Available online at www.sciencedirect.com

SCIENCE@DIRECT@ JOURNAIJ OF
CATALYSIS

o =
ELSEVIER Journal of Catalysis 221 (2004) 20-31
www.elsevier.com/locate/jcat

Exploiting the synergy of titania and alumina in lean Ni@duction:
in situ ammonia generation during the Pd/3i®l ,Os—catalysed
H>/CO/NO/O reaction

Norman Macleod, Rachael Cropley, James M. Keel, and Richard M. Lambert

Department of Chemistry, University of Cambridge, Lensfield Rd, Cambridge CB2 1EW, UK
Received 17 April 2003; revised 11 July 2003; accepted 21 July 2003

Abstract

In situ DRIFTS, XPS, HREM, XRD, and reactor studies have been used to examine and elucidate the catalytic performance of Pd par-
ticles supported on TigJAl>,O3. These materials deliver 100% N@onversion under demanding and technically relevant conditions (low
temperature, high oxygen excess) in the presence of miged €O reductant feeds. In particular, they are far superior to the corresponding
Pd/TiO, and Pd/AbO3 catalysts. It is shown that the synergy that operates between the titania and the alumina components involves the in-
trinsic surface chemistry of these oxides rather than formation of mixed oxide phases. Specifically, titania is critical for the formation of NCO
on Pd while alumina promotes subsequent hydrolysis of NCO to ammonia, which then reduceatNi@h temperature a second NO
reduction channel operates with Pd/3i@l ,O3 which greatly extends the useful temperature range. This also involves in situ formation of
ammonia—in this case directly from reaction betweemhtl NO.
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1. Introduction conditions. Although this process is very effective, the re-
quirement for a NH reservoir and injection system makes

The exhaust streams generated by diesel and lean burtse of this technology problematic for transport applications.
gasoline engines and stationary power plants contain verySafer alternatives such as urea [5-7], which can be used to
high background oxygen levels, making effective utilisa- 9enerate NHin situ, add further complexity and cost.
tion of any reductant species present for catalytic reduction ~Recently we identified a number of palladium-based cata-
of the nitrogen oxides produced extremely difficult [1-4]. lySts that generate Ngin situ when fed with H/CO/NO
The environmental consequences arising due to release offixtures in the presence of very high oxygen concentra-
these NQ (NO -+ NOy) species have been well documented tions. Hydrogen and CO are both frequently encountered_ln
(acid rain, photochemical smog, depletion of stratospheric (e €xhaust streams produced by hydrocarbon combustion
ozone). The lack of an effective catalyst/reductant combina- Processes; therefore, this strategy could potentially remove
tion for this process is one of the main obstacles preventingthe requirement for injection of additional reductgnt into the
widespread introduction of fuel-efficient lean burn engines, X1aust. Two separate systems capable of in sity bih-

hich h th tential to signifi tl d the alobal eration have been identified. _
v(\:/olzcburg\éi € potentiat fo significantly reduce the globa Thus Pd/AbO3 catalysts fed with B+ CO+ NO + O2

For stationary power sources and chemical plants the reactant streams at relevant partial pressures exhibited much

. .~ improved performance compared to the results obtained with
NH3 SCR process [3,4] is currently the preferred option oo 0005 sed alone [8-10]. In situ DRIFTS stud-
for NO, abatement. Ammonia is utilised due to its unique

: L . . ies revealed that this improvement in the N€onversion
high activity toward NQ reduction under these oxygen-rich was attributable to the generation of ammonia formed via the

production and subsequent hydrolysis of isocyanate (NCO)
* Corresponding author. species [9]. This increase in NQconversion obtained in
E-mail address: rml1@cam.ac.uk (R.M. Lambert). the presence of mixed H+ CO reductant feeds is signifi-

0021-9517/$ — see front mattét 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.07.005


http://www.elsevier.com/locate/jcat

N. Macleod et al. / Journal of Catalysis 221 (2004) 20-31 21

cant as the lland CO concentrations in exhaust streams are formed on a VSW ARIES system equipped with a HA-100

closely linked due to equilibration via the water gas-shift re- hemispherical analyser. Catalyst samples were mounted by

action. pressing a small amount of the material between two disks
Pd/TiG, catalysts, on the other hand, display very high of pure aluminum. Separating the disks produced two speci-

activity for the reduction of lean NQin the absence of CO,  mens consisting of a thin film of catalyst powder adhering to

i.e., with H, + NO + O, mixtures [11-13]. These catalysts the aluminum. XP spectra were acquired with Mg-kadi-

are active in two distinct temperature regimes, indicating ation and quoted binding energies (BEs) are referred to the

operation of two different mechanisms for N@eduction.  C 1s emission at 284 eV. The different contributions to the
By means of in situ DRIFTS we were aple to attribute the Tij 2p3/2, 1/2€mission were extracted by curve fitting.
lower temperature~ 110°C) NO, reduction channel to a Catalyst testing was performed in a quartz microreactor

mechanism involving dissociation of NO on reduced metal system described previously [15]. The feed composition em-
(Pd) sites [13]. The second, higher temperatur@60°C), ployed contained 5% £and 500 ppm NO in all cases with
NO, reduction channel operated via formation and subse- 5 total reductant concentration of 4000 ppm, delivered to the
quent reaction of NkI[13], in this case generated directly  yeactor with a total flow of 200 mI mint. One hundred mil-

by reaction of H with NO. While the low temperature  jigrams of sample was employed, corresponding to a recip-
channel operated over a r.ather harrow temperature regiongcal weight time velocity ofw/f = 0.03 gsmt. Prior
(~100-130°C), the NH-driven channel maintained NO {5 testing the samples were calcined in air (60 mimjn
conversions>50% over a much wider temperature range o g h at 500°C. The reactor outflow was analysed using a
(200-280C). ) . chemiluminescence NONO+ NOy) detector (Signal 4000

_ Here we are concerned with the effects of CO. Specif- gqjes) and two dual-channel NDIR detectors (Siemens UI-
ically, we report on the W+ CO + NO + Oz reaction . ma¢ 6) calibrated for CO/COand NO/NO. Hydrogen
over Pd/TiQ and Pd/TIQ/AI20; catalysts. Our aim was ¢, mation was monitored via a quadrupole mass spec-

to identify the reason for the improved performance of trometer (Hiden RGA 301). Nitro :
. ) . gen production was cal-
the mixed support catalyst Pd/TA20s [14] compared culated by subtracting the J® contribution from the to-

:olng/T;]Oz ar:d .Pd{.Abo3futEde_F£? game con(tjlrtllonsb. De- tal NO, conversion (GC analysis produced no evidence for
alled characterisation ot the 203 SUPPOIT has been NHs; in the reactor outlet during these experiments). The cat-

performed which, combined with in situ DRIFTS results, :
. : alyst temperature and all analyser outputs were continuously
has enabled us to elucidate aspects of the reaction mecha- ~ . .

. monitored and recorded by PC-based software. Conversion
nism. . ) . )
profiles, typically containing 1000 data points per channel,
were obtained as the catalyst temperature was raised from 50
to 450°C with a linear ramp of 2C min~1. These runs were
repeated several times in order to ensure stable and repro-
ducible performance. Temperature-programmed desorption
(TPD) experiments were also performed in this system, em-
ploying a He flow of 150 mImin® with a heating rate of

resulting solid materials were dried and calcined in flow- 19 Km_ln‘l. The sample (100 mg) was initially heated to
ing air for 10 h at 500C. Palladium was subsequently 500°C in He,.c'ooled to 50C, and subsequently dosed with
impregnated by incipient wetness using aqueous solutions® fé€d containing 500 ppm N® 5% G,. The TPD ramp

of palladium(ll)nitrate (Aldrich) to yield 0.5 wt% metal Was then performed between 50 and 360 Desorption of
loading. Following impregnation the catalysts were dried in NO/N20 was monitored by NDIR, N®by chemilumines-

air overnight at 110C, calcined in air at 500C for 6 h, cence, and /N, by mass spectrometry.

and subsequently crushed/sieved to yield grain sizes in the DRIFTS experiments were performed with a Perkin-
range 255-350 pm. The 0.5 wt% PeAl»03 and 0.5 wt% Elmer GX2000 spectrometer equipped with an MCT de-
Pd/TiO, (Degussa P25) catalysts were prepared in a simi- tector and a high-pressure, high-temperature DRIFTS cell
lar manner. Metal dispersion was determined using the CO (Thermo Spectra-Tech) fitted with ZnSe windows. Spectra
methanation technique [15]. Prior to this measurement the Were acquired at a resolution of 4 ctypically averaging

2. Experimental

Mixed TiO»/Al 203 supports, with varying Ti@loadings,
were prepared by hydrolysis of titanium isopropoxide in the
presence of a-Al,0Os support (Aldrich, 120 rf/g). The

samples were calcined in air (60 mlmih for 6 h at 500°C 64 scans. Background spectra were obtained from samples at
followed by reduction in K (60 mlmin~1) for 1 h at 150°C. the relevant temperature in a flow of helium, following iden-
Metal dispersions were calculated assuming a 1:1 CO to sur-tical pretreatment to that utilised in the reactor experiments.
face metal atom ratio. All spectra were taken after 1 h in the relevant gas mix unless

Powder XRD patterns were obtained on a Philips PW1710 otherwise stated. The flow rate through the DRIFT cell was
instrument employing Cu-Kradiation. Transmission elec- varied so as to maintain conversions in the range 10-20%.
tron microscopy was performed on a JOEL 3011 microscope Therefore the spectra displayed correspond to the state of
operating at 300 kV and equipped with a Princeton Gamma- the catalyst toward the front end of the sample bed in the
Tech energy dispersive X-ray spectrometer. XPS was per-tubular reactor.
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1 ' 1 M
Table 1 % - anatase

' I

Palladium dispersion XRD
Sample CO uptake Dispersfdn *

(Hmol/gear) (%) !
0.5 wt% Pd/ApO3 22.0 47 |
0.5 W% Pd/TiQ 14.1 30 \
0.5 wt% Pd/2.5 wt% TiQ/Al,03 19.2 41 * * %
0.5 wt% Pd/10 wt% TiQ/Al,03 18.3 39
0.5 wt% Pd/25 wt% TiQ/Al,03 12.7 27 25 wt% TiO_/ALO

2 273

& Assumes 1:1 CO to surface metal atom ratio.

3. Results 10 wt% TiO JALO,
3.1. Catalyst characterisation

Metal dispersion data for the D3, TiO», and various 2.5 wt% TiO/Al,0,
TiO2/Al203-supported palladium samples are listedinTa- L, o+ . o  + , . . |
ble 1. In general the metal dispersion varied in line with the 10 20 30 40 50 60 70
total surface area, with the alumina-supported sample having 20

a higher dispersion (47%) than that of Ti(B0%). For the _ _ )
mixed support catalysts the palladium dispersion decreased9- 1- Powder XRD patterns obtained from Pd/3Il ;05 catalysts with
. .. varying TiO, loadings following calcination in air at 50 for 6 h.

as the TiQ loading increased.

X-ray diffraction patterns obtained from Pd/Ti@\l 203
catalysts with varying Ti@ loadings are shown in Fig. 1. HREM images obtained from this sample are shown in
These data were obtained after calcination of the samplesFig. 2. A number of TiQ particles in the size range 2-5 nm
in air at 500°C for 6 h. The sample containing 2.5 wt% were imaged, examples of which are shown. However, EDX
TiO, displayed a pattern identical to that of theAl,03 analysis indicated that a significant proportion of the JiO
support, indicating that the Tikdcomponent was highly dis- ~ was present in a highly dispersed form, as spectra obtained
persed over the surface of the alumina. The same is true offrom areas containing no visible Ti(particles (utilising a
the 10 wt% TiQ/Al,O3 sample, although in this case weak relatively large electron beam probe diamete§0 nm) fre-
reflections due to the anatase form of 7i@ere also visible. quently displayed significant Ti peak intensity.
On increasing the loading further to 25 wt% the intensity of XPS spectra (Ti 2p) obtained from the 0.5 wt% Pd/FiO
the anatase reflections increased considerably, indicating arand 0.5 wt% Pd/10 wt% TiglAI,O3 samples are com-
increase in the number and size of crystalline Jarticles pared in Figs. 3a and 3b, respectively. In the case of the
(line broadening analysis gave an averagesTp@rticle size Pd/TiO, sample, the peak found at 459.2 eV is assigned
of 10 nm for this sample). The 10 wt% TH#Al 203 sample to Ti**. The corresponding oxygen peaks (not shown) were
was found to yield the best catalytic performance, and was resolved into two species, one at 530.8 eV and a smaller
therefore characterised in more detail by HREM/EDX, XPS, peak a 531.6 eV, corresponding to oxygen in the bulk tita-
and TPD. nia and oxygen from surface hydroxyl groups, respectively.

Fig. 2. HREM images obtained from the Pd/10 wt% 318l ,03 catalyst showing presence of Ti@articles in the 2-5 nm size range.
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Fig. 3. Ti 2p XP spectra obtained from (a) Pd/3i@nd (b) Pd/10 wit%
TiO2/Al,O3 samples.
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The Ti(2p) peak obtained from the 10 wt% Ti@l,03 sam- Temperature /°C
ple, shown in Fig. 3b, was significantly broader than that
observed with Pd/Ti@ indicating the presence of multiple
oxidation states. Curve fitting indicates the presenceof Ti
and TP in addition to the dominant (90% of the total sig-
nal) Ti*t peak. The Ti:Al surface atomic ratio determined by
XPS was estimated as1:3 for this sample. This is further  high-temperature NO desorption was observed in this case.

Fig. 4. Temperature-programmed desorption spectra obtained from
(a) Pd/ALO3, (b) Pd/TIQ, and (c) Pd/10 wt% Tig/Al,03 catalysts fol-
lowing exposure to NG- O, at 50°C. [NO] =500 ppm, [Q] = 5%.

evidence for the presence of a highly dispersed,T¢@m- However, the most important point to note from this TPD
ponent, as the number density of 3D FiParticles imaged  data is that in the case of the mixed i8I0z support,
by HREM was insufficient to give such a high Ti:Al ratio. Fig. 4c, the desorption profiles obtained contain a combi-

Temperature-programmed desorption spectra obtainednation of the features observed on the individual oxides.
from the 0.5 wt% Pd/AlO3, 0.5 wt% Pd/TiQ (P25) and For example, the high-temperature NO peak at 420s
0.5 wt% Pd/10 wt% TiQ/Al,O3 samples following expo-  characteristic of alumina while the NQlesorption feature
sure to NO+ Oz (500 ppm NO+ 5% ) at 50°C are at 23(°C is associated with the Tg3romponent.
shown in Figs. 4a, 4b, and 4c, respectively. (The PgAl Corresponding DRIFT spectra were obtained at 50 K
and Pd/TiQ profiles have been published previously [13] intervals. Fig. 5 displays an extract from this data set,
and are included here for the purpose of comparison with showing spectra obtained from the Pd/3jdPd/10 wt%
Pd/TiO,/Al,03.) The desorption spectra obtained from the TiO2/Al203, and Pd/AyOs samples at 258C. These spec-
Al,03 supported catalyst are dominated by two regimes, onetra are simplified due to desorption of the majority of the
centred at 150C and one at 390C. The low-temperature  nitrite species present at lower temperatures. Although sig-
peaks are due to NO and NQwhile the high-temperature  nificant overlap of various nitrate bands is still present, it is
peaks are due to NO, NQand Q. A further small NQ clear that the mixed support displays features characteristic
desorption peak is visible at 29C. On the TiQ supported of both constituent oxides. For example the intense peak at
sample, Fig. 4b, two N©desorption peaks were again ob- ~1618 cnt! observed on both titania-containing samples
served (220 and 34T) along with an @ peak at 340C. is assigned to the asymmetric stretching mode of a bridging
A small NO desorption peak appeared at 160but no nitrate species adsorbed on }iGites [16—18]. The corre-
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Fig. 5. DRIFT spectra obtained with various supported Pd catalyst follow-

ing exposure to NG- O flow at 50°C and subsequent heating to 25D
in flowing He. [NO]= 500 ppm, [Q] = 5%.

%NO_ conversion

sponding symmetric stretch occurs~ai230 cntl. On the
other hand the peak at 1303 cthobserved on alumina- X
containing samples is associated with the symmetric stretch- : : : : : :
ing mode of a bidentate nitrate adsorbed on alumina [19,20]. 100 200 300 400

In this case the asymmetric stretch occurs-d563 cnt. Temperature /°C

This Observaﬁon that the surfacg qf the mixed su_pport COI’?- Fig. 6. Conversion profiles for (a) hydrogen and (b) N& a function of
tam_s adsorption Sltgs ,CharaCterl,Stlc of t,)Oth alumina and _tl_ temperature over various palladium-containing catalystg] £44000 ppm,
tania components is important in relation to the catalytic [Noj =500 ppm, [@] = 5%, w/f =0.03 gs miL.

properties discussed below.

3.2. NO reduction by Ha

Conversion versus temperature profiles obtained during
the reduction of NO by hydrogen (4000 ppma # 500 ppm
NO + 5% ) over the various supported palladium cata-
lysts are shown in Fig. 6. As found previously [10,11],
the Pd/AbOs catalyst displayed very low activity under
these conditions, with the NQconversion remaining below
10% over the entire temperature range studied. In contras
with the Pd/TiQ catalyst, NQ conversions of- 70% were
achieved in two distinct temperature regimes. One centred at
low temperature (112C), in the region were pconversion
approaches 100%, and one at higher temperature°@%0

Absorbance/ a.u.

The presence of two reduction maxima indicates operation . N

of two distinct mechanisms for NQreduction over this cata- PAITIO,JAL,O, 3 ‘% @

lyst as noted previously by Ueda et al. [11,12]. Although the e

Pd/AlLO3 catalyst was relatively inactive, when modified by M
the addition of TiQ the sample displayed much improved Pd/ALO,

performance, achieving NCconversions of-50% in both ' . ' ' .
temperature regimes. 2200 2000 1800 1600 1400 1200

Fig. 7 shows the corresponding DRIFT spectra obtained
under identical conditions (4000 ppmH 500 ppm NO+
5% ) at 120°C: this temperature corresponds to the IoW- Fig. 7. DRIFT spectra obtained with various supported palladium catalysts
temperature NQ reduction pathway shown in Fig. 6. At inflowing Hy + NO+ O, at 120°C. [H,] = 4000 ppm, [NO}= 500 ppm,
this temperature, Pd/A0D3 showed bands due to adsorbed [O2] =5%.

Wavenumber/ cm”
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Fig. 8. DRIFT spectra obtained with various supported palladium catalysts
in flowing Hz + NO + Oy at 240°C. [H>] = 4000 ppm, [NO}= 500 ppm,
[02] =5%.

water (1644 cm?) and hydrated nitrate species (1403 and
1327 cnt! [21]). No evidence for the presence of Pd ni-
trosyl species was found with this catalyst. In contrast,
under these conditions the Pd/Bi@atalyst gave bands
that may be assigned to Pd-NO (1842 cmil), Pdt—NO
(1787 cntl), PP-NO (1722 cntl), and a bent Pd nitro-
syl species (1693 cnt) [13,22-30]. The remaining bands
in this spectrum are assigned to variously Fi€ordinated
nitrates. Over the TigdAl,O3 sample a broad peak was ob-
served in the nitrosyl region centred at 1795 ¢mThe

broad and asymmetric nature of this peak indicates adsorp-

tion of NO on a range of different palladium sites (Pd
and P4).
The corresponding spectra obtained at 28G@&re shown

in Fig. 8. This temperature corresponds to the high-tempera-

ture NO, reduction pathway apparent in Fig. 6. The Pd/

Al,03 spectrum shows bands due to anhydrous nitrates due

to desorption of the water present at the lower tempera-
ture. On the Pd/Ti@ sample, in addition to nitrates, evi-
dence for the presence of adsorbedaNkhs also clearly
observed. The asymmetric and symmetric N—H-stretching
modes (3400-3150 cm) observed are split due to adsorp-
tion on two different Lewis acid sites on the TiQurface
[16,31]. Neither of the NiE-bending modes was clearly re-
solved due to overlap with strong nitrate bands in these re-

gions. On the mixed support evidence for the presence of
NH3 was also observed, although the intensity of these bands,

was somewhat reduced compared to PdgTild contrast,
no evidence for the presence of dliwas observed with the
Pd/Al,O3 catalyst under these conditions.

25

3.3. Theinfluence of carbon monoxide: NO reduction by
Hz + CO

Fig. 9 shows the influence of CO on the/NO/O, reac-
tion over Pd/AbO3, Pd/TiG; and the Pd/10 wt% Ti@Al .03
catalysts, maintaining the total reductant concentration at
4000 ppm (3500 ppm #+ 500 ppm CO+ 500 ppm
NO + 5% ). It is important to note that CO alone is a
very poor reductant for NQunder these conditions [8]. In
the case of Pd/AD3, the presence of a small quantity of
CO increased significantly the maximum N@onversion
compared to the results obtained with Bone (cf. Fig. 6)
from approximately of 6 to~25%. This increase in NO
conversion occurred in the temperature region where reduc-

100

200 300 400

% H2 conversion

—=—Pd/TiO,
—o— Pd/10wt% TiO /AL,0,
—v—Pd/ALO,

% CO conversion

ion

o
T

D
o

N

% NO convers
o

o

200 300
Temperature /°C

Fig. 9. Influence of CO on the #ANO/O, reaction. Conversion profiles for
(a) hydrogen, (b) CO, and (c) NCas a function of temperature over var-
ious palladium-containing catalysts. fJH= 3500 ppm, [CO}E 500 ppm,
[NO] =500 ppm, [@] = 5%, w/f = 0.03 gsmiL,
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1.0 0.8 0.6 0.4 0.2 0.0 . .
. . ——— found to display the best performance, presumably due to its

containing the optimum balance between Fi&nd AbO3

cDeee 140°C sites, as is discussed in more detail below.

—e—155C | The influence of the HCO ratio on NQ conversion

0+ 170°C | at four different temperatures over Pd/10 wt% 7i&1,03

is shown in Fig. 10. In these experiments the catalyst was

maintained at the specified temperature while the ratio of

H>:CO was varied. The total reductant concentration in

all cases was maintained at 4000 ppm. The correspond-

ing nitrogen selectivity, defined as $¢, = [N2]/([N2] +

7 [N2O]) x 100, is also shown. Very high NCconversions

T were achieved over a relatively wide range of:€O ra-

. tios. In general, increasing the CO concentration results in

— an increase in the temperatures at which the highest NO

. conversions were observed. This reflects the shift in re-

ductant light-off temperatures that occurs. Nénversions

> 80% were achieved with [}}/([H2] + [CQ]) values in

the range 0.5-0.9 and temperatures of 150=C30rhe ni-

"0 trogen selectivity increased with increasing temperature and

""""" - T ] displayed a slight tendency to decrease with increasing CO

e concentration. Under conditions delivering complete ,NO

e conversion, nitrogen selectivities in the range 65-85% were

S {  observed.
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The corresponding DRIFT spectra obtained at U550
from Pd/AbOs3, Pd/TiQ,, and Pd/TiQ/Al O3, in the pres-
] ence of b + CO+ NO + Oz (3000 ppm H + 1000 ppm
———T— T CO+ 500 ppm NO+ 5% ) are shown in Fig. 11. Most
1.0 08 06 0.4 02 0.0 of the bands observed below 1700 thnare assigned to
[HV/([H,]1+[CQI) various nitrate/nitrite, carbonate, and bicarbonate species as
Fig. 10. Influence of [H]/([H2] + [CO]) ratio on total NO reduction and discussed in. detail EISew.here [9] Evidence for.the presence
corresponding nitrogen selectivity in the temperature range 130170 of NHs _SpeCIeS was qbtamed O,n bothp@k-containing Ca_lt-
for Pd/10 wi% TiQ/Al»O3. Total reductant concentration maintained at &lysts (i.e., those which show improved performance in the
4000 ppm. [NOJ= 500 ppm, [Q] = 5%, w/f =0.03 gsmiL,

Nitrogen selectivty, %S,

N
o
1

/L
) v I v ) v )

v T
150 °C

tant conversion approaches 100% (the oxidation of CO and
H» track each other closely with all three catalysts). In the Pd/TiO,
case of the Pd/Ti@catalyst this improvement in catalytic
performance on addition of C@id not occur. In fact the
presence of CO actually decreased the,NGnversion com-
pared to the values obtained in its absence, as shown by
comparison with Fig. 6. The low-temperature reduction fea-
ture was shifted by 20C toward higher temperature and the
maximum NQ. conversion decreased from70% to less
than 40%. However, the high-temperature process was not %
directly influenced by the presence of CO (additional exper- 3 g
iments showed that the level of NGconversion obtained y
via this mechanism is influenced only by the absolute H
concentration and not thestHCO ratio). For the mixed sup- Pd/Al,O5
port Pd/TiQ/Al 03 sample, as with Pd/AD3, a beneficial 4,2
effect was again observed on addition of CO. However, in 4500 3500 3000
this case the promotional influence of CO was even greater 1
than that observed with Pd/#Ds, with 100% NQ. conver- Wavenumber /cm

sion being obtained over the temperature range 13555  Fig 11, In situ DRIFT spectra obtained with various supported palladium
under these conditions. Of the various %il@adings tested  catalysts in flowing H + CO + NO + O, at 150°C. [H,] = 3000 ppm,
(2.5, 10, and 25 wt% Tig), the 10 wt% TiQ sample was  [CO]= 1000 ppm, [NO}= 500 ppm, [Q] = 5%.
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presence of CO). On Pd/#D3 the band at 1609 cnt is stretching modes at 3251 and 3180¢niThe negative band
assigned to a bending mode of adsorbecsNFhis assign- at 3708 cnmi! is attributable to loss of “free” O—H groups
ment is in agreement with the appearance of a broad featuredue to their hydrogen bonding with adsorbed{N#6]. The

at~ 3250 cnt? characteristic of N-H-stretching vibrations. shoulder at 2821 crt is consistent with the presence of
On Pd/TiQ/AlI,O3 the 1609 cm! mode was obscured NH4+t species also [32].

due to the presence of strongly absorbing nitrate bound to  The most likely route for N formation requiring partic-
TiO2 sites. However the N-H-stretching modes (3246 and ipation of CO is via the generation and subsequent hydrol-
3193 cntl) were much more prominent with this catalyst, ysis of NCO species. However, NCO was never observed
indicating a higher Ni concentration and accounting for in DRIFT spectra when piwas present in the gas feed, most
the much-improved activity of Pd/TigDAI203. No evidence  likely due to its very rapid hydrolysis under these conditions.
was obtained for the presence of Nepecies onthe Pd/TED  We have previously shown that while NCO preformed on a
sample at this temperature. Bands in the 2100-1900'cm  Pd/AlLO; catalyst was relatively stable in flowing NOO»,
region are assigned to various adsorbed CO species as disit was rapidly consumed in a flow containing # NO+ O,
cussed below. Formate was also observed on the PO#Al  yielding NHs and CQ [9]. That NCO is indeed produced on
catalyst (3005, 2910, and 1592 th), although this species  our Pd/TiQ/Al,O3 catalyst in the absence of;Hs shown
has been shown to be a spectator under the conditions empy the results presented in Fig. 13. Here the spectra obtained
ployed [9]. from Pd/TiQy, Pd/10 wt% TiQ/Al 03, and Pd/A}O3 cata-

It should be noted that in the absence of CO no evi- |ysts after 1 h in a flow containing 4000 ppm G500 ppm
dence for the presence of Nidpecies was obtained on either NO + 5% O, at 150°C are compared. The correspond-
Pd/Al,O3 or Pd/TiG/Al203 at this temperature (15C). ing time-resolved spectra in the region 2300-1700 tare
This is illustrated in Fig. 12 for the Pd/10 wt% TiAl 03 shown in Figs. 14, 15, and 16 for PdA®3, Pd/TiQ:/Al 03,
catalyst. The N-H- and O-H-stretching frequency regions and Pd/TiQ, respectively.
of spectra obtained in the presence of two different gas-  on Pd/ALO; bands were observed at 2152 and 2080tm
phase compositions are shown. In the presence of 4000 ppnyssigned to linear P-CO and PB-CO, respectively
Hz + 500 ppm NO+ 5% O, (spectrumA) a broad fea-  [33-35). Bridging and triply bonded carbonyl species were
ture was observed with a maximum3400 cnt?, whichis 3150 observed, as shown by the bands at 1975 and 191 cm
characteristic of hydrogen bonded O-H groups. On replac-[33 35]. The bands at 2255 and 2233 chmay be assigned
ing part of the H feed by CO (3000 ppm #H- 1000 ppm  yith confidence to isocyanate (NCO) species adsorbed on
CO+ 500 ppm NO+ 5% O, spectrunB), weak new fea-  the alumina support [36-38]. The appearance of two bands
tures characteristic of N—H-stretching modes developed in ¢oyid pe due to either adsorption of isocyanate on two
the 3300-3100 cm' region. The insert shows the corre- ifferent surface sites [37,39], or to the presence of cova-

sponding difference spectrum, which accentuates the N‘H'Iently bonded NCO and anionic NCO[40]. All the bands
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Fig. 12. In situ DRIFT spectra showing influence of CO on the intensity Wavenumber /(;m'1
of N—H-stretching modes at 15C€ over Pd/10 wt% TiQ/Al,03. Spec-
trum A: [Ho] = 4000 ppm, [NO]= 500 ppm, [Q] = 5%. SpectrumB: Fig. 13. In situ DRIFT spectra obtained with various supported palla-

[H2] = 3000 ppm, [CO}E= 1000 ppm, [NOE 500 ppm, [@] = 5%. Inset dium catalysts in flowing CG- NO + O, at 150°C. [CO] = 4000 ppm,
shows corresponding difference spectrum. [NO] =500 ppm, [Q] = 5%.
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Pd/ALO,

2152
2080

2200 2000 1800
Wavenumber /cm”’

Fig. 14. Time-resolved DRIFT spectra showing accumulation of sur-

face species following introduction of C@® NO + O, flow to the
DRIFTS cell containing a Pd/AD3 sample at 150C. [CO] = 4000 ppm,
[NO] =500 ppm, [Q] = 5%.

2200 2000 1800
Wavenumber /cm

Fig. 15. Time-resolved DRIFT spectra showing accumulation of surface

species following introduction of C& NO + O, flow to the DRIFTS cell
containing a Pd/10 wt% TigJAl,03 sample at 150C. [CO] = 4000 ppm,
[NO] =500 ppm, [Q] = 5%.

below 1650 crm! can once again be assigned to various ni-

trate/nitrite and carbonate/bicarbonate species [9,13].

On the Pd/TiQ/AI;0O3 sample an intense peak was
observed at 1801 cnt assigned to a Pd-NO species
[22,23], with a shoulder at 1730 cm indicating the pres-
ence of PB-NO species [22—24]. Alumina-bound NCO
(2255/2233 cntl) was also observed on this catalyst.
In the 2200-2000 cm' range, in addition to the linear

Pdt-CO (2150 cm?) and P3d-CO (2084 cml) ob-
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Fig. 16. Time-resolved DRIFT spectra showing accumulation of sur-
face species following introduction of C@® NO + O, flow to the
DRIFTS cell containing a Pd/Ti®sample at 150C. [CO] = 4000 ppm,
[NO] = 500 ppm, [Q] = 5%.

tively constant throughout the remainder of the experiment.
Within the first few minutes an additional band developed
at 2166 cnt! on the Pd/TiQ/Al 03 catalyst:this was not
observed with Pd/Al,Os. As discussed below, this is as-
signed to a Pd—NCO species. Although the features in this
region were not well resolved on the Pd/3i@I,03 cata-
lyst, at least one further species was present, as shown by
the gradual increase in intensity in the 2122 ¢mregion
(Fig. 15). This may be due to the generation of cyanide (CN)
species [44].

The corresponding time-resolved DRIFT spectra ob-
tained in a flow containing 4000 ppm GO500 ppm NO+
5% O over the Pd/TiQ sample at 150C are shown in
Fig. 16. A sharp and intense doublet at 218859 cnT ! was
seen to develop rapidly following introduction of the GO
NO + O, reactant mix. This peak is characteristic of NCO
adsorbed on the palladium component [41-43]. Interestingly
no support-bound NCO was observed on this catalyst in the
presence of oxygen, indicating that Ti-NCO species were
not stable under these conditions. In separate experiments
employing NO+ CO only, Ti-NCO species were observed.
This is in agreement with the work of Kondarides et al.,
who investigated the N@ CO + O reaction on Rh/Ti@-
based catalysts and also only observed Ti-NCO species in
the absence of gas-phase oxygen [44]. It has also been shown
that NCO is considerably less stable on Tithan other
supports such as SgJ39]. The intensity of the Pd—NCO
feature passed through an initial maximum and then contin-

served with Pd/AIO3, further bands were observed at 2166 ued to increase gradually throughout the remainder of the
and 2122 cm'. The development of these bands is more experiment. The other prominent feature in this figure is as-
clearly seen by referring to the time resolved data in Figs. 14 sociated with Pd nitrosyl species, ReNO at 1974 crmt

and 15. On both Pd/ADs and Pd/TiQ/Al,O3 catalysts
the Pd—CO and PB-CO (~ 2152 and 2080 cmt, respec-

and Pd-NO at 1735 cml. The intensity of these features
increased rapidly to reach a maximum aftedl0 min and

tively) species appeared first, their intensities remaining rela- then decreased gradually thereafter. Similar features were
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observed on the Pd/T#DAI,O3 catalyst, Fig. 15, and seem
to be associated with the Pd/Ti@omponent. In contrast
to the Pd/AbO3 and Pd/10 wt% Ti@/Al,03 samples, vari-
ous carbonyl species (2150-1900cHwere only observed
for a very brief initial period following introduction of the
CO+ NO + Oy reactant mix over Pd/Ti®

4. Discussion
The key issue is this—why is the mixed support cat-

alyst (Pd/TiQ/Al03) far superior to both Pd/Ti® and
Pd/AlLO3? The answer does not reside in formation of mixed

29

In the case of the Pd/10 wt% THAI,O3 mixed sup-
port catalyst, the titania caused a significant increase ip NO
conversion during the 4 NO + O reaction (Fig. 6), re-
sulting in performance similar to Pd/T)YODRIFTS data
clearly revealed that this improvement in performance, in
both low- and high-temperature regimes, is attributable to
the same mechanisms that occur with PdATiCe., forma-
tion of reduced Pd and Nftspecies at the relevant temper-
atures (Figs. 7 and 8). This is good evidence for the close
association of Pd and Tign the mixed support catalyst.

Given the high activity of Pd/Ti@for NO, reduction by
hydrogen, it is of considerable interest to elucidate the re-
sponse of this catalyst to addition of CO to the HNO + O>

or doped oxide phases because the spectroscopic, microgas feed (in real engine exhausts thedid CO concentra-

scopic, and diffraction data indicate that no such phasestions are closely linked due to the water gas-shift reaction).
are formed. Therefore before discussing the catalytic re- As shown by comparing the results in Figs. 6 and 9, chang-
sults it is useful to review briefly structural aspects of the ing the reductant feed from 4000 ppm kb 3500 ppm H +

TiO2/Al,03 mixed support. A similar method to that em- 500 ppm CO resulted in a considerable decrease in the NO
ployed here was used by Schmal and co-workers to prepareconversion achieved via the low-temperature mechanism, in-
a series oPt/TiO,/Al 03 catalysts [45,46]. These materials volving dissociation of NO on reduced metal sites, over this
were characterised by a combination of XRD, TPR, DRS- catalyst. Carbon monoxide induced a similar poisoning in-

UV-vis, and TEM and it was concluded that they consisted
of a two-dimensional layer of titanium oxide covering the
y-alumina support. This interpretation is consistent with our
XRD, XPS, and EDX spectroscopy results for the 10 wt%

fluence on the B+ NO + Oz reaction over platinum/AD3
catalysts [8,48]. This poisoning influence of CO on PdATiO
and Pt/ApOs is related to the fact that NdHwvas not formed

on these catalysts under reaction conditions, in contrast to

TiO2 sample. These suggest that a significant proportion of the significantly more active Pd/&D3 sample. In the ab-
the titania was present in a very highly dispersed form on sence of NH generation the up-shift in light-off temperature

the alumina support. XPS gave a Ti:Al surface atomic ratio
of 1:3 for this sample. Given the surface area of ourQy
starting material (120 &g~1), a straightforward calcula-

that occurs on addition of CO favours direct combustion of
the reductants by £rather than reaction with NO.
In striking contrast to Pd/Tig) the Pd/TiQ/Al O3 mixed

tion suggests that monolayer coverage would correspondsupport catalyst exhibited very strong promotion by CO for

to approximately 7.0 wt% Ti@loading. This is in accord
with the HREM results which show that small (2-5 nm)
3D TiO», crystallites are also present at 10 wt% %il0ad-

NO, reduction—even more pronounced than in the case of
Pd/Al,O3. The DRIFT spectra in Fig. 11 indicate that this
higher activity of Pd/TiQ/Al,03 compared to Pd/As is

ing. However, note that complete coverage of the alumina due to the higher concentration of Nigenerated on the sur-

was not achieved with this titania loading, as shown by
TPD/DRIFTS of adsorbed NQOspecies: these data clearly
reveal that surface sites associated with thgO4lcompo-
nent were still available for adsorption.

The vastly superior performance of Pd/Bi@ompared to
Pd/Al,O3 for NO, reduction by H (Fig. 6) under oxygen-
rich conditions has been reported previously [11-13]. We

face of the former.

Since NH; is not formed on Pd/TiQ in the presence of
H> + CO+ NO + Og, how do we account for the fact that
the presence of Ti@promotes the formation of this species
on the mixed support catalyst? To answer this it is neces-
sary to consider the intermediate NCO species. NCO is not
observed in the presence of B O, due to its rapid hydrol-

showed that the low-temperature reduction channel foundysis [9]. Therefore to investigate formation of this species it

with Pd/TiO, (occurring in the temperature range close to
H> light off) was associated with the formation of reduced
palladium (P8) sites on the catalyst surface [13]. The high-
temperature (24%C) NO, reduction channel observed with
Pd/TiO, was shown to occur via the formation and subse-
guent reaction of ammonia [13]. The strikingly low activity
of Pd/Al,O3 under these conditions was due to palladium re-
maining predominantly in an oxidised state on this support.
Why palladium is more easily reduced on Fi@s compared

to Al2O3 is not entirely clear. A possible explanation is that

PdO is stabilised on alumina by a strong support interac-

tion, perhaps involving formation of a palladium aluminate
phase [47].

was necessary to remove om the gas feed. As shown
in Fig. 13, in the presence of C® NO + O,, Pd—-NCO
species are observed in the DRIFT spectra obtained from
both Pd/TiQ and Pd/TiQ/Al 03, although the concentra-
tion is much greater on the former. Although Pd—NCO is not
observed in the DRIFT spectra obtained from Pd@|, its
presence may be inferred from the observed accumulation
of AI-NCO. Thatis, the NCO species originate on the metal
component followed by spillover onto the alumina surface.
What is very clear is that the Tgxomponent of Pd/Tig)
AlO3 catalysts promotes formation of NCO on the surface
of metal particles with which it is in intimate contact. It is
likely that this translates into enhanced rates ofsNétma-
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tion when H is added to the gas mix. However, the fact that experiments in which b was replaced by kD, where it
NH3 was only observed on Pd/ADs and Pd/TiQ/Al,O3 was found that the promoting effect of directly added wa-
on addition of H, even though Pd/Ti@had the highest ter was substantially less than that of hydrogen. Factors
concentration of Pd—NCO species in the absence of hydro-contributing to this clear difference between the effects of
gen, suggests that the A3 component is necessary for hydrogen and water could be as follows. NCO formation
rapid hydrolysis of NCO to ammonia under these condi- on the metal surface occurs via reaction between adsorbed
tions. Although both AlIO; and TiG; have been shown CO and N. Formation of the latter, by NO dissociation, is
previously to be active for NCO hydrolysis [49,50], no di- likely to be the rate-determining step [52]. It is significant,
rect comparison of the activity of these two oxides for this therefore, that enhanced rates of NO dissociation have been
reaction has been performed. Furthermore, in separate exobserved in the presence of hydrogen [53-55]. Note also
periments we have observed that NCO species preadsorbethat the intense Pd—-NO bands at 1800 and 1735'cwe
on the support component of Pd/Ti@atalysts during the  observed in the presence of GONO + Oz on Pd/TIQ
CO + NO reaction were subsequently rapidly consumed and Pd/TiQ/Al,O3 (Fig. 13) were not seen in the pres-
when oxygen was added to the gas mix. This accounts forence of H + CO + NO + O (Fig. 11), consistent with
the fact that Ti-NCO species were never observed under theextensive NO dissociation in the later case. Moreover, the
oxygen-rich conditions discussed in this work. In contrast, bands due to the linear and bridged Pd—CO species ob-
on Al,O3 preadsorbed NCO was relatively stable in the pres- served on Pd/Ti@dAl ;03 in the presence of C&® NO + Oz
ence of oxygen but was consumed rapidly in the presence of(Fig. 13, 2084 and 1974 cm, respectively) were signifi-
H2 4+ O [9]. Therefore in the presence of the full reaction cantly red-shifted in the presence of hydrogen (to 2064 and
mix (Hz + CO+ NO + O,), NCO hydrolysis to ammonia 1956 cnT?, respectively; Fig. 11). This is attributed to coad-
dominates on the alumina surface while on Fi@pid NCO sorbed hydrogen weakening the C-O bond by enhancing
combustion may compete with hydrolysis. back-donation of electron density into the CO antibonding
How are we to rationalise the observation that Jj@o- 7 orbital [56,57]. The same would be expected with NO,
motes the formation of Pd—-NCO species? The most likely weakening the N-O bond and thus enhancing the rates of
explanation is in terms of the relative surface coverages NO dissociation in the presence of [63-55]. This in turn
of CO and NO on palladium particles supported on the would increase the rate of NCO production and subsequent
TiO2 and AbO3 components, under conditions of com- NHgz formation.
petitive adsorption. (Other things being equal, one expects An alternative explanation for the role of hydrogen in this
CO to adsorb more strongly than NO.) One of the ma- system relates to the mobility of isocyanate species. Lorimer
jor differences between the spectra observed with P@TiO and Bell [58] found while investigating the C® NO reac-
Pd/TiGx/Al203, and Pd/AYO3 catalysts in the presence of tion over a Pt/SiQ disk that NCO species were deposited
CO + NO + Oy is the very different concentrations of on a second Si@disk located centimeters away in the same
Pd carbonyl and Pd nitrosyl species (Figs. 13—16). With in situ infrared cell. This was explainable only via the gen-
Pd/TIO; and Pd/TiQ/AI,O3 catalysts the surface of the eration of gas-phase HNCO, with the source of hydrogen
Pd particles is dominated by Pd—NO speciest O and considered to be reverse spillover of hydroxyl groups from
PA—NO at 1801/1974 and 1935 crh respectively), while the support to the metal surface. In the present case it is pos-
on Pd/AbOs only carbonyl species (P¢-CO, P@—CO, and sible therefore that the role of hydrogen is to enhance the
bridged CO at 2152, 2080, and 1975 chrespectively) are  rate of migration of isocyanate species from the metal to the
observed. This difference in relative coverage must influence support via the generation of gas-phase HNCO.
the rate at which NCO is formed, with higher NO concentra-  Although the Pd/TiGQ/Al O3 catalyst discussed here de-
tions favouring isocyanate production. livers extremely high N@ conversions under demanding
The mechanism whereby TiGaffects Pd particles so as  conditions, which includes the presence of additional wa-
to strongly favour NO adsorption may be purely electronic ter vapour [14], there remain aspects of this system that
in origin. However, it also possible that Tids directly in- could be significantly improved. It is clear from Fig. 10
volved in the catalytic reaction. Reducible metal oxides such that the highest N conversions are achieved with rela-
as CeQ are known to participate in CO oxidation by re- tively Hx-rich mixtures. Although>80% NQO, conversion
acting with CO molecules adsorbed near the metal-supportcan be achieved at the 1:31€O ratio encountered in most
interface, generating GCand oxygen vacancies [51]. Inthe engine exhausts, improving the performance of the system
present case this process could result in a reduction of theunder more CO-rich conditions would clearly be desirable.
steady-state CO coverage on the Pd surface, thus enhancin@videning the temperature range over which the catalyst
the NO coverage. maintains very high N@ conversions would also be bene-
Although our results strongly suggest that NCO species ficial, although the fact that NHlis also formed via a sec-
are intermediates in the enhanced conversion of NO in theond, high-temperature mechanism ensures that the signif-
presence of B+ CO over Pd/TiQ/Al;Og, the role of B icant NO, conversion & 50%) can be maintained over a
cannot solely be that of generating®ifor subsequent NCO  very wide temperature range (130 in the data shown in
hydrolysis. This was demonstrated by the result of control Fig. 9). Identifying suitable promoters could be one method
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of achieving these aims. Overall, we believe this system rep-

resents a promising alternative strategy for the control of
NO, emissions generated under oxygen-rich conditions.
5. Conclusions

1. Pd/TiGQ/Al,03 catalysts provide very high (100%) NO
conversions under demanding conditions (low temper-

ature, high oxygen excess) in the presence of mixed

H> + CO reductant feeds. A second high-temperature
NO, reduction channel also operates which greatly ex-
tends the useful temperature range.

. Both NQ, reduction channels generate Bl situ. The
low-temperature channel operates via formation and
subsequent hydrolysis of NCO species while the high-
temperature channel forms NHlirectly from reaction
between H and NO.

rives from the intrinsic surface chemistry of the pure
oxides and not from mixed oxide formation. Thus the
Pd/TiQ; component of the Pd/TigAl O3 catalyst is
active toward NCO production while the AD3 com-
ponent promotes subsequent hydrolysis of NCO to am-
monia.
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