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Abstract

The influence of the choice of platinum precursor on the catalytic performance of Pt4BE@Q; NO, storage catalysts was studied.
The precursors used in the preparation of the catalysts were: (i) hexachloroplatinic gletddBd], (ii) tetraammineplatinum hydroxide
[Pt(NH3)4(OH),], (iii) diammineplatinum nitrite [Pt(NH).(NO;),] and (iv) platinum nitrate [Pt(Ng),]. The catalytic activity of the prepared
catalysts was tested for continuous lean,N@luction with GHg, NO, storage and reduction, and BM@issociation in a flow reactor. The
reactor experiments show that the sample prepared using platinum nitrate is the most active catalyst followed by the catalyst prepared from
tetraammineplatinum hydroxide. The catalyst prepared from hexachloroplatinic acid is more active for continyoedudion, and NQ
storage and reduction than the catalyst prepared from diammineplatinum nitrite, but deactivates faster dudisgddi@tion than the catalyst
prepared using diammineplatinum nitrite.

In order to be able to predict mechanisms for the interaction between the platinum precursors and thidB@&g®6urface during the
platinum impregnation, powder samplesyshl O3, BaCQ; and BaCQ precipitated orny-Al ,O3 were studied using FTIR and zeta potential
measurements. Additionally, XRD measurements were performed to verify the transformation of the barium precursog td Baeults
from these studies show that up to 18% BaO content, the B&TLD; surfaces contain domains of both Bag&nd ALOs.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Pt precursors; NQstorage; Zeta potential; FTIR; BaGO

1. Introduction emissions, since in these conditions the reducing agents in

the exhaust gas are more favorably oxidized by oxygen than
Combustion engines contribute significantly to the con- NOy in conventional catalytic converters for cars.

sumption of fuel and consequently also to the anthropogenic  The so-called NQ storage technology solves this prob-

emissions of C@. Increasing awareness of climate change lem by adding a N@Q storage component to the catalyst to

and the connection between accumulated @Cthe atmo- store NQ as nitrates during lean conditions until the catalyst

sphere and global warmiritj] emphasizes the need toreduce becomes saturated. Thereafter, the catalyst is exposed to a

vehicle fuel consumption. Fuel economy can be improved by net-reducing exhaust composition for a short time to decom-

increasing the air-to-fuel ratio, i.e. to run the engine lean. pose and reduce the stored nitrate toMthereby the storage

However, the high concentration of oxygen in lean-burn en- sites become regenerat@d-4].

gines gives rise to a drastic increase in NOIO + NOy) A typical NOy storage catalyst consists mainly of a high
surface area metal oxide such as alumina, a dt@rage com-

* Corresponding author. Tel.: +46 31 7724541; fax: +46 31 7723134,  Ponent (often BaO or BaC{pand precious metals such as
E-mail addressjazaer.dawody@fy.chalmers.se (J. Dawody). Pt or Pd and Rh. NQstorage catalysts work satisfactorily
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for sulphur-free fuels. The presence of sulphur in the fuel The selection of the Pt-precursors was in accordance with
poisons the catalyst due to the formation of thermally stable the principle of surface polarization of the support materials
sulfates with the storage materi&-10] and the decrease uponimpregnation with acidic or basic Pt-precursor solutions
in the reduction capacity of the precious metal due to the [14]. Since the removal of chlorine traces after impregnation
accumulation of sulphur species on the noble metal during with chlorine containing Pt-precursors is demanding, both
net-reducing conditionf9]. chlorine containing and chlorine-free Pt-precursors were in-

The research on NQstorage technology has provided cluded in the study. The ammine complexes were also of
quite good understanding of the M€torage and sulphur poi-  interest due to the basicity of these solutions, and also since
soning mechanisms. However, it is not clearly known how to they are widely used in many types of catalysts. Accordingly,
avoid the sulphur poisoning, improve the temperature stabil- the following Pt precursors were used in the impregnation of
ity and enhance the NCstorage capacity. Further research the BaCQ and AbO3 washcoated monoliths: hexachloropla-
thus is required to solve these limitations. One interesting tinic acid, platinum nitrate, tetraammineplatinum hydroxide
issue in this respect is to study the interactions between theand diammineplatinum nitrate. The impregnation using the
precious metals, the storage component and the support mafirst two precursor solutions was performed under acidic con-
terial, since some studies have shown that the spill-over of ditions, while the impregnation using the last two ones was
NOy from or to Pt is important for efficient storage and reduc- performed under basic conditions.
tion [4,6,11,12] Interesting information can be obtained by In order to study the surface properties of BaflA&b,O3,
investigating the processes that take place during the catalystve precipitated BaCgon y-alumina and performed FTIR
preparation. and zeta potential measurements to compare the surface prop-

For Pt/AbO3 catalysts, processes such as Pt—alumina erties of this sample with pure BaG@nd AbO3 samples.
interaction, Pt complex decomposition during drying and cal-
cination, and washcoating have been studied by many re-
searcher$13-23] The outcome of these studies is of great 2. Experimental
importance for the interpretation of the performance of cat-
alysts based on Pt/AD3. However, additional studies are of 2.1. Sample preparation
interest when a storage component is added to the Al
catalyst, since the storage material, e.g. BaO, modifies the2.1.1. Powder samples for zeta potential and FTIR
Al,0O3 surface, which may affect the interaction between Pt measurements
and the support material. Zeta potential and FTIR measurements were performed

For Pt/ALO3 attention has been given to the effect of using powder samples gfAl,03 (SBa-200) from SASOL,
both the type of Pt precursor and the pH during impreg- BaCG; (99.99%) from Sigma-Aldrich and BaG(precipi-
nation on the Pt dispersion. For this reason different types tated ony-Al>,03. The BaCQ/Al,0O3 sample was prepared
of alumina support materials and Pt precursors have beenby adding an aqueous solution of Ba(B)@to y-Al2O3, dis-
investigated. In some of these works, zeta potential measurepersed in distilled water, under continuous stirring. The pH
ments have been used to study the surface charge of aluminavas adjusted to 11.0 by addition of N&H and the slurry was
as a function of pH14,20,23,24] In general, these stud- further stirred for 20 min and then freezed with liquid nitro-
ies show that the alumina surface is positively charged at gen, freeze-dried and calcined in air at 6@or 1 h. In order
pH <8, zero charged at pH 8-9 and negatively charged atto transform the precipitated BaO on alumina to BaCé&h
pH>9. This means that negatively charged Pt species ad-aqueous solution of ammonium carbamate gNH,COOH)
sorb on alumina at pH <8 and positively charged Pt specieswas added to the BaO/#D3; powder under continuous stir-
adsorb on alumina at pH>9 due to electrostatic interac- ring. The slurry was finally freezed, freeze-dried and calcined
tion. at 500°C for 1 h.

The chemical properties of the precious metal precur- Two BaCQ/Al,O3 samples were prepared according to
sor used in the catalyst preparation play an important role the procedure described above. The first one was prepared
in the interaction of the precious metal with the surface. from y-Al2Os with a particle diameterd) < 10um, which
This interaction influences the precious metal particle size was obtained by sieving of theAl ,O3 powder; while for the
and distribution on the surface. Thus, knowledge concern- other sample, alumina with the original particle size distribu-
ing chemical properties and stability of the precious metal tion (d < 150pm) was used. Further, two BaO loadings were
precursor is important for the catalyst preparation processes.chosen. The two BaC§DAl ;O3 samples will be noted as 13%
Among the Pt-precursors used in this study, most information BaO/Al,O3(S) and 18% BaO/AlO3(L) where 13 and 18%
is found in the literature on hexachloroplatinic acid, partic- stands for the barium oxide content, (S) and (L) for small and

ularly; data on hydrolysis, speciation and stabiliy3, 16, large support particles, respectively.
17,25]
In this work, we have studied the effect of the type of Pt 2.1.2. Monolith samples for catalytic evaluation
precursor on the activity for continuous N@duction, NQ Four cordierite monoliths (400 cells per square inch) with

storage and N@dissociation of Pt/BaCglAl ,O3 catalysts. alength of 15 mm containing 188 channels were washcoated
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Table 1 the acid and base containers which are controlled by the

Sample washcoat compositions, BET surface area and platinum dispersion computer software.

Catalyst Pt-precursor ~ AD3 BaO Pt (%) BEZT Pt dispersion Prior to each measurement, the pH probe, air and standard
(mg)  (mg) (m%) (%) solution (KSiW) calibrations were performed. The last two

Cat.1  HPtCk 588 126 18 83 3 calibrations are necessary for accurate determination of an

Cat.2  Pt(NH)4(OH), 586 125 2.0 87 9 instrumental factorA).

Cat.3  PiNH)(NO), 597 121 21 75 2

The samples were prepared by slowly adding 3.5g
sample to 350 ml distilled water and the suspension was
continuously stirred for 3h before performing the mea-
surement. Some of the samples were also stabilized by
with alumina, impregnated with Ba(Ng» and, finally, im-  adding 0.085g NaN@to the suspension and deagglom-
pregnated with platinum. Four different platinum precursors erated by using a high_energy ultrasonic probe_ The mea-
were used in the preparation (one for each sample). Thesyrements were conducted at room temperature and started
preparation method is described in detail[26]. Briefly, after programming an automatic titration with 10-min de-
the monoliths were coated with alumina by immerSing the |ay for each pH Step in order to allow the Suspension to

monolith in alumina slurry, blowing away excess slurry from equilibrate. The pH of the samples was increased by adding
the channels, drying in air at 9& for few seconds and cal- NaOH.

cining in air at 500C for 2 min. This procedure was re-
peated until the desired amount of alumina was obtained. 2 3 FTIR measurements
Thereafter, the samples were calcined at 8D@or 2 h. The

same impregnation and drying procedure was used for im- |n situ FTIR measurements were performed for the
pregnating the alumina coated samples with an agueous soa|,05, BaCQ and BaCQ/Al,03 samples in diffuse re-
lution of Ba(NGs)2. Thereafter, the samples were calcined flectance (DRIFT) mode with a Bio-Rad FTS6000 spectrom-
at 600°C for 2h. In order to avoid dissolution of BaO dur- eter equipped with a Harrick Praying Mantis DRIFT cell.
ing the impregnation with the platinum SOlUtionS, BaO was Prior to each measurement, the powder Samp]e was pre-
converted to BaC®which is considerably less soluble in  treated at 400C in Ar for 15min, cooled to 306C in Ar
aqueous solutions than BaO. The transformation of BaO to and a background Spectrum was taken followed by animme-
BaCQ; was performed by exposing the BaO#8s samples  djate sample scan and another scan after 10 min. The sample
to air in closed sample holders. After 1 week, the samples was then exposed to GQ100%) for 30 min and during this
were immersed in a solution of ammonium carbamate for time several sample scans were collected. After the &0

20 min, dried in air at 130C and calcined in air at 50@C posure, the sample was flushed with Ar for 10min and a
for 3min. Before impregnation with platinum solution, the new sample scan was taken. Finally, the sample was heated
samples were washed in distilled water. The platinumimpreg- in Ar to 120°C for 5min to desorb the weakly adsorbed

nation was performed by fl”lng the channels with the desired CO, and cooled down to 30C and the final spectrum was
amount of platinum, diluted in distilled water. The samples tgken.

were then dried in air at 8GC for 12 h, calcined at 500C
for 2 h and finally reduced in 2% Hn Ar at 500°C for 1 h. 2.4. XRD measurement
The platinum precursor used for the first sample (Cat. 1) was

hexachloroplatinic acid [bPt(Cl)s], while tetraammineplat- An X-ray diffractogram was recorded for the Bag/O
inum hydroxide [Pt(NH)s(OH),], diammineplatinum ni-  A|,05 sample with a Siemens D500 X-ray powder diffrac-
trite [Pt(NHz)2(NO2)2] and platinum nitrate [Pt(Ng)2] were tometer supplied with Gbel mirror system using Cu &

used to prepare Cat. 2, Cat. 3 and Cat. 4, respectively. Theradiation in order to verify the transformation of BaO to
quantities of the different washcoat components for all sam- BaCQ;.

ples are given ifable 1

Cat. 4 Pt(NQ)2 581 135 2.0 96 16

2.5. Catalyst characterization

2.2. Zeta potential measurements

The platinum dispersion of the catalysts was determined

The zeta potential of the AD3;, BaCQ and using NbO dissociation, where for each dissociategON

BaCGs/Al,03 samples dispersed in water was mea- molecule one gaseouskholecule is formed and one oxygen
sured as a function of pH using AcoustoSizer (Colloidal atom is left on each surface platinum atom according to the
Dynamics, Warwick, RI) at frequencies between 0.3 and following reaction[27]:
11 MHz. The device is supplied with a cell into which the
sample suspension is poured. The cell contains a stirrer” 8+ N20(@) =~ PEO+ Na()
and three probes for pH, temperature and conductivity where P§denotes a surface platinum atom. The experiments
measurements. Automatic titration over desired pH rangeswere conducted in a flow reactor with a quartz tube in which
can be performed due to the built-in syringe pumps for the catalyst was placed. A thermocouple used to control the
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temperature was placed 10 mm in front of the catalyst. An-
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The specific surface area of the catalysts was determined

other thermocouple was placed inside the catalyst to measurédoy nitrogen adsorption according to the BET method using
the catalyst temperature. A mass spectrometer (Balzer QMEa Digisorb 2600 (Micromertics) instrument. The platinum
120) was connected to the reactor to analyse the outflow gasdispersion and the specific surface area of the catalysts are

composition. The gas flow into the reactor was controlled
with mass flow controllers. More details about this reactor
are found in28].

Prior to each measurement, the catalyst was first pre-

oxidized for 10min in 2% @ in Ar, flushed with Ar for
5min, pre-reduced in 4% #in Ar and flushed with Ar for
10min at 500C. The temperature was then decreased to
90°C and the catalyst was instantly exposed to 500 ppm
N2O in Ar for 20min. The platinum dispersion was de-
termined by integrating the N(mass 28) signal during
the NbO exposure step after subtracting the amount of N
which originates from the cracking of J® in the mass
spectrometer. The number of formed Rolecules is con-
sidered to be equal to the number of available platinum
atoms on the sample surfaf@Y]. Fig. 1a displays the MO,

N2> and Q signals from the mass spectrometer as a func-
tion of time during NO dissociation experiment performed
for Cat. 4 (shown as an example), whitég. 1b, shows
the amount of gaseous;Nvhich corresponds to the dis-
sociation of NO as a function of time for all four sam-
ples.

lon Current (mA)

15 20
Time (min)

300 —

200 —

N, Conc.(ppm)

100 —

I I I I I
20

Time (min)

Fig. 1. NbO dissociation experiments performed by exposing the catalysts to
500 ppm NO in Ar at 90°C. Total flow = 200 ml/min. (a) Mass spectrometer
signals as a function of time during 28 dissociation experiment performed
on Cat. 4 (prepared from platinum nitrate). (b) The formation ofiN ppm)

as a function of time during theJO dissociation step for all four catalysts.
Catalysts: Cat. 1)), Cat. 2 (J), Cat. 3 @) and Cat. 4 4).

given inTable 1

2.6. Activity measurements

The activity of the catalysts for continuous and transient
NOy reduction and N@dissociation was tested in a flow re-
actor with a quartz tube in which the catalyst was placed. This
reactor is described in detail [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
NOy, NO and NQ concentrations, while Cwvas 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 38,000h, respectively, with Ar as
the carrier gas.

2.6.1. Heating ramp experiments

Prior to the heating ramp experiments, the catalysts
were reduced in 2% Hat 500°C for 30 min, flushed with
Ar for 5min and finally oxidized in 8% @ for 15 min.
After the pre-treatment, the samples were cooled down
to room temperature in Ar. The catalysts were then ex-
posed to a reaction gas mixture of 400 ppm NO, 650 ppm
CsHg and 8% Q@ in Ar for 1 h at room temperature. The
temperature was finally linearly increased witi@min
to 450°C.

2.6.2. Transient experiments

Prior to the transient experiments, the catalysts were pre-
treated at 500C by reduction in 2% K for 20 min, flushing
with Ar and oxidation in 8% @ for 15min. The catalysts
were then cooled in Ar to 30TC, stabilized in a lean gas
mixture consisting of 400 ppm NO, 650 ppmis and 8%
Oz in Ar for 40 min and regenerated in a rich gas mixture for
4 min by switching of the oxygen supply and compensating
that with Ar in order to maintain the total flow constant. Five
lean/rich cycles were performed with 16 and 4 min long lean
and rich periods, respectively.

2.6.3. NQ dissociation

The decomposition of N@over the catalysts was inves-
tigated at 350C. The experiments were performed after re-
ducing the catalysts in 2%ZHn Ar for 10 min at 500°C and
cooling down in Ar to 350C. The NQ dissociation experi-
ments were performed by exposing the catalysts to 630 ppm
NOy in Ar for 3h.

A summary of the gas compositions for all reactor exper-
iments are given ifable 2
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Table 2

Summary of gas compositions

Experiment NO (vol. ppm) N@(vol. ppm) Q (vol.%) GsHe (vol. ppm) Ar

NO/C3Hg/O; heating ramp 400 - 8.0 650 Balance

NOy storage reduction/lean condition 400 — 8.0 650 Balance

NOy storage reduction/rich condition 400 - - 650 Balance

NO, dissociation — 630 - - Balance

3. Results and discussion the titration to higher or lower pH values. The pH values for
all sample suspensions before starting the titration were >7.

3.1. Surface characterization In this study the measured Smolochofsky zeta potential val-

ues for the A}Os3 and BaCQ samples are generally lower

The impregnation of the catalyst support with precious thanwhat is reported in the literature. In the casg-éf ,Og,
metals is crucial for the catalytic performance, since the in- which is highly porous, this does not necessarily mean that
teraction between the precious metal and the components obur samples are low-charged. It is rather a consequence of
the support material can play an important role in dispersing the zeta potential and particle size distribution calculation al-
the precious metal on the surface. In the case of NiOr- gorithm in the AcoustoSizer software which assumes solid
age, it has been concluded that both the storage and reductioparticles. According to O'Brief29] more accurate zeta po-
of NOx proceed via spill-over of intermediates between the tential values and particle size distributions can be obtained
precious metal and the storage sjtel]. This means thatthe  for porous systems by modifying the calculation algorithms.
interface between the storage material and the precious metalVe have, however, not performed any corrections of the cal-
sites is crucial in the storage and reduction mechanisms. Anculation procedure since our main interest is to determine
investigation of the composition and properties of the surface the PZC for each sample. The PZC for porous systems does
on which the active material is deposited can facilitate the in- not differ significantly from the corresponding solid systems
terpretation of the experimental results. For this reason we since all particles with zero charge are immobile in the ap-
have performed the following surface characterization mea- plied electric field. The PZC for the AD3z samples (at pH
surements described in the following sections. 8-9) is in good agreement with the literature. Concerning the

PZC for the BaC@ samples, we observe some discrepancy
3.1.1. Zeta potential measurements

As mentioned in Sectio?, alumina with two different par-
ticle size distributions was used in this study. The aim was
to prepare two different BaG§0AlI,O3 samples, one with a
low amount BaC@precipitated on AIO3 (S, i.e.d < 10um)
and the other with a higher amount Bag@recipitated on
Al,03 (L, i.e.d < 150pnm). Fig. 2a displays the results from
zeta potential measurements performed usin@A(S), 13%
BaO/AlL,O3(S) and BaC@ suspensions. All three samples
were provided with NaN@and deagglomerated in a high-
energy ultrasonic probe for 20 min. As shown in the figure, 8.0 9.0 10.0 11.0 120 13.0
the point of zero charge (PZC) for AD3(S) is at pH~9.1, for
BaCQ; atpH~12.8 and for 13% BaO/AD3(S) at pH~10.5.

Fig. 2o displays the same kind of measurements performed
using AbO3(L), BaCO; and 18% BaO/AlO3(L) slurries.
These measurements were performed without deagglomera
tion and NaNQ@ addition. As shown in the figure, the PZC
for Al,O3(L) occurs at pH~8.1, for BaCQ at pH~12.8 and

for 18% BaO/AbO3(L) at pH~12.1.

It is important to mention that the values of the zeta po-
tential as a function of pH for a particular material depend
on many parameters, e.g. whether the material is solid or — ——
porous, the electrolyte concentration, the presence of impu- 7.0 8.0 9.0 10.0 1.0 12.0 13.0
rities or additives, and the measurement method. In general, ®) pH
itis expected that the zeta potential at the extreme pH values_. . .

. . Fig. 2. Measured Smolochofsky zeta potential as a function of pH for:
should b_e considerably higher tha_m at_ pH ranges close to the(a) deagglomerated ADs (d<10um), BaCGs and 13% BaO/AIOs
PZC. This may depend on a partial dissolution of the mate- (< 10,m) slurries and (b) AOs (d<150pm), BaCQ and 18%
rial and/or an increase in the electrolyte concentration during BaO/Al,O3 (d < 150um) slurries.

2 13%Ba0/Al,0,(s)

2
a AlLOL(9)

-6 —
-8 —

Smol. zetapot.(mV)

o
2
o

I

)
T

Smol. zeta potential(mV
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with the corresponding values reported by Li and J&&p,
who report a PZC for BaCgat pH around 10.5. However,

J. Dawody et al. / Journal of Molecular Catalysis A: Chemical 225 (2005) 259-269

13% BCO/ALO3(S), 18% BaO/A}O3(L) and BaCQ. The
FTIR spectra are recorded after exposing the samples to

we believe that this discrepancy may depend on differencesCO, for 30 min, flushing with Ar for 10 min, removing the
in the preparation of the sample suspensions and purity of theweakly adsorbed C£by heating the samples to 120 and

BaCGQ; used in the investigations.

cooling to 30°C. Interestingly, the pure BaGample did

The most interesting feature in the results of these experi- not show any interaction with the exposed £®lowever,

ments is the PZC for the BaG@A\l O3 samples. As it is seen
in Fig. 2, the PZC values for both the higher and lower Ba-

the AlbO3 and both BaC@/Al,O3 samples have coincident
bands at 1658, 1437, 1229 and 3625 ¢iwhich are assigned

loaded sampleisin between the corresponding values for pureto the formation of HC@~ on alumina OH-groups. For the

Al,03 and pure BaCg@ Further, when the barium content in-

BaCQs/Al,03 samples, three additional bands at 1340, 1360

creases, the PZC of the sample approaches the correspondingnd 1530 cm? are observed. Those bands can be assigned to

value for pure BaC@ This is clear from the difference be-
tween the PZC for the two BaGIAI O3 samples. The first
sample, 13% BaO/AD3(S) with low amount of BaC@pre-
cipitated on small AlO3 particles has a PZC more close to
the corresponding value for 03 than for BaCQ@, while
the 18% BaO/AlO3(L) with higher amount BaCe@precipi-
tated on larger AlO3 particles has a PZC value more close to
BaCG; than ALOs. Although the results from these experi-

barium carbonate, where according to Mahzoul 73] bar-
ium carbonate has a broad band centered at 1455 evith
shoulders at 1316 and 1561 cth The barium carbonate is
possibly formed by the interaction of GQvith BaO spots
which were not transformed to BaG@uring the preparation
of BaCQs/Al,03 samples.

The results from the FTIR study indicate that both
BaCQ; and ALbO3 domains are present on the surface of

ments are not sufficient to describe the surface composition,BaCG;/Al,03 samples. This is seen from the formation of
they indicate the changes in the surface charge propertiesHCOz~ species on the ADs; and the BaC@AI,O3 sam-

when the BaC@ concentration in the samples is varied.

3.1.2. FTIR measurements

FTIR measurements were performed in order to verify the

ples and the negative peaks at 3767 énwhich appears as
the OH-groups of alumina is consumed in the formation of
HCO3™ species.

results from zeta potential measurements, which indicated3.2. Reactor measurements

that the AbOs surfaces in the BaC$DAl,03 samples were
not completely covered with BaGOLabalme et al[31] per-

formed FTIR measurements to investigate the basic proper-

ties of the support (alumina) of Pt/#D3 and Pt/BaO/AJO3
catalysts by C@adsorption. The authors observed formation
of HCO3™ upon the adsorption of GQOon surface hydroxyl
groups of alumina. The vibration bands assigned to BICO
were located at 1644, 1490, 1450 and 1235¢tnmAn ear-
lier IR study based on Cfadsorption on alumina was per-
formed by Parkyns and Ro§8P], where the authors assigned
the vibrations at 3605 cmt (von), 1640 cnT(asym.vco),
1480 cm! (sym. vco) and 1233 cm?! (ve—on) to HCOs™
formation as well. IrFig. 3we show our results from similar
measurements, i.e., G@dsorption, performed on AD3(S),

0.3 -

log 1/Reflectance

13% BaO/Al,0,

3.2.1. Heating ramp experiments with lean gas mixture

The outlet concentrations of NO, NONO, and CQ as a
function of catalyst temperature during heating ramp experi-
ments performed using the samples with hexachloroplatinic
acid (Cat. 1), tetraammineplatinum hydroxide (Cat. 2), di-
ammineplatinum nitrite (Cat. 3) and platinum nitrate (Cat.
4) as the Pt-precursor are shownFhig. 4 (a, b, ¢c and d,
respectively). For all catalysts, as soon as the temperature
ramp starts, the NEsignal increases and exceeds the inlet
NOy concentration, due to the desorption of weakly adsorbed
NOy species at room temperature. The Né@ncentrations
reach maximum values &t150°C and, thereafter, start to de-
crease to reach minimum values in the temperature interval

'0-1—|IIII|IIII|
3800 3700 3600

T I T T T T I
1750 1500
Wave number(cm™)

Fig. 3. FTIR spectrum of C®adsorbed at 30C on Al,O3 (O), BaCG; (O), 13% BaO/ApOs3 (- - -) and 18% BaO/AIO3 (—) powder samples.



J. Dawody et al. / Journal of Molecular Catalysis A: Chemical 225 (2005) 259-269

265

500 — — 500 — -
= Cat.1 1800 c Cat.2 1800
g g
Q
- 1500 =~ 400 - 1500

£ 400 NO, o g 9)
) o c ®)
2 L 1200 ™ S 1200 ™
8 300 — NO 8 (.)>< 300 — 8)
o —900 3 2 ) 900 3
Z 200 CO, 5 2007 =

& 600 © O 600 ©
o) NO, 3 2 NO, 3
Z 100 ~ d 100 — : 500 =

- L 300 -
2 2 e

0 - T T T T 0= T T T T
100 200 300 400 100 200 300 400

(a) Temperature (°C) (b) Temperature (°C)

— 500  Cat.3 — 1800 _. 50— cat.4 — 1800

g g

£ 400 NO P = S o h 1500

gci X NO le) o NO,, equilibrium conc. le)

5 - 1200 ™ 5 L 1200 ™

O 800 g> O 300 g)

o co, —9%0 3 & \ 900 3

Z 200 =~ Z 200 co i

& 600 S . 3 L0 3

Z 100 — NO, 3 Z 100 3

° [~ 300 - — 300
2 S .
LT equiliorium conc.
0= L it 4
' 1 ' ' 0 =5 | | 1
100 200 300 400 0 100 200 300 400

(c) Temperature (°C) (d) Temperature (°C)

Fig. 4. Outlet concentration of NO, NONOy and CQ as a function of temperature from NQfids/O, heating ramp experiments conducted on: (a) Cat. 1
(prepared using hexachloroplatinic acid), (b) Cat. 2 (prepared using tetraammineplatinum hydroxide), (c) Cat. 3 (prepared using diamminiejiand
(d) Cat. 4 (prepared using platinum nitrate). Gases: 400 vol. ppm NO, 650 vol. pgadd 8 vol.% Q in Ar. Total flow = 3000 ml/min.

240-270C. The decrease in NCconcentration is due to  value shown by (Cat. 4), followed by (Cat. 2), (Cat. 1) and
NOy reduction by GHg, which is also seen from the increase (Cat. 3), respectively.

in the CQ signal. After a further temperature increase, both ~ To compare the oxidation and reduction activities, theNO
NO, and NG signals increase. This indicates that parallel ox- and NG traces from all samples are plotted as a function of
idation and reduction processes of ji@ke place uptoacer- temperature and shown kig. 5. As it is clear from the fig-
tain temperature. As the temperature is further increased, theure, Cat. 4 is the most active catalyst. This is seen from the
NO; formation increases while the N@duction decreases.

From the measured NO, N@nd NO signals from a simi-

lar experiment with NO, @and GHg over a Pt/BaO/AlO3 500
sample, Salasc et dB3] showed that when the NGsignall g 400
reaches a maximum value, both the measurg® Bnd the %
calculated N signals reach zero. S 3004
FromFig. 4, it is clear that the NO oxidation only reaches <,
equilibrium for Cat. 4, where NO and NChave the same % 200 —
concentration at 407C. According to the thermodynamics, o
this should occur at 400C. However, due to the exother- < %7

mic C3Hg oxidation, the catalysts temperature was slightly 0
higher than the gas phase temperature. For comparison, thi
calculated equilibrium concentrations for NO and N&ye

shown inFig. 4d. It is worth to mention that the higher total

NOy concentrations in comparison to the calculated equilib- Fig. 5. Outlet concentration of NCand NG, as a function of temperature
rium NO and NQ concentrations at temperatures >360 from NO/C3Hg/O; heating ramp experiments conducted on Cat. 1 (prepared
are related to the release of stored NG nitrate. using hexachloroplatinic acid), Cat. 2 (prepared using tetraammineplatinum

. . . . g hydroxide), Cat. 3 (prepared using diammineplatinum nitrite) and Cat. 4
When conS|der|ng the conversion ofids, the |Ight off (prepared using platinum nitrate). Gases: 400 vol. ppm NO, 650 vol. ppm

temperatures (i.e. 50% conversion) for the four catalysts oc- CsHe and 8vol.% Q in Ar. Total flow =3000 ml/min. Catalysts: Cat. 1
cur in the range 210-24@ with the lowest temperature (), cat. 2 (), Cat. 3 @) and Cat. 4 £).

I
400

1
300
Temperature (°C)
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lowest NG, minimum value due to highest reduction activity —Table 3 _

and highest N@signal due to highest oxidation activity in NO?< storagg capauty_and acti\_/ity for N@eduction and N@ formation
comparison with the other catalysts. Next in activity is Cat, 2 94fing transient lean/rich experiments

followed by Cat. 1 and finally Cat. 3. The enhanced activity Catalyst

NQ storage (mol NOy reduction NO, formation

for oxidation and reduction for Cat. 4 in comparison with the NO,/mol BaO) () )
other catalysts can possibly be related to a higher amount ofcat- 1 0.15 8 35
accessible active sites for reaction and larger interface be-gi'g g'ig gg gi
tween the active sites and the support compounds. Cat. 4 0.24 91 54

3.2.2. Transient NQstorage experiments . . o .
The capacity for NQ storage and activity for NQre- lean period. The reduction activity is displayed by calculating

duction were investigated by performing transient lean/rich the ratio of the integrated outlet to inlet N@oncentrations
cycle experiments. For each sample five such cycles wereduring one rich period. The reduction of the storeddgnot

performed in order to verify the reproducibility of the capac- included in the ca_lculation. We assume a complete redugtion
ity for storage and activity for reduction. Fig. 6, the outlet  Of the stored NGsince the storage capacity was reproducible
NO concentrations during such transients are shown for all for all catalysts. Finally, the N©formation is obtained by
catalysts. For clarity, only one cycle is shown (the third one) c@lculating the ratio of the integrated outlet N inlet NO
in the figure. As itis typical for N@storage during lean con- ~ Signals during one lean period.
ditions, the NQ signal increases with time until it reaches a
steady state level after a certain time. A slow increase in the 3.2.3. NQ dissociation
NOy signal indicates a higher storage capacity. Another of-  In the final flow-reactor experiment, the activity for NO
ten observed feature is the breakthrough peak from desorbingdissociation was studied. The aim with these experiments
NO when switching from lean to rich conditions. As itis ob- was to study the stability of the active sites against oxidation
vious from the figure, the higher storage capacity is shown by since NQ is a strong oxidation ageifit2]. Fig. 7 displays
Cat. 4, where the initial increase in N®ignal is the slowest.  the outlet concentrations of NGand NO as a function of
Further, the NQ concentration almost reaches zero during time resulting from exposing the catalysts to 630 ppmNO
the rich conditions, which indicates a high activity for reduc- in Ar at 350°C. The first 10 min of the experiment indicate
tion for this catalyst. Next in storage capacity and activity for some NQ storage where the NBignal rises up to a constant
reduction is Cat. 2 followed by Cat. 1 and finally Cat. 3. Also concentration during the rest of the experiment.
in this case, the higher storage capacity and reduction activ- Even in this experiment, Cat. 4 is the most active cata-
ity for Cat. 4 may be related to the higher amount of active lyst, where it shows the highest activity for N@issocia-
sites on the catalyst surface where more active sites take partion (highest outlet NO concentration) compared to the other
in the oxidation and reduction processes. A summary over catalysts and, further, a NO level that remains stable during
the performances for storage, reduction and oxidation for all the entire experiment. For the other three catalysts, the NO
catalysts is found iMable 3 The NQ, storage capacity is  signal decreases with time. The most rapid decrease in NO
displayed as moles stored N@er moles barium during one  signal occurs for Cat. 1 followed by Cat. 3. As itis clear from
the figure, the NO outlet signal from these two catalysts is

600 —
NO, (all catalysts) . .
T 500 L . W A Y e N T s~ m = - o= oo 2
o ean Rich _ 600
8 40 Inlet NO conc. = | NO (Cat.4)
g g 500—] ‘ AAAAAAA
3 5 400 {
x =
Qo g — | R = =t NP
4 £ 300 e WA
8
9 200
S
© 100 Seos
40 45 50 55 60 S-0-0-6-0-6-c-coaoo

Time (min)

Fig. 6. Measured NQconcentration as a function of time during one lean
(16 min)/rich (4 min) cycle conducted at 300. Catalysts: 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). The gas composition during lean condi-
tions was: 400 vol. ppm NO, 650 vol. ppm 8 and 8 vol.% Q and for rich
condition, @ was switched off. Total flow =3000 ml/min. Catalysts: Cat. 1
(0), Cat. 2 (0), Cat. 3 @) and Cat. 4 4).

80 100
Time (min)

120

140

160 180

Fig. 7. NO and NQ traces from NQ dissociation experiments conducted

at 350°C. Catalysts: Cat. 1 (prepared using hexachloroplatinic acid), Cat. 2
(prepared using tetraammineplatinum hydroxide), Cat. 3 (prepared using di-
ammineplatinum nitrite) and Cat. 4 (prepared using platinum nitrate). Gases:
630 vol. ppm NQ in Ar. Total flow =3000 ml/min. Catalysts: Cat. 1)),

Cat. 2 (0), Cat. 3 @) and Cat. 4 4).
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significantly lower than the corresponding signals from Cat.  The interaction of the four Pt-precursors which are used in
2 and Cat. 4. The decrease in the NO concentration is con-this work with the BaC@Al,03 surfaces will be discussed
nected to Pt deactivation with time due to Pt oxide formation below from the point of view of the three mechanisms men-
[12]. It is worth to mention that this experiment was repeated tioned above.
for Cat. 4 with a reproducible result (not shown). This may
indicate that the platinum in this sample is more resistant 3.3.1. Platinum nitrate—BaC#£Al,O3 interaction
against oxidation compared to platinum in the other three (Cat. 4)
samples. The pH of the platinum nitrate solution prepared for Cat.
4 was ~3. Since the BaCgJAl,O3 surface is positively
3.3. The effect of the platinum precursor on the catalytic ~ charged at this pH value, electrostatic attraction takes place
performance with negatively charged ions and complexes in the impreg-
nation solution. However, according to Dou et [84], the

The results from the reactor measurements show a clearPt complexes in platinum nitrate solutions are positively
difference in the catalytic activity between the four tested charged at low pH values. This means that the electrostatic
samples. Obviously, the activity of the catalyst prepared from interaction under these conditions might be repulsive. Fur-
platinum nitrate (Cat. 4) is significantly higher than for the thermore, Dou et a[34] suggest that the Pt species interact
other three catalysts in all activity measurements. The secondwith the support surface via ligand-exchange, where a labile
most active catalyst is the catalyst prepared using tetraam-terminal HO ligand is exchanged with a surface-&H
mineplatinum hydroxide (Cat. 2), which show a slightly group. The platinum nitrate adsorption on the support seems
higher activity in all measurements than the catalyst with hex- to be fast and completed in a few minutes, which results in Pt
achloroplatinic acid (Cat. 1) as Pt-precursor and the catalystdeposition on the outer surface of the supjd4. Another
prepared using diammineplatinum nitrite (Cat. 3). Concern- interesting feature, reported by Dou et[84], is the stabil-
ing the activity of the two last named catalysts, it is clear ity of positively charged oligomeric Pt complexes, in acidic
that Cat. 1 is more active than Cat. 3 both for continuous and solutions preventing agglomeration and precipitation.

transient NQ reduction, but less active for N@lissociation. From the discussion above, the high activity of the sample
It is worth mentioning that all four samples have been prepared by platinum nitrate may be related to the stability of
prepared at the same time and, as showiable 1 the Pt complexes which anchor preferably to®k than BaCQ

differences between the amounts of washcoat material forparticles via ligand-exchange. Since the adsorption of Pt is
these samples are small and not significant. This means thatapid, then, the subsequent drying process does not effect the
the BaCQ/Al,0s surfaces for all four samples most likely Pt distribution on the surface significantly. Further, since the
had the same chemical properties before the impregnationcatalyst prepared by platinum nitrate showed high activity
with the platinum salt. Since solutions of different platinum for NOy reduction and high capacity for NGstorage, we
salts were used for the impregnation of the active material, assume that the Pt particles are well distributed on the surface,
the difference in the catalytic performances can be related towith sufficiently large interface area with both &5 and

the interaction of these different platinum solutions with the BaCQ;. Furthermore, the high stability of the Pt-particles
BaCGQs/Al 203 surfaces. against oxidation in this catalyst (Cat. 4) indicates that the Pt

According to Brunellg¢14], the key parameters whichcon-  particles are preferably anchored close te@y rather than
trol the interaction between the support surface and the Pt-to BaCQ surface particles, since a close contact between
precursor are: the PZC of the metal oxide, the pH of the platinum and barium may promote electronic interactions,
agueous solution and the nature of the metallic complex. In which suppresses the catalytic actiViBg].
order to predict possible interaction mechanisms between the
platinum and the support surface, data on the support surface3.3.2. Hexachloroplatinic acid—-BaGIAl,O3
polarization as a function of pH is required. interaction (Cat. 1)

The surface polarization of the BaGl,03; coated In contrast to platinum nitrate, the hexachloroplatinic acid
monolith samples in contact with aqueous solutions is com- is well studied in the literature. The pH for the hexachloro-
parable with the 18% BaO/A0Ds powder samples due to the platinic acid solution used for the preparation of Cat. 1 was
almost equal amounts of barium loading. Taking into account ~3. Studies on the hexachloroplatinic acid speciation as a
the results from the zeta potential measurements, we can confunction of pH show that at pH value around 3, the impregna-
sider the BaC@Al ,03 surface in contact with aqueous solu-  tion solution is dominated by [PtgJP~ and [PtCk(H.0)]1~
tions to be positively charged at pH values <11, zero chargedcomplexeg25,17] This means that for Cat. 1 the negatively
at pH 11-12 and negatively charged at pH values >12. charged platinum complexes may interact electrostatically

The interaction between the Pt-precursor solution and with the positively charged BaG{Al ,O3 surface. Another
the support oxide surface can be interpreted with the suggested mechanismiisinteraction vialigand-exchange with
help of the following mechanisms: (i) electrostatic in- the support surface. According to Shelimov et[&B], an
teraction, (i) ion-exchange, and (iii) ligand-exchange inner-sphere complex formation or grafting occurs upon im-
[13,14,16-20,22—-24,34,35] pregnating alumina surfaces with hexachloroplatinic acid
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solution. The ligand-exchange takes place, where th©M 3.3.4. Diammineplatinum nitrite—BaGIAl,O3
surface groups replace some of the ligands of the gptCI interaction (Cat. 3)
complexes according to the following reactidas]: The diammineplatinum nitrite solution used for the prepa-
ration of Cat. 3 was strongly basic with pH11. At this
2A1-OHsyrtace+ [PtCl] 251,10 pH value, the BaC@JAl O3 surface is very weakly or zero
- charged. This means that neither the electrostatic interaction,
< [(AIOH)2PtCL]surtace 2Ckaiuton @ nor the ion-exchange mechanisms are favored during the Pt
and/or impregnation. It is probable that platinum forms an ammine
complex as [Pt(NH)]2*. However, the interaction between
2Al-OHsyrfacet+ [PtC|6]§c]ution such complexes and the weakly charged or uncharged surface
& [(AIC]) 5PtCUlautacet 20Hos uion @) results in the migration of the complex to the exterior of the

monolith during the drying process, which may explain the

The occurrence of these two reactions is possible in this study.IOW reactivity of this catalyst.

This means that chlorines coordinating the Ptions will remain

on the surface after the impregnation. It is most likely that 4. Conclusions

some chlorine traces are preserved on the surface of the cata-

lyst after calcination and reduction with hydrogen, since we  In this work we have studied the effect of the interac-

have not performed any special treatments to remove chlo-tion between platinum and the Bagf®l,03 surface on the

rine from the catalysts. Accordingly, the presence of chlorine catalytic activity. Since this interaction starts already when

traces may affect the catalytic properties negatiyeF}. the washcoat is provided with the platinum precursor, we
According to Dou et al[34], complete adsorption of hex-  have also studied the surface charge of@, BaCQ; and

achloroplatinic acid seems not to occur, which is the case BaCGQ;/Al 03 powder samples as a function of pH by mean

for platinum nitrate, even an hour after performing the Pt of zeta potential measurements. For the impregnation with Pt,

impregnation. This may also contribute to the lower cat- we have used four different platinum precursors (two forming

alytic activity, which was shown by Cat. 1 in comparison to negatively charged platinum complexes and two forming pos-

Cat. 4. itively charged Pt complexes). Furthermore, we have studied
It has also been reported that the pH value of the hex- the surface composition of the Bagfl,03 samples using

achloroplatinic acid solution can increase drastically upon FTIR spectroscopy.

impregnation with high surface area metal oxif5s)]. This From the results of the characterization measurements we

is due to the strong buffering effects of these oxides, since can conclude that up to 18% BaO content, the surface contains

large concentrations of protons are consumed by the surfacenoth Al,O3 and BaCQ domains.

hydroxyl groups of the metal oxid¢25]. An increased pH The catalytic activity measurements show that the catalyst
value of the precursor solution leads to an increase in the con-prepared by platinum nitrate shows the highest activity for
centration of the uncharged complex [P4E1,0),]°, which continuous lean NQreduction, NQ storage and reduction,

interacts weakly with the surface. Uncharged complexes canand NG dissociation. Nextin activity is the catalyst prepared
easily migrate towards the catalyst exterior during the drying from tetraammineplatinum hydroxide. The catalyst prepared

procesg38]. from hexachloroplatinic acid is more active than the catalyst
prepared from diammineplatinum nitrite for continuous,NO
3.3.3. Tetraammineplatinum hydroxide—Bag&,03 rgductioq, NQ storage and reduction, but less active iniNO
interaction (Cat. 2) dissociation. . _
The tetraammineplatinum hydroxide solution used forthe ~ From the platinum dispersion measurements and the cat-
preparation of Cat. 2 was slightly basic with a pH vaiv@. alytic activity measurements we find some correlations be-

At this pH value, the BaCgIAI 0 surface is still positively tweenthe platinum disp_ersion and the _catalytic activity vyhere
charged. From the literature, it seems that the dominating the catalyst with the highest dispersion shows the highest

platinum complex in solutions of tetraammineplatinum hy- activity, due to highest accessible amount of Pt sites for
droxide is [Pt(NH)4]2* [14]. This indicates that for Cat. 2 reactions. The Ptdispersionis a function of the interaction be-

the electrostatic interaction between the Pt complex and thetWeen the Ptprecursor and the Bagl&l 203 surface. Higher
surface is repulsive. However, according to Brungli and Pt dl_spers!ons can be achieved upon strong electrostatic at-
Goguet et al[35], the [Pt(NH)4]2* complex interacts with traction orion and ligand-exchange between the Pt complexes
the support oxide via ion-exchange with protons on surface @nd the surface.

hydroxyl groups (of alumina or silica). This interaction seems

to be strong, where the Pt complex remains on the surface dur-acknowledgments

ing the drying process. During the calcination, the ammine
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