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NO, storage-reduction catalysts based on hydrotalcite
Effect of Cu in promoting resistance to deactivation
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Abstract

Novel NO, storage-reduction (NCBR) catalysts prepared by Pt and/or Cu impregnation of Mg—Al (60:40) hydrotalcite
(HT)-type compounds show better performances in [$@rage than Pt—Ba/AD3; Toyota-type NQSR catalysts at reaction
temperatures lower than 25Q. The presence of Pt or Cu considerably enhances the activity, with the former more active.
The nature of the HT source, however, also influences performance. The co-presence of Pt and Cu slightly worsens the low
temperature activity, but considerably promotes the resistance to deactivation after severe hydrothermal treatment and in
the presence of SOThis effect is attributed to both the possibility of formation of a Pt—Cu alloy after reduction, and the
modification of the HT induced during the deposition of Cu. The overall Pt—Cu/HT performances are thus superior to those
of the Pt—-Ba/A}O3 Toyota-type NQSR catalysts. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction egy adopted for this objective was originally deve-
loped by the Toyota researchers [1-3], and later also
Fuel-efficient engines such as diesel and lean-burn studied by various other research groups [4-10].
gasoline engines allow a lowering of G@missions These catalysts are based on the concept of storage of
per kilometre by about 30% with respect to stoichio- NO as nitrate species over the catalyst with periodic
metric gasoline engines, but the presence efil® reduction of the species by changing the air/fuel ratio
the emissions prevents current three-way catalysts (at engine level or by secondary addition of hydro-
(TWCs) from efficiently reducing NO to N There- carbons to the emissions) from oxidising to reducing
fore, the objective of lowering noxious gas emissions conditions. The rate of reduction is around two orders
(NOy,) (as required, for example, in the emission levels of magnitude faster than the rate of storage and there-
proposed by Tier 2 in the US and Euro V in Europe) fore the period under rich conditions (excess fuel)
together with greenhouse gas emissions {O00) is much shorter than the period under lean condi-
(objective of the Kyoto protocol) requires developing tions (excess §). The catalysts are usually indicated
new catalytic solutions to selectively reduce NOtp N as NQ storage-reduction (NGBR) catalysts.
even in the presence of,OThe more efficient strat- The Toyota catalysts are based on the addition of
BaO as the NQ storage component (about 15 wt.%)
T Coresponding authors. Fax:39-90-391518. to a Pt/alumina catalyst [1,2]. Research activity on
E-mail addresses: centi@unime.it (G. Centi), NO,SR catalysts [4—10] has. been focused on the
vacange@ms.fci.unibo.it (A. Vaccari). study of Pt—-Ba/alumina materials, while few attempts
1 Fax: +39-51-2093680. have been made to search for new types of materials
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to avoid the two main drawbacks related to the use of and/or Cu(NQ@)»-3H,O (samples named Pt—Cu/HT-C

BaO as the N@-storage component: (i) the inhibition
effect which barium induces on Pt activity causing low
catalyst activity at temperatures lower than 2@0and

(ii) the formation of stable sulphates which requires

and Cu/HT-C), where the label C indicates the source
of HT. When both Cu and Pt are present, consecu-
tive impregnation is carried out with the noble metal

as the final component. The samples are dried and

high temperatures for their regeneration. Periodic high calcined at 550C (12 h) prior to the addition of the

temperature (about 65C) regenerations are thus

second component. An alternative commercial source

necessary which leads to a considerable fuel penalty of HT used in the preparations is from ARISTECH
and complications in engine management, and espe-(Mg%™:Al3" = 60:40 as atomic ratio; surface area:

cially forms highly noxious HS and COS as reaction

201 n?/g; prepared by reacting a mixture comprising

products. Recent developments by Toyota researchersMg?t and APt ions and monocarboxylic anions in

[3], based on the addition of TigOnanoparticles and
Rh/ZrO, components to Pt—Ba/alumina catalyst, have
led to an improvement in the catalyst regenerability,
but temperatures of about 650 are still required
and HBS forms as the main reaction product. Fur-

an aqueous slurry at > 40°C and pH> 7 [14,15]
always calcined at 65 (sample named HT-A)).
After addition of Pt and/or Cu, the samples were
dried at 90°C overnight, and then calcined at 58D
for 12h using a heating ramp of°Z€/min to reach

thermore, the first question is not addressed, but is of the final temperature. The final powder was formed

special interest for emissions from light-duty diesel

engines, since a large part of the testing cycle is char-

acterised by low temperature emissions, typically in
the 120-200C range.

We have reported recently [11,12] that catalyst de-
rived from Mg/Al-hydrotalcite (HT)-type precursors
show interesting properties as novel N&R catalysts,

in pellets in the 0.250-0.600 mm range which were
then activated using a reducing treatment (35Gor
1h in a flow of 20% H in He) followed by mild
reoxidation (80C for 1 h in a flow of air).

The Pt-Ba/A$Os catalyst (1 wt.% Pt, 15wt.% Ba)
was prepared according to Toyota indications [1-3] by
impregnation with Ba-acetate of a Pt/alumina (RP531

especially for the enhanced catalytic properties at low y-Al,Os from rhodia; surface area about 118/gj
temperatures. The objective of the research reportedPt (1 wt.%) added by incipient wet impregnation with

here was to further analyse these catalysts in com-

parison with a reference Pt—Ba/alumina Toyota-type
catalyst, focusing attention especially on the critical
guestion of resistance to deactivation by,S under
severe hydrothermal treatment and how to limit this
deactivation.

2. Experimental

2.1. Sample preparation

HT-based Pt, Cu and Pt—Cu catalysts (1wt.% Pt,
4 wt.% Cu) were obtained starting from a commercial
HT precursor (Mgt:Al®+ = 66:34 as atomic ratio,
by CONDEA (D); surface area: 2144y; preparation
by hydrolysis (at 30C < T < 90°C by an iperstoi-
chiometric amount of water) of a mixture of ¥tyand
Al3*-alcoholate) [13] and calcined at 650 prior to

Pt(NH3)2(NO2)2) (sample name Pt—Ba/ADs3).

2.2. Characterisation and catalytic tests

X-ray diffraction (XRD) patterns were recorded on
a Philips PW 1710 instrument using CuxK radi-
ation . = 0.15418A, 40kW, 25mA). N sorption
experiments at 77 K were carried out with a Carlo
Erba Sorpty 1750 instrument and specific surface areas
(SAs) calculated using the BET method.

Catalytic tests were made in a quartz flow reac-
tor using catalyst loadings in the 0.1-0.5g range. An
on-line mass quadrupole analyser (VG2 lab) was used
for monitoring the feed composition and the products
of reaction. The mass intensity of the NO (mass 30)
and NG& (mass 46) was continuously monitored to
analyse the NQ conversion. The conversion to con-
centrations was made using a periodic switching to a
calibrated mixture of NO, N@and NO in helium.

addition of the Pt or Cu components (sample nhamed The absence of formation ofJ® was checked using

HT-C). These were added by incipient wet impregna-
tion with Pt(NHg)2(NO>)2 (sample named Pt/HT-C)

an on-line FT-IR analyser with a 0.7] volume gas
cell. The NQ. SR activity was studied using a series
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of cyclic sequences of feed changes from lean con-

ditions (120s: 5% @, 10.8% CQ, 954 ppm NO, re-
mainder He) to rich conditions (6s: 3.3% CO, 1.1%
H,, 6000 ppm GHg, 5% O, 10.8% CQ, 954 ppm
NO, remainder He). The space-velocity was set to
20,000 lr! using the catalyst in the form of powder
(30—60 mesh). After evaluating the behaviour during a
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5% O, remainder He. Then the NGstorage activity
was monitored as above for about 10-15 cycles, after
which the reaction temperature was progressively in-
creased up to 50CC. After around 0.5 h, the reactor
temperature was decreased again to “E@&nd the
NO, storage activity evaluated again. This procedure
allows the in situ catalyst regenerability to be evalu-

sequence of cycles (at least 10) at a given temperature,ated during a sequence of NSR cycles at 500C.

the reactor temperature was raised to another temper-

The second procedure to evaluate the resistance to

ature where the behaviour was further monitored in a deactivation by S@is instead based on adding 50

series of cycles. NOstorage activity is reported as the
mean conversion of NOduring one cycle, averaged
over the series of cycles (at least 10).

directly to the feed during NCBR tests and monitor-
ing the change in the mean N@onversion (averaged
over one cycle) as a function of time-on-stream. In

Resistance to hydrothermal treatment was checked order to accelerate deactivation, in these experiments
by comparing the catalytic behaviour in a sequence of the concentration of SPin the feed (20 ppm) was

cycles before and after a treatment at 8G0for 24 h
feeding air passing in a bubble flask containing water
maintained at about 6@. The vapour partial pressure
at 60°C is about 0.2 atm, but taking into account of a

about one order of magnitude higher than that typi-
cally present in exhaust gas emissions.

complete saturation of the feed, it may be estimated 3. Results and discussion

that the steam concentration is around 8—10%.
Resistance to deactivation by $@Was evaluated

3.1. Comparison of HT-based catalysts with the

using two procedures. The first is based on compar- reference Toyota-type (Pt-Ba/Al;03) sample

ison of the behaviour of the catalyst at 3@ in a

sequence of cycles before and after treatment of the Compared in Fig. 1 is the catalytic behaviour of

catalyst at 300C for 1 h in a flow of 50 ppm S@

HT-C-based catalysts and the reference Pt—B&3l
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Fig. 1. Effect of the reaction temperature on the N@ean conversion (over 10 cycles) of HT-C-based catalysts and the reference
Toyota-type Pt—Ba/AlO; sample.
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sample in NQ storage-reduction, as a function of the
reaction temperature in the 100-5@ range. The
following observations can be made:

1. The HT-C matrix itself is inactive in NO storage
over the entire range of temperatures examined.
All the other samples show a maximum N€on-
version centred around 30Q; at low temperatures
the maximum may be attributed to a low rate of
NO to NO, oxidation and at high temperatures to
thermodynamic stability of NQspecies stored on
the catalyst surface.

. The addition of 4% Cu to HT-C promotes the ac-
tivity considerably, but the 1Pt/HT sample shows a
much higher activity, indicating the more effective
activity of Pt in the oxidation of NO to NQ The
maximum NO conversion in 4Cu/HT-C is around
40-50% with respect to over 80-90% for other
samples, apart from HT-C.

. 1IPY/HT-C, in comparison with 1Pt—-15Bajfl;
(Toyota-type), shows a much higher activity at
low temperatures. In the 100-1%0 temperature
range the mean NO conversion of 1Pt—15Ba(3y
is about 10% as compared to about 50% for
1Pt/HT-C. However, at 300C the conversion of
1Pt-15Ba/A}0Os is 97% as compared to about
80% for 1Pt/HT-C.

. The addition of 4% Cu to 1Pt/HT-C (1Pt-4Cu/
HT-C) slightly decreases activity at low temper-
atures to about 40%, although remaining higher
than that of 1Pt-15Ba/AD3, and promotes the
activity at 300°C which becomes equal to that
of 1Pt-15Ba/A$O3. However, above reaction
temperatures of about 40Q the NO conversion
of 1Pt-4Cu/HT-C is slightly worse than that of
1Pt-15Ba/A$0s.

2.

3.2. Role of the HT source

The nature of the starting HT also influences the
NO, SR performance. This is shown in Fig. 2a which
compares the behaviour of 1Pt—-4Cu/HT samples cal-
cined at the same temperature (680, but prepared
starting from the CONDEA (C) or ARISTECH (A)
HTs having similar Mg/Al ratios, but different modal-
ities of preparation (see Section 2). The former allows
a relevant higher activity at low temperature (2@)
to be obtained, and the maximum N®©@onversion at
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300°C is higher. The activity however is lower at high
temperature (500C).

XRD patterns of the HT-C and HT-A samples cal-
cined at 650C (Fig. 2b and c, respectively) indicate
that the latter sample is characterised by the presence
of a much more crystalline MgAI(O) mixed oxide than
that obtained from HT-C. Estimation of the mean crys-
tal size of the patrticles using the Debey—Scherrer for-
mula indicates a mean value of about 20.5 nm for the
HT-A sample and a mean value of 4.8nm for the
HT-C sample. When Pt and/or Cu are also present,
no changes in the XRD pattern can be noted. This
suggests that the crystal size of MgAI(O) mixed ox-
ide, which in turns depends on the thermal treatment
and the specific nature of the HT source, also plays a
role in determining the NQ storage behaviour. This
observation is consistent with earlier observations on
Pt-Ba/AbO3 Toyota catalysts [1-3]. The tentative ex-
planation is that depending on the degree of crys-
tallinity of MgAI(O) mixed oxide, different relative
amount of well dispersed Mg(O) species and more
bulky Mg(O) species exist. The first species, proba-
bly present as surface-like Mg-carbonate, results more
active at lower reaction temperatures activity, but less
table at higher temperatures, while the second species,
probably MgO-type nanoparticles, is less active at
lower temperatures, but forms more thermodynami-
cally stable species. The optimal behaviour in terms of
wider temperature range requires thus the coexistence
of the two type of species.

3.3. Resistance to deactivation
by hydrothermal treatment

The resistance to deactivation by hydrothermal
treatment at high temperature (80D, 24 h, feed
of air saturated at RT with $D) is an important
aspect to analyse, because catalyst temperatures of
about 600-700C may be reached during full load-
ing operations of engines. The results of these tests
are summarised in Fig. 3 which reports the mean
NO, conversion at 300, 400 and 500 (averaged
over 10 cycles) for 1Pt/HT-C, 1Pt-4Cu/HT-C and
1Pt-15Ba/A$O3 calcined at 650C before and after
the hydrothermal treatment.

The following observations can be made:

1. The hydrothermal treatment causes a relevant de-
activation in all the samples and the maximum



G. Centi et al./Catalysis Today 73 (2002) 287-296

1 100°C
300°C
A1NHI1IHI0nm S 800°C

(a)

HT source (in 1Pt-4Cu/HT samples)

20 40 60 80 100
Mean (over 10 cycles) NOx conversion. %

o

120

Fig. 2. (a) Role of the HT source on the performance of 1Pt—-4Cu/HT samples at three different reaction temperatures. X-ray diffraction
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patterns of HT-C (b) and HT-A (c) calcined at 630: (¥) MgAI(O) mixed oxide; @) residual diffraction lines of the starting HT

compound.

in NO, conversion shifts from about 300 to
400°C. In the reference Toyota-type catalyst
(1Pt—-15Ba/A$0O3) the maximum mean NOcon-
version decreases from about 95% (300) to 64%
(400°C).

. In 1PYHT-C, even more severe deactivation is
observed, with a decrease in the maximum mean
NO, conversion from 94% (300C) to 31%
(400°C).

. When Cu and Pt are both present (1Pt—4Cu/HT-C)
deactivation after hydrothermal treatment is also

observed, but less severe than in the other sam-

(1Pt—15Ba/A$03). At 300°C the mean N@ con-
version is also higher (54% for 1Pt—-4Cu/HT-C and
34% for 1Pt—15Ba/Al03), although at 500C the
mean conversion is lower due to the lower ther-
modynamic stability of NQ on Mg species than
on Ba species.

The hydrothermal treatment causes a lowering of
the surface area in all samples (Table 1), which,
however, is more severe in the HT samples than in
1Pt-15Ba/A$O3. No relevant differences in terms of
lowering of the surface area can instead be noted be-

ples and especially much less severe than in the tween 1Pt/HT-C and 1Pt—4Cu/HT-C. However, XRD

same samples without copper (1Pt/HT-C). The
maximum mean NQ conversion decreases from
about 95% (300C) to 77% (400C), thus about

15% higher than that observed at the same tem-

perature in the reference Toyota-type catalyst

characterisation of these samples before and after hy-
drothermal treatment (Fig. 4) shows the appearance in
1PYHT-C, after hydrothermal treatment, of diffraction
lines attributed to crystalline Pt and Mg-aluminate
spinel phases. These lines are absent when Cu is
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Fig. 3. Comparison of the mean NQonversion (over 10 cycles) at different reaction temperatures for 1Pt/HT-C, 1Pt-4Cu/HT-C and
1Pt-15Ba/A$05 calcined at 650C before and after hydrothermal treatment.

present (1Pt—4Cu/HT-C) nor could diffraction lines of a Cu-containing spinel-like surface phase after
indicating the presence of copper be detected, notwith- calcination. This may explain why Cu is not detected
standing the severe hydrothermal treatment which even after severe hydrothermal treatment and may
causes rapid sintering of copper in copper-on-alumina induce a relevant improvement in the hydrothermal
samples, for example, when Cu is not stabilised in stability of MgAI(O) mixed oxide, avoiding the for-
the form of a surface Cu-aluminate phase [16]. The mation of crystalline MgAJO4 spinel. Furthermore,
addition of Cu to HT is made by impregnation in we noted previously that Cu may form Pt—Cu alloys
an acid medium and therefore a possible dissolu- upon reduction in Pt—Cu/HT samples [11,12] and this
tion/reprecipitation of HT may occur, with formation effect can be responsible for maintaining the Pt more
dispersed, thus avoiding severe sintering as noted in
1Pt/HT-C (appearance of crystalline Pt).
Table 1 In 1Pt-15Ba/A}O3 no relevant differences are
Surface area of 1Pt-15Bafd;, 1PYHT-C and 1Pt-4Cu/HT-C  observed in the XRD patterns before and after hy-
calcined at GSQC, after hydrothermal treatment and consecutive drothermal treatment, apart from the disappearance
NO.SR catalytic tests of reflections due to Ba-carbonate and the parallel

Catalysts Surface area trg) appearance of those of BaO.
Fresh After After ) o
hydrothermal  consecutive 3.4. Resistance to deactivation by SO,
treatment catalytic tests
1Pt-15Ba/AjO3 110 94 93 The resistance to deactivation by @ another
LPUHT-C 163 105 106 relevant aspect to consider in developing novel
1Pt-4Cu/HT-C 184 109 119

NO, SR catalysts. This aspect was evaluated using
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Fig. 4. X-ray diffraction patterns of 1Pt/HT-C and 1Pt-4Cu/HT-C calcined at’65(A) and after hydrothermal treatment (B).

two accelerated procedures for testing deactivation by treatment. Being also in situ regenerability after,SO
SO, as described in detail in the experimental part. treatment a relevant parameter to analyse, this aspect
In the first procedure, the catalyst is treated at 300  is evaluated by making a series of N&R cycles at
with a flow of SQ in air and the catalyst NOstorage higher temperature (50€) and then again testing
activity is evaluated at 30CC before and after this the NQ, storage activity at 300C. The results are
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Table 2
Mean (over 10 cycles) NOconversion at 300C on fresh catalysts (calcined at 68D), after sulphation and after consecutive in situ
regeneration
Catalysts Mean (over 10 cycles) N@onversion at 300C (%)
Fresh After sulphatich After consecutive in
situ regeneratidh
1Pt-15Ba/A}O3 97 66 97
4Cu/HT-C 42 30 42
1Pt/HT-C 85 82 85
1Pt-4Cu/HT-C 97 89 97
1Pt—-4Cu/HT-A 89 79 89

aAt 300°C for 1h; feed 50 ppm SPin air.
b In situ regeneration; sequence of NGtorage-reduction cycles up to a reaction temperature of 600

summarised in Table 2. The following observations 2. Deactivation in 1Pt—15Ba/ADs3 in these testing

can be made:

1. The treatment with Sgair at 300°C causes, in
all cases, lowering of the activity which can be re-
stored completely, however, by in situ regeneration
at 500°C during a sequence of NGR cycles. This
suggests that in these conditions surface sulphate
species may form, but probably deep sulphation
does not occur.

100

conditions is quite severe (around 30% loss of
activity), while all the HT-based samples, apart
from Cu/HT-C, show much less severe deacti-
vation (10% or less decrease in activity). Since
the rate of SQ to SG; oxidation should follow
the same trend of NO to NQoxidation, it can
be expected that the rate of 5@ SO; oxidation
in 1Pt/HT-C and 1Pt-4Cu/HT-C will be equal or
higher than that in 1Pt-15Ba/AD3, being their

©
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Fig. 5. Mean NQ conversion (over one cycle) at 300 as a function of time-on-stream in NSR tests in the presence of 20 ppm ;SO

in the feed.
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rate of NQ. storage below 300C (where NQ
storage is controlled by the kinetics of NO oxi-
dation) higher in the HT-based samples than in
1Pt-15Ba/AOs. Therefore, the lower sensitivity
to deactivation of the HT-based samples with re-
spect to the Toyota-type catalyst (1Pt—15Baf2d)
may be tentatively ascribed to a lower rate of
capture of S@ and/or lower stability of surface
sulphate species more than to a lower rate of SO
oxidation. This aspect, however, requires more
study.

The second procedure adopted to accelerate SO
deactivation is instead based on adding,S0 the
feed during NQSR tests, although in a concentration
around one order of magnitude higher than the typ-
ical value present in gasoline engine emissions. The
results of these tests for 1P/HT-C, 1Pt—4Cu/HT-C
and 1Pt-15Ba/Al03 catalysts calcined at 65C
are reported in Fig. 5. Fast deactivation of 1Pt/HT-C
is noted, differently from the results using the first
procedure. Although further studies are required to
clarify this question, a possible tentative explanation
is the fact that in these tests N@ormed by oxidation
of NO and not rapidly converted to nitrate, acts as an
oxidant for SQ (more active than ¢) thus favour-
ing the rate of deactivation. In 1Pt—-4Cu/HT-C and
1Pt-15Ba/A$O3 instead the rate of NOto nitrate
conversion is faster than the rate of SOxidation
by NO,, thus limiting this possible mechanism of
deactivation.

The presence of Cu in the HT-based catalysts
induces a relevant improvement in the resistance to
deactivation in the presence of g the feed and
the resistance to deactivation of this sample is higher
than that of the Toyota-type reference catalyst.

4. Conclusions
The analysis of the NCBR behaviour of catalysts

derived from HT indicates that these materials are
interesting novel catalysts for the removal of NO
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lower at temperatures above 40D. The shift to
lower temperatures of the activity curve may be
especially important for emissions from light-duty
diesel engines which are characterised, for a large
part of the testing cycle, by temperatures lower than
200°C.

The resistance of deactivation under hydrothermal
conditions as well as the resistance to deactivation by
SO, could be significantly promoted in HT-based cat-
alysts by adding Cu which has the probable role of in-
ducing a surface modification creating a Cu-containing
surface mixed oxide which stabilises the catalyst
against the formation of a MgAD, spinel phase
as well as Pt dispersion by direct copper—platinum
interaction which may lead, upon reduction, to the
formation of Pt—Cu alloys evidenced by FT-IR char-
acterisation [11,12]. Although the explanation of this
stabilisation effect of Cu merits further study, the
catalytic effect is clear. The overall performance of
the 1Pt—4Cu/HT-C catalyst is higher than that of the
reference Toyota-type catalyst (1Pt—15Baf@d) in
terms of low temperature activity, resistance to deac-
tivation by hydrothermal treatment and performance
stability in the presence of SUOn the feed or after
sulphation.

Conclusive evidence on the catalytic behaviour of
NO, SR catalysts requires tests on real engines and
using catalysts in the form of monoliths. As shown in
this work, different catalyst rankings may be observed
when the effect of S@is evaluated in the presence
or absence of other gas phase components. Similarly,
different catalyst rankings may be found in laboratory
experiments and those using engine test rigs. Never-
theless, catalysts based on noble metals on MgAI(O)
mixed oxides derived from HT and modified by the
addition of copper may be considered as novel and
promising materials for a new generation of N&R
catalysts.
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