cordierite monoliths (400 cells per square inch) w

length of 15 mm containing 188 channels were washco
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Table 1
Sample washcoat compositions, BET surface area and platinum dispersion

Catalyst Pt-precursor Al2O3

(mg)
BaO
(mg)

Pt (%) BET
(m2)

Pt dispersion
(%)

Cat. 1 H2PtCl6 588 126 1.8 83 3
Cat. 2 Pt(NH3)4(OH)2 586 125 2.0 87 9
Cat. 3 Pt(NH3)2(NO)2 597 121 2.1 75 2
Cat. 4 Pt(NO3)2 581 135 2.0 96 16

with alumina, impregnated with Ba(NO3)2 and, finally, im-
pregnated with platinum. Four different platinum precursors
were used in the preparation (one for each sample). The
preparation method is described in detail in[26]. Briefly,
the monoliths were coated with alumina by immersing the
monolith in alumina slurry, blowing away excess slurry from
the channels, drying in air at 95◦C for few seconds and cal-
cining in air at 500◦C for 2 min. This procedure was re-
peated until the desired amount of alumina was obtained.
Thereafter, the samples were calcined at 600◦C for 2 h. The
same impregnation and drying procedure was used for im-
pregnating the alumina coated samples with an aqueous so-
lution of Ba(NO3)2. Thereafter, the samples were calcined
at 600◦C for 2 h. In order to avoid dissolution of BaO dur-
ing the impregnation with the platinum solutions, BaO was
converted to BaCO3 which is considerably less soluble in
aqueous solutions than BaO. The transformation of BaO to
BaCO3 was performed by exposing the BaO/Al2O3 samples
to air in closed sample holders. After 1 week, the samples
were immersed in a solution of ammonium carbamate for
20 min, dried in air at 130◦C and calcined in air at 500◦C
for 3 min. Before impregnation with platinum solution, the
samples were washed in distilled water. The platinum impreg-
nation was performed by filling the channels with the desired
amount of platinum, diluted in distilled water. The samples
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the acid and base containers which are controlled by the
computer software.

Prior to each measurement, the pH probe, air and standard
solution (KSiW) calibrations were performed. The last two
calibrations are necessary for accurate determination of an
instrumental factor (A).

The samples were prepared by slowly adding 3.5 g
sample to 350 ml distilled water and the suspension was
continuously stirred for 3 h before performing the mea-
surement. Some of the samples were also stabilized by
adding 0.085 g NaNO3 to the suspension and deagglom-
erated by using a high-energy ultrasonic probe. The mea-
surements were conducted at room temperature and started
after programming an automatic titration with 10-min de-
lay for each pH step in order to allow the suspension to
equilibrate. The pH of the samples was increased by adding
NaOH.

2.3. FTIR measurements

In situ FTIR measurements were performed for the
Al2O3, BaCO3 and BaCO3/Al2O3 samples in diffuse re-
flectance (DRIFT) mode with a Bio-Rad FTS6000 spectrom-
eter equipped with a Harrick Praying Mantis DRIFT cell.
Prior to each measurement, the powder sample was pre-
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w hich
t l the
ere then dried in air at 80C for 12 h, calcined at 500C
or 2 h and finally reduced in 2% H2 in Ar at 500◦C for 1 h.
he platinum precursor used for the first sample (Cat. 1)
exachloroplatinic acid [H2Pt(Cl)6], while tetraamminepla

num hydroxide [Pt(NH3)4(OH)2], diammineplatinum ni
rite [Pt(NH3)2(NO2)2] and platinum nitrate [Pt(NO3)2] were
sed to prepare Cat. 2, Cat. 3 and Cat. 4, respectively
uantities of the different washcoat components for all s
les are given inTable 1.

.2. Zeta potential measurements

The zeta potential of the Al2O3, BaCO3 and
aCO3/Al2O3 samples dispersed in water was m
ured as a function of pH using AcoustoSizer (Collo
ynamics, Warwick, RI) at frequencies between 0.3
1 MHz. The device is supplied with a cell into which
ample suspension is poured. The cell contains a s
nd three probes for pH, temperature and conduc
easurements. Automatic titration over desired pH ra

an be performed due to the built-in syringe pumps
reated at 400C in Ar for 15 min, cooled to 30C in Ar
nd a background spectrum was taken followed by an im
iate sample scan and another scan after 10 min. The s
as then exposed to CO2 (100%) for 30 min and during th

ime several sample scans were collected. After the CO2 ex-
osure, the sample was flushed with Ar for 10 min an
ew sample scan was taken. Finally, the sample was h

n Ar to 120◦C for 5 min to desorb the weakly adsorb
O2 and cooled down to 30◦C and the final spectrum w

aken.

.4. XRD measurement

An X-ray diffractogram was recorded for the BaCO3/
l2O3 sample with a Siemens D500 X-ray powder diffr

ometer supplied with G̈obel mirror system using Cu K�
adiation in order to verify the transformation of BaO
aCO3.

.5. Catalyst characterization

The platinum dispersion of the catalysts was determ
sing N2O dissociation, where for each dissociated N2O
olecule one gaseous N2 molecule is formed and one oxyg
tom is left on each surface platinum atom according to

ollowing reaction[27]:

ts + N2O(g) → Pt O + N2(g)

here Pts denotes a surface platinum atom. The experim
ere conducted in a flow reactor with a quartz tube in w

he catalyst was placed. A thermocouple used to contro
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temperature was placed 10 mm in front of the catalyst. An-
other thermocouple was placed inside the catalyst to measure
the catalyst temperature. A mass spectrometer (Balzer QME
120) was connected to the reactor to analyse the outflow gas
composition. The gas flow into the reactor was controlled
with mass flow controllers. More details about this reactor
are found in[28].

Prior to each measurement, the catalyst was first pre-
oxidized for 10 min in 2% O2 in Ar, flushed with Ar for
5 min, pre-reduced in 4% H2 in Ar and flushed with Ar for
10 min at 500◦C. The temperature was then decreased to
90◦C and the catalyst was instantly exposed to 500 ppm
N2O in Ar for 20 min. The platinum dispersion was de-
termined by integrating the N2 (mass 28) signal during
the N2O exposure step after subtracting the amount of N2
which originates from the cracking of N2O in the mass
spectrometer. The number of formed N2 molecules is con-
sidered to be equal to the number of available platinum
atoms on the sample surface[27]. Fig. 1a displays the N2O,
N2 and O2 signals from the mass spectrometer as a func-
tion of time during N2O dissociation experiment performed
for Cat. 4 (shown as an example), whileFig. 1b, shows
the amount of gaseous N2 which corresponds to the dis-
sociation of N2O as a function of time for all four sam-
ples.

F
5
s
o
a
C

The specific surface area of the catalysts was determined
by nitrogen adsorption according to the BET method using
a Digisorb 2600 (Micromertics) instrument. The platinum
dispersion and the specific surface area of the catalysts are
given inTable 1.

2.6. Activity measurements

The activity of the catalysts for continuous and transient
NOx reduction and NO2 dissociation was tested in a flow re-
actor with a quartz tube in which the catalyst was placed. This
reactor is described in detail in[26]. A thermocouple used to
control the temperature was placed 10 mm in front of the cat-
alyst. Another thermocouple was placed inside the catalyst to
measure the catalyst temperature. A chemiluminescense de-
tector (CLD 700) was connected to the reactor to monitor the
NOx, NO and NO2 concentrations, while CO2 was measured
by a non-dispersive IR Maihak UNOR 610 instrument. The
inlet gas composition was controlled by an Environics 2000
gas mixer. The gas flow and space velocity in all experiments
were 3000 ml/min and 38,000 h−1, respectively, with Ar as
the carrier gas.

2.6.1. Heating ramp experiments
Prior to the heating ramp experiments, the catalysts
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ig. 1. N2O dissociation experiments performed by exposing the catalysts to
00 ppm N2O in Ar at 90◦C. Total flow = 200 ml/min. (a) Mass spectrometer
ignals as a function of time during a N2O dissociation experiment performed
n Cat. 4 (prepared from platinum nitrate). (b) The formation of N2 (in ppm)
s a function of time during the N2O dissociation step for all four catalysts.
atalysts: Cat. 1 (©), Cat. 2 (�), Cat. 3 (�) and Cat. 4 (�).
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ere reduced in 2% H2 at 500◦C for 30 min, flushed wit
r for 5 min and finally oxidized in 8% O2 for 15 min.
fter the pre-treatment, the samples were cooled d

o room temperature in Ar. The catalysts were then
osed to a reaction gas mixture of 400 ppm NO, 650
3H6 and 8% O2 in Ar for 1 h at room temperature. T

emperature was finally linearly increased with 5◦C/min
o 450◦C.

.6.2. Transient experiments
Prior to the transient experiments, the catalysts were

reated at 500◦C by reduction in 2% H2 for 20 min, flushing
ith Ar and oxidation in 8% O2 for 15 min. The catalys
ere then cooled in Ar to 300◦C, stabilized in a lean ga
ixture consisting of 400 ppm NO, 650 ppm C3H6 and 8%
2 in Ar for 40 min and regenerated in a rich gas mixture
min by switching of the oxygen supply and compensa

hat with Ar in order to maintain the total flow constant. F
ean/rich cycles were performed with 16 and 4 min long
nd rich periods, respectively.

.6.3. NO2 dissociation
The decomposition of NO2 over the catalysts was inve

igated at 350◦C. The experiments were performed after
ucing the catalysts in 2% H2 in Ar for 10 min at 500◦C and
ooling down in Ar to 350◦C. The NO2 dissociation exper
ents were performed by exposing the catalysts to 630
O2 in Ar for 3 h.
A summary of the gas compositions for all reactor ex

ments are given inTable 2.
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Table 2
Summary of gas compositions

Experiment NO (vol. ppm) NO2 (vol. ppm) O2 (vol.%) C3H6 (vol. ppm) Ar

NO/C3H6/O2 heating ramp 400 – 8.0 650 Balance
NOx storage reduction/lean condition 400 – 8.0 650 Balance
NOx storage reduction/rich condition 400 – – 650 Balance
NO2 dissociation – 630 – – Balance

3. Results and discussion

3.1. Surface characterization

The impregnation of the catalyst support with precious
metals is crucial for the catalytic performance, since the in-
teraction between the precious metal and the components of
the support material can play an important role in dispersing
the precious metal on the surface. In the case of NOx stor-
age, it has been concluded that both the storage and reduction
of NOx proceed via spill-over of intermediates between the
precious metal and the storage sites[11]. This means that the
interface between the storage material and the precious metal
sites is crucial in the storage and reduction mechanisms. An
investigation of the composition and properties of the surface
on which the active material is deposited can facilitate the in-
terpretation of the experimental results. For this reason we
have performed the following surface characterization mea-
surements described in the following sections.

3.1.1. Zeta potential measurements
As mentioned in Section2, alumina with two different par-

ticle size distributions was used in this study. The aim was
to prepare two different BaCO3/Al2O3 samples, one with a
low amount BaCO3 precipitated on Al2O3 (S, i.e.d≤ 10�m)
a
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the titration to higher or lower pH values. The pH values for
all sample suspensions before starting the titration were >7.
In this study the measured Smolochofsky zeta potential val-
ues for the Al2O3 and BaCO3 samples are generally lower
than what is reported in the literature. In the case of�-Al2O3,
which is highly porous, this does not necessarily mean that
our samples are low-charged. It is rather a consequence of
the zeta potential and particle size distribution calculation al-
gorithm in the AcoustoSizer software which assumes solid
particles. According to O’Brien[29] more accurate zeta po-
tential values and particle size distributions can be obtained
for porous systems by modifying the calculation algorithms.
We have, however, not performed any corrections of the cal-
culation procedure since our main interest is to determine
the PZC for each sample. The PZC for porous systems does
not differ significantly from the corresponding solid systems
since all particles with zero charge are immobile in the ap-
plied electric field. The PZC for the Al2O3 samples (at pH
8–9) is in good agreement with the literature. Concerning the
PZC for the BaCO3 samples, we observe some discrepancy

F for:
(a) deagglomerated Al2O3 (d≤ 10�m), BaCO3 and 13% BaO/Al2O3

(d≤ 10�m) slurries and (b) Al2O3 (d≤ 150�m), BaCO3 and 18%
BaO/Al2O3 (d≤ 150�m) slurries.
nd the other with a higher amount BaCO3 precipitated on
l2O3 (L, i.e.d≤ 150�m). Fig. 2a displays the results fro
eta potential measurements performed using Al2O3(S), 13%
aO/Al2O3(S) and BaCO3 suspensions. All three samp
ere provided with NaNO3 and deagglomerated in a hig
nergy ultrasonic probe for 20 min. As shown in the fig

he point of zero charge (PZC) for Al2O3(S) is at pH∼9.1, for
aCO3 at pH∼12.8 and for 13% BaO/Al2O3(S) at pH∼10.5.
ig. 2b displays the same kind of measurements perfor
sing Al2O3(L), BaCO3 and 18% BaO/Al2O3(L) slurries.
hese measurements were performed without deagglo

ion and NaNO3 addition. As shown in the figure, the PZ
or Al2O3(L) occurs at pH∼8.1, for BaCO3 at pH∼12.8 and
or 18% BaO/Al2O3(L) at pH∼12.1.

It is important to mention that the values of the zeta
ential as a function of pH for a particular material dep
n many parameters, e.g. whether the material is sol
orous, the electrolyte concentration, the presence of i
ities or additives, and the measurement method. In gen
t is expected that the zeta potential at the extreme pH v
hould be considerably higher than at pH ranges close
ZC. This may depend on a partial dissolution of the m

ial and/or an increase in the electrolyte concentration du
ig. 2. Measured Smolochofsky zeta potential as a function of pH
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with the corresponding values reported by Li and Jean[30],
who report a PZC for BaCO3 at pH around 10.5. However,
we believe that this discrepancy may depend on differences
in the preparation of the sample suspensions and purity of the
BaCO3 used in the investigations.

The most interesting feature in the results of these experi-
ments is the PZC for the BaCO3/Al2O3 samples. As it is seen
in Fig. 2, the PZC values for both the higher and lower Ba-
loaded sample is in between the corresponding values for pure
Al2O3 and pure BaCO3. Further, when the barium content in-
creases, the PZC of the sample approaches the corresponding
value for pure BaCO3. This is clear from the difference be-
tween the PZC for the two BaCO3/Al2O3 samples. The first
sample, 13% BaO/Al2O3(S) with low amount of BaCO3 pre-
cipitated on small Al2O3 particles has a PZC more close to
the corresponding value for Al2O3 than for BaCO3, while
the 18% BaO/Al2O3(L) with higher amount BaCO3 precipi-
tated on larger Al2O3 particles has a PZC value more close to
BaCO3 than Al2O3. Although the results from these experi-
ments are not sufficient to describe the surface composition,
they indicate the changes in the surface charge properties
when the BaCO3 concentration in the samples is varied.

3.1.2. FTIR measurements
FTIR measurements were performed in order to verify the
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13% BCO/Al2O3(S), 18% BaO/Al2O3(L) and BaCO3. The
FTIR spectra are recorded after exposing the samples to
CO2 for 30 min, flushing with Ar for 10 min, removing the
weakly adsorbed CO2 by heating the samples to 120◦C and
cooling to 30◦C. Interestingly, the pure BaCO3 sample did
not show any interaction with the exposed CO2. However,
the Al2O3 and both BaCO3/Al2O3 samples have coincident
bands at 1658, 1437, 1229 and 3625 cm−1 which are assigned
to the formation of HCO3− on alumina OH-groups. For the
BaCO3/Al2O3 samples, three additional bands at 1340, 1360
and 1530 cm−1 are observed. Those bands can be assigned to
barium carbonate, where according to Mahzoul et al.[7], bar-
ium carbonate has a broad band centered at 1455 cm−1 with
shoulders at 1316 and 1561 cm−1. The barium carbonate is
possibly formed by the interaction of CO2 with BaO spots
which were not transformed to BaCO3 during the preparation
of BaCO3/Al2O3 samples.

The results from the FTIR study indicate that both
BaCO3 and Al2O3 domains are present on the surface of
BaCO3/Al2O3 samples. This is seen from the formation of
HCO3

− species on the Al2O3 and the BaCO3/Al2O3 sam-
ples and the negative peaks at 3767 cm−1 which appears as
the OH-groups of alumina is consumed in the formation of
HCO3

− species.
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ier IR study based on CO2 adsorption on alumina was p
ormed by Parkyns and Road[32], where the authors assign
he vibrations at 3605 cm−1 (νOH), 1640 cm−1(asym.νCO),
480 cm−1 (sym.νCO) and 1233 cm−1 (νC OH) to HCO3

−
ormation as well. InFig. 3we show our results from simil
easurements, i.e., CO2 adsorption, performed on Al2O3(S),

Fig. 3. FTIR spectrum of CO2 adsorbed at 30◦C on Al2O3 (©), BaC
.2. Reactor measurements

.2.1. Heating ramp experiments with lean gas mixture
The outlet concentrations of NO, NO2, NOx and CO2 as a

unction of catalyst temperature during heating ramp ex
ents performed using the samples with hexachloropla
cid (Cat. 1), tetraammineplatinum hydroxide (Cat. 2)
mmineplatinum nitrite (Cat. 3) and platinum nitrate (C
) as the Pt-precursor are shown inFig. 4 (a, b, c and d
espectively). For all catalysts, as soon as the temper
amp starts, the NOx signal increases and exceeds the i
Ox concentration, due to the desorption of weakly adso
Ox species at room temperature. The NOx concentration

each maximum values at∼150◦C and, thereafter, start to d
rease to reach minimum values in the temperature int

), 13% BaO/Al2O3 (· · ·) and 18% BaO/Al2O3 (—) powder samples.
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Fig. 4. Outlet concentration of NO, NO2, NOx and CO2 as a function of temperature from NO/C3H6/O2 heating ramp experiments conducted on: (a) Cat. 1
(prepared using hexachloroplatinic acid), (b) Cat. 2 (prepared using tetraammineplatinum hydroxide), (c) Cat. 3 (prepared using diammineplatinum nitrite) and
(d) Cat. 4 (prepared using platinum nitrate). Gases: 400 vol. ppm NO, 650 vol. ppm C3H6 and 8 vol.% O2 in Ar. Total flow = 3000 ml/min.

240–270◦C. The decrease in NOx concentration is due to
NOx reduction by C3H6, which is also seen from the increase
in the CO2 signal. After a further temperature increase, both
NO2 and NOx signals increase. This indicates that parallel ox-
idation and reduction processes of NOx take place up to a cer-
tain temperature. As the temperature is further increased, the
NO2 formation increases while the NOx reduction decreases.
From the measured NO, NO2 and N2O signals from a simi-
lar experiment with NO, O2 and C3H6 over a Pt/BaO/Al2O3
sample, Salasc et al.[33] showed that when the NO2 signal
reaches a maximum value, both the measured N2O and the
calculated N2 signals reach zero.

FromFig. 4, it is clear that the NO oxidation only reaches
equilibrium for Cat. 4, where NO and NO2 have the same
concentration at 407◦C. According to the thermodynamics,
this should occur at 400◦C. However, due to the exother-
mic C3H6 oxidation, the catalysts temperature was slightly
higher than the gas phase temperature. For comparison, the
calculated equilibrium concentrations for NO and NO2 are
shown inFig. 4d. It is worth to mention that the higher total
NOx concentrations in comparison to the calculated equilib-
rium NO and NO2 concentrations at temperatures >360◦C
are related to the release of stored NOx as nitrate.

When considering the conversion of C3H6, the light-off
temperatures (i.e. 50% conversion) for the four catalysts oc-
c ◦ re

value shown by (Cat. 4), followed by (Cat. 2), (Cat. 1) and
(Cat. 3), respectively.

To compare the oxidation and reduction activities, the NO2
and NOx traces from all samples are plotted as a function of
temperature and shown inFig. 5. As it is clear from the fig-
ure, Cat. 4 is the most active catalyst. This is seen from the

Fig. 5. Outlet concentration of NO2 and NOx as a function of temperature
from NO/C3H6/O2 heating ramp experiments conducted on Cat. 1 (prepared
using hexachloroplatinic acid), Cat. 2 (prepared using tetraammineplatinum
hydroxide), Cat. 3 (prepared using diammineplatinum nitrite) and Cat. 4
(prepared using platinum nitrate). Gases: 400 vol. ppm NO, 650 vol. ppm
C3H6 and 8 vol.% O2 in Ar. Total flow = 3000 ml/min. Catalysts: Cat. 1
(
ur in the range 210–240C with the lowest temperatu
 ©), Cat. 2 (�), Cat. 3 (�) and Cat. 4 (�).
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lowest NOx minimum value due to highest reduction activity
and highest NO2 signal due to highest oxidation activity in
comparison with the other catalysts. Next in activity is Cat. 2
followed by Cat. 1 and finally Cat. 3. The enhanced activity
for oxidation and reduction for Cat. 4 in comparison with the
other catalysts can possibly be related to a higher amount of
accessible active sites for reaction and larger interface be-
tween the active sites and the support compounds.

3.2.2. Transient NOx storage experiments
The capacity for NOx storage and activity for NOx re-

duction were investigated by performing transient lean/rich
cycle experiments. For each sample five such cycles were
performed in order to verify the reproducibility of the capac-
ity for storage and activity for reduction. InFig. 6, the outlet
NOx concentrations during such transients are shown for all
catalysts. For clarity, only one cycle is shown (the third one)
in the figure. As it is typical for NOx storage during lean con-
ditions, the NOx signal increases with time until it reaches a
steady state level after a certain time. A slow increase in the
NOx signal indicates a higher storage capacity. Another of-
ten observed feature is the breakthrough peak from desorbing
NO when switching from lean to rich conditions. As it is ob-
vious from the figure, the higher storage capacity is shown by
Cat. 4, where the initial increase in NOx signal is the slowest.
F ring
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Table 3
NOx storage capacity and activity for NOx reduction and NO2 formation
during transient lean/rich experiments

Catalyst NOx storage (mol
NOx/mol BaO)

NOx reduction
(%)

NO2 formation
(%)

Cat. 1 0.15 78 35
Cat. 2 0.20 86 39
Cat. 3 0.10 66 24
Cat. 4 0.24 91 54

lean period. The reduction activity is displayed by calculating
the ratio of the integrated outlet to inlet NOx concentrations
during one rich period. The reduction of the stored NOx is not
included in the calculation. We assume a complete reduction
of the stored NOx since the storage capacity was reproducible
for all catalysts. Finally, the NO2 formation is obtained by
calculating the ratio of the integrated outlet NO2 to inlet NO
signals during one lean period.

3.2.3. NO2 dissociation
In the final flow-reactor experiment, the activity for NO2

dissociation was studied. The aim with these experiments
was to study the stability of the active sites against oxidation
since NO2 is a strong oxidation agent[12]. Fig. 7 displays
the outlet concentrations of NOx and NO as a function of
time resulting from exposing the catalysts to 630 ppm NO2
in Ar at 350◦C. The first 10 min of the experiment indicate
some NOx storage where the NOx signal rises up to a constant
concentration during the rest of the experiment.

Even in this experiment, Cat. 4 is the most active cata-
lyst, where it shows the highest activity for NO2 dissocia-
tion (highest outlet NO concentration) compared to the other
catalysts and, further, a NO level that remains stable during
the entire experiment. For the other three catalysts, the NO
signal decreases with time. The most rapid decrease in NO
s om
t ts is

F ted
a at. 2
( ing di-
a ases:
6
C

urther, the NOx concentration almost reaches zero du
he rich conditions, which indicates a high activity for red
ion for this catalyst. Next in storage capacity and activity
eduction is Cat. 2 followed by Cat. 1 and finally Cat. 3. A
n this case, the higher storage capacity and reduction
ty for Cat. 4 may be related to the higher amount of ac
ites on the catalyst surface where more active sites tak
n the oxidation and reduction processes. A summary
he performances for storage, reduction and oxidation fo
atalysts is found inTable 3. The NOx storage capacity
isplayed as moles stored NOx per moles barium during on

ig. 6. Measured NOx concentration as a function of time during one l
16 min)/rich (4 min) cycle conducted at 300◦C. Catalysts: Cat. 1 (prepar
sing hexachloroplatinic acid), Cat. 2 (prepared using tetraamminepla
ydroxide), Cat. 3 (prepared using diammineplatinum nitrite) and C
prepared using platinum nitrate). The gas composition during lean c
ions was: 400 vol. ppm NO, 650 vol. ppm C3H6 and 8 vol.% O2 and for rich
ondition, O2 was switched off. Total flow = 3000 ml/min. Catalysts: Ca
©), Cat. 2 (�), Cat. 3 (�) and Cat. 4 (�).
ignal occurs for Cat. 1 followed by Cat. 3. As it is clear fr
he figure, the NO outlet signal from these two catalys

ig. 7. NO and NOx traces from NO2 dissociation experiments conduc
t 350◦C. Catalysts: Cat. 1 (prepared using hexachloroplatinic acid), C
prepared using tetraammineplatinum hydroxide), Cat. 3 (prepared us
mmineplatinum nitrite) and Cat. 4 (prepared using platinum nitrate). G
30 vol. ppm NO2 in Ar. Total flow = 3000 ml/min. Catalysts: Cat. 1 (©),
at. 2 (�), Cat. 3 (�) and Cat. 4 (�).
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significantly lower than the corresponding signals from Cat.
2 and Cat. 4. The decrease in the NO concentration is con-
nected to Pt deactivation with time due to Pt oxide formation
[12]. It is worth to mention that this experiment was repeated
for Cat. 4 with a reproducible result (not shown). This may
indicate that the platinum in this sample is more resistant
against oxidation compared to platinum in the other three
samples.

3.3. The effect of the platinum precursor on the catalytic
performance

The results from the reactor measurements show a clear
difference in the catalytic activity between the four tested
samples. Obviously, the activity of the catalyst prepared from
platinum nitrate (Cat. 4) is significantly higher than for the
other three catalysts in all activity measurements. The second
most active catalyst is the catalyst prepared using tetraam-
mineplatinum hydroxide (Cat. 2), which show a slightly
higher activity in all measurements than the catalyst with hex-
achloroplatinic acid (Cat. 1) as Pt-precursor and the catalyst
prepared using diammineplatinum nitrite (Cat. 3). Concern-
ing the activity of the two last named catalysts, it is clear
that Cat. 1 is more active than Cat. 3 both for continuous and
transient NOx reduction, but less active for NO2 dissociation.
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The interaction of the four Pt-precursors which are used in
this work with the BaCO3/Al2O3 surfaces will be discussed
below from the point of view of the three mechanisms men-
tioned above.

3.3.1. Platinum nitrate–BaCO3/Al2O3 interaction
(Cat. 4)

The pH of the platinum nitrate solution prepared for Cat.
4 was ∼3. Since the BaCO3/Al2O3 surface is positively
charged at this pH value, electrostatic attraction takes place
with negatively charged ions and complexes in the impreg-
nation solution. However, according to Dou et al.[34], the
Pt complexes in platinum nitrate solutions are positively
charged at low pH values. This means that the electrostatic
interaction under these conditions might be repulsive. Fur-
thermore, Dou et al.[34] suggest that the Pt species interact
with the support surface via ligand-exchange, where a labile
terminal H2O ligand is exchanged with a surface AlOH
group. The platinum nitrate adsorption on the support seems
to be fast and completed in a few minutes, which results in Pt
deposition on the outer surface of the support[34]. Another
interesting feature, reported by Dou et al.[34], is the stabil-
ity of positively charged oligomeric Pt complexes, in acidic
solutions preventing agglomeration and precipitation.

From the discussion above, the high activity of the sample
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P
p Pt is
r ct the
P the
c ivity
f e
a rface,
w
B les
a e Pt
p
t een
p ons,
w

3
i

cid
i ro-
p was
∼ as a
f na-
t
c ely
c cally
w r
s with
t
i im-
p acid
It is worth mentioning that all four samples have b
repared at the same time and, as shown inTable 1, the
ifferences between the amounts of washcoat materia

hese samples are small and not significant. This mean
he BaCO3/Al2O3 surfaces for all four samples most like
ad the same chemical properties before the impregn
ith the platinum salt. Since solutions of different platin
alts were used for the impregnation of the active mate
he difference in the catalytic performances can be relat
he interaction of these different platinum solutions with
aCO3/Al2O3 surfaces.
According to Brunelle[14], the key parameters which co

rol the interaction between the support surface and th
recursor are: the PZC of the metal oxide, the pH of
queous solution and the nature of the metallic comple
rder to predict possible interaction mechanisms betwee
latinum and the support surface, data on the support su
olarization as a function of pH is required.

The surface polarization of the BaCO3/Al2O3 coated
onolith samples in contact with aqueous solutions is c
arable with the 18% BaO/Al2O3 powder samples due to t
lmost equal amounts of barium loading. Taking into acc

he results from the zeta potential measurements, we ca
ider the BaCO3/Al2O3 surface in contact with aqueous so
ions to be positively charged at pH values <11, zero cha
t pH 11–12 and negatively charged at pH values >12.

The interaction between the Pt-precursor solution
he support oxide surface can be interpreted with
elp of the following mechanisms: (i) electrostatic

eraction, (ii) ion-exchange, and (iii) ligand-exchan
13,14,16–20,22–24,34,35].
repared by platinum nitrate may be related to the stabili
t complexes which anchor preferably to Al2O3 than BaCO3
articles via ligand-exchange. Since the adsorption of
apid, then, the subsequent drying process does not effe
t distribution on the surface significantly. Further, since
atalyst prepared by platinum nitrate showed high act
or NOx reduction and high capacity for NOx storage, w
ssume that the Pt particles are well distributed on the su
ith sufficiently large interface area with both Al2O3 and
aCO3. Furthermore, the high stability of the Pt-partic
gainst oxidation in this catalyst (Cat. 4) indicates that th
articles are preferably anchored close to Al2O3 rather than

o BaCO3 surface particles, since a close contact betw
latinum and barium may promote electronic interacti
hich suppresses the catalytic activity[36].

.3.2. Hexachloroplatinic acid–BaCO3/Al2O3

nteraction (Cat. 1)
In contrast to platinum nitrate, the hexachloroplatinic a

s well studied in the literature. The pH for the hexachlo
latinic acid solution used for the preparation of Cat. 1
3. Studies on the hexachloroplatinic acid speciation

unction of pH show that at pH value around 3, the impreg
ion solution is dominated by [PtCl6]2− and [PtCl5(H2O)]1−
omplexes[25,17]. This means that for Cat. 1 the negativ
harged platinum complexes may interact electrostati
ith the positively charged BaCO3/Al2O3 surface. Anothe
uggested mechanism is interaction via ligand-exchange
he support surface. According to Shelimov et al.[13], an
nner-sphere complex formation or grafting occurs upon
regnating alumina surfaces with hexachloroplatinic
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solution. The ligand-exchange takes place, where the AlOH
surface groups replace some of the ligands of the [PtCl6]2−
complexes according to the following reactions[13]:

2Al OHsurface+ [PtCl6]2−
solution

↔ [(AlOH)2PtCl4]surface+ 2Cl−solution (1)

and/or

2Al OHsurface+ [PtCl6]2−
solution

↔ [(AlCl) 2PtCl4]surface+ 2OH−
solution (2)

The occurrence of these two reactions is possible in this study.
This means that chlorines coordinating the Pt ions will remain
on the surface after the impregnation. It is most likely that
some chlorine traces are preserved on the surface of the cata-
lyst after calcination and reduction with hydrogen, since we
have not performed any special treatments to remove chlo-
rine from the catalysts. Accordingly, the presence of chlorine
traces may affect the catalytic properties negatively[37].

According to Dou et al.[34], complete adsorption of hex-
achloroplatinic acid seems not to occur, which is the case
for platinum nitrate, even an hour after performing the Pt
impregnation. This may also contribute to the lower cat-
alytic activity, which was shown by Cat. 1 in comparison to
C
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3.3.4. Diammineplatinum nitrite–BaCO3/Al2O3

interaction (Cat. 3)
The diammineplatinum nitrite solution used for the prepa-

ration of Cat. 3 was strongly basic with pH∼11. At this
pH value, the BaCO3/Al2O3 surface is very weakly or zero
charged. This means that neither the electrostatic interaction,
nor the ion-exchange mechanisms are favored during the Pt
impregnation. It is probable that platinum forms an ammine
complex as [Pt(NH3)]2+. However, the interaction between
such complexes and the weakly charged or uncharged surface
results in the migration of the complex to the exterior of the
monolith during the drying process, which may explain the
low reactivity of this catalyst.

4. Conclusions

In this work we have studied the effect of the interac-
tion between platinum and the BaCO3/Al2O3 surface on the
catalytic activity. Since this interaction starts already when
the washcoat is provided with the platinum precursor, we
have also studied the surface charge of Al2O3, BaCO3 and
BaCO3/Al2O3 powder samples as a function of pH by mean
of zeta potential measurements. For the impregnation with Pt,
we have used four different platinum precursors (two forming
negatively charged platinum complexes and two forming pos-
i died
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It has also been reported that the pH value of the

chloroplatinic acid solution can increase drastically u
mpregnation with high surface area metal oxides[25]. This
s due to the strong buffering effects of these oxides, s
arge concentrations of protons are consumed by the su
ydroxyl groups of the metal oxides[25]. An increased pH
alue of the precursor solution leads to an increase in the
entration of the uncharged complex [PtCl4(H2O)2]0, which

nteracts weakly with the surface. Uncharged complexe
asily migrate towards the catalyst exterior during the dr
rocess[38].

.3.3. Tetraammineplatinum hydroxide–BaCO3/Al2O3

nteraction (Cat. 2)
The tetraammineplatinum hydroxide solution used fo

reparation of Cat. 2 was slightly basic with a pH value∼9.
t this pH value, the BaCO3/Al2O3 surface is still positivel
harged. From the literature, it seems that the domin
latinum complex in solutions of tetraammineplatinum
roxide is [Pt(NH3)4]2+ [14]. This indicates that for Cat.

he electrostatic interaction between the Pt complex an
urface is repulsive. However, according to Brunelle[14] and
oguet et al.[35], the [Pt(NH3)4]2+ complex interacts wit

he support oxide via ion-exchange with protons on sur
ydroxyl groups (of alumina or silica). This interaction see

o be strong, where the Pt complex remains on the surfac
ng the drying process. During the calcination, the amm
roups decompose resulting in Pt particles coordinated
urface oxygen on the support[18].
tively charged Pt complexes). Furthermore, we have stu
he surface composition of the BaCO3/Al2O3 samples usin
TIR spectroscopy.

From the results of the characterization measuremen
an conclude that up to 18% BaO content, the surface con
oth Al2O3 and BaCO3 domains.

The catalytic activity measurements show that the cat
repared by platinum nitrate shows the highest activity
ontinuous lean NOx reduction, NOx storage and reductio
nd NO2 dissociation. Next in activity is the catalyst prepa

rom tetraammineplatinum hydroxide. The catalyst prep
rom hexachloroplatinic acid is more active than the cata
repared from diammineplatinum nitrite for continuous Nx
eduction, NOx storage and reduction, but less active in N2
issociation.

From the platinum dispersion measurements and the
lytic activity measurements we find some correlations

ween the platinum dispersion and the catalytic activity w
he catalyst with the highest dispersion shows the hig
ctivity, due to highest accessible amount of Pt sites
eactions. The Pt dispersion is a function of the interactio
ween the Pt precursor and the BaCO3/Al2O3 surface. Highe
t dispersions can be achieved upon strong electrosta

raction or ion and ligand-exchange between the Pt comp
nd the surface.
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