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Abstract—A series of Pt/Mg-Al-O catalysts with different Mg/Al atomic ratios were prepared. Thestdage
capacities of these catalysts were measured by isothermal storagéCatlBa@s found that the NQtorage capacity
increased with increasing Mg/Al atomic ratios. The catalytic behaviors of Pt/Mg-Al-O and Pt/MgO were studied with
storage-reduction cycles at 40 Under oxidizing conditions, N@oncentration in the outlet gas gradually increased
with time, which indicated the catalysts could store, Mffectively. After a switch from oxidizing conditions to
reducing conditions, NQlesorption peak emerged immediately due to the incomplete reduction of stQrechid®
lowered the total NQconversion. With increasing Mg/Al atomic ratio in the catalysts, d@version increases. Pt/

MgO has the highest N@onversion because of its best activity in the reduction gfty@,H,. It seems that with
an increasing amount of MgO in the catalysts, the self-poisoning of Pt-sites by adsorbed species during the reaction
of NO, with C;Hs may be inhibited effectively.
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INTRODUCTION al., 2000].
Mg is also an alkaline-earth element. Compared with Ba, Mg

Lean-burn technologies for gasoline and diesel engines are attrahas a lower basicity. From the thermodynamic point of view, using
tive due to their improved fuel efficiency and low emission of CO MgO as the storage component in the catalysts can obtain a better
However, how to reduce the N@mission effectively in a large regeneration ability and a resistance to poisoning byRE0ently,
excess of ¢has currently become a challenging research topic. UndeFornasari et al. have reported that a catalyst derived from Mg-Al
the net-oxidizing condition, the traditional three-way catalysts will hydrotalcite (M§': Al**=2: 1) showed interesting characteristics
lose nearly all of their NCzonversion abilities, so DeNCatalysts ~ as novel NSR catalyst, with improved low-temperature activity and
capable of operation in the presence of oxygen are of particular ira. better resistance to deactivation by, F@rnasari et al., 2002;
terest. Besides the well-established selective catalytic reduction (SCR)enti et al., 2002].
[Burch et al., 2002; Praserthdam et al., 2003], a new solution to this The purpose of this study is to examine the effect of Mg/Al atom-
problem, the NQstorage-reduction (NSR) catalyst, was first pre- ic ratios on the performance of PYMg-Al-O catalysts. A series of
sented by Toyota in 1995 [Takahashi et al., 1996]. The NSR catPt/Mg-Al-O catalysts with different atomic ratios of Mg/Al were
alysts present interesting features and have proven to be a very proprepared and characterized by XRDBRT-surface area and TPD,
ising approach to reduce the MNmission [Lietti et al., 2001]. Ac-  and their catalytic activities were evaluated by, iGthermal stor-
cording to this strategy, N@ stored in the catalyst during the nor- age as well as dynamic storage-reduction experiments.
mal lean operation stage of the engine, while regeneration of the
catalyst is carried out by short pulses of engine operation in the rich EXPERIMENTAL
mode, and during these short periods, the $i@ed is released
and reduced over noble metal surfaces [Takahashi et al., 1996]. 1. Preparation of Catalytic Materials

At present, NSR catalysts based on Pt and Ba have been studiedMg-Al hydrotalcites were prepared by co-precipitation a3+
most extensively. Various oxides such as BaO [Fridell et al., 1999and 60C under vigorous stirring. A solution ([FE[Al *]=1.25 M)
Schmitz and Baird, 2002; Mahzoul et al., 1999], BaAHodjati containing Mg(NQ),-6H0 and AI(NQ),-9HO in a certain atomic
et al., 1998] and BaSp{MHodjati et al., 2000] were used as the stor- ratio and a mixed solution of NaOH and,8@, ([OH)/[CO35 =
age components. During the lean stage, NO was oxidized,to NQ16) were added dropwise simultaneously to a three-necked round-
on platinum site and stored in the storage component, while in thbottom flask containing 200 ml of distilled water. The resulting pre-
rich stage, the stored NO was released and reduced on platinuaipitate was aged in the mother liquor atGGor 10 h, and then
group metals to NThere is, however, a problem which should be filtered and washed with distilled water for six times. After wash-
addressed, namely, this kind of catalysts is sensitive 10TH© ing, the precipitate was collected by centrifugation and dried over-
presence of S(n the exhaust can make the catalyst lose its activitynight at 110C. The dried samples were calcined for 5 h af600
due to the formation of BaSQwhich cannot be decomposed in to make them decompose into the Mg-Al-O mixed oxide. In this
the exhaust temperatures on the catalyst surfaces [Matsumoto gaper, the Mg-Al-O mixed oxide with different atomic ratios is des-
ignated as Mg-Al, where x indicates the value of atomic ratio of
To whom correspondence should be addressed. Mg/Al. The results of X-fluorescence analysis showed that no so-
E-mail: gwchen@dicp.ac.cn dium oxide existed. Pure MgO was prepared by using the same meth-
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od, and purg+Al, O, was obtained from the Shandong Aluminum ppm GH,, 550 ppm NO, Nbalance) at 40, namely, there are
Corporation of China, with a surface area of about 2§ For 12 cycles in one hour. After 5-7 cycles, a steady state of the cat-
convenience, in the figures and tables of this paper, the value x falyst was established. The total NfOnversion was calculated by
AlL,O, and MgO is designated as 0 andThe calcined samples using the following equations:

were crushed and granules with a size range of 0.15 to 0.25 mm NO, total conversion

were collected to prepare the catalysts_. _Pt/Mg-V-WMgO_ and Pt/ _ [NOJ, (L, —t,) - J‘IE[NOX]Omdt
Al O; catalysts were prepared by incipient wetness impregnation Xyo, = [NOJ.x(t ]—t)

of the corresponding supports with a PtMIDH), aqueous solu- AT A
tion, and the Pt content was 1 wt%. The calcination temperature afthere [NQ],, and[NO],,, are the inlet and outlet N©oncentra-

@

the catalysts was 500. tions; { and § are the time at the beginning and the ending time of
2. Catalyst Characterization each cycle, respectively.

Surface areas of the samples were measuregdmshiption at
liquid nitrogen temperature (77 K) by using the BET method. The RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of the hydrotalcites and the mixed
oxide formed by their thermal decomposition were obtained with &l. Catalyst Characterization

Rigaku D/IMAX-)B diffractometer using Culradiation. The pat- The XRD patterns of the calcined samples are presented in Fig. 1.
terns were recorded ovefl @ngles ranging fronf %o 70. From the patterns of the calcined samples, it can be seen that pure
3. Catalyst Tests MgO has sharp and symmetric peaks, while Mg-Mg-Al_, and

All catalyst tests were performed in a vertical flow fixed-bed quartzMg-Al _, have weak and broad peaks, resembling a metal oxide solid
reactor. The gas flow rate was set btin™* (STP). N was used  solution (MOSS) of the constituent oxides [Alcaraz et al., 1998].
as the carrier gas. The mass of the catalyst was 0.75 g and the gd® diffraction peaks of Mg-Als and Mg-Al,;; are very weak,
hourly space velocity was about 55,000 Tihe total NQconcen- implying very poor crystallinity of these samples.
tration in the outflow of the reactor was analyzed with a chemilu- The surface areas of Mg-Al-O supports with different atomic ratios
minescence NO-NG@nalyzer (Model 44, manufactured by Thermo are shown comparatively in Table 1. Compared with pure MgO,
Electron Corporation). Another analyzer specially designed for authe Mg-Al mixed oxides have higher surface areas and for Mg-Al
tomobile gas analysis (Model FGA4015, manufactured by the Fusthe influence of Mg/Al atomic ratio (X) is not significant.
han Xinyu Instrument Co., China) was used to analyze the concer2. Catalyst Tests
trations of @, CH; and NO on-line. 2-1. NQ, Isothermal Storage

The amount of NQstored in all catalysts at saturation was tested The isothermal storage of N@as performed at 35C. The
at 350°C. Before each test, the catalyst was pretréatgtliin the outlet concentrations of N@vere plotted versus time in Fig. 2. It
reactor by the following procedure: the catalysts were reduced itis shown that at the beginning of the storage process, there is a pe-
8% H, at 400°C for 1 h, and then stabilized in 8% 10r 1 h. After riod during which NQis adsorbed over the catalysts completely.
the pretreatment, the temperature of the catalyst bed was lowerdthis period with zero NQOconcentration is defined as the break-
from 400°C to 35C°C, and the reaction feed (8% 660 ppm NO,

N, balance) was introduced into the reactor. The amount of NO
stored at saturation {Ain the catalyst was calculated by using the Liy=e0, 2x=3, 3w=2, 4:x=1,5:x=0.5, 6:x=0.33
following Eq. (1):

_([NOJinx(t, =t,) =[; [NOJ,,dt) xv
° 22.4x my

@

Intensity

where [NQ],,, [NO]... are the inlet and outlet N©oncentration;
t, and £ are the time at the beginning and the ending of storage prc A :MgO n
A

cess,; v is the gas flow rate ang,ia the mass of the catalyst.
NO-TPD experiments were carried out in the same reactor, an !

the analyses of the gases NO,,N@d NO at the reactor outlet 0 20 40 60

were performed by FT-IR spectroscopy (Nicolet Nexus 470, with

OMNIC QuantPad software). The catalysts were pretreated in th

same method as mentioned above. After the pretreatment, the safrig- 1. XRD patterns of Mg-AL, support with different Mg/Al

ples were cooled down to 38D, and then exposed to the feed gas atomic ratio.

(8% Q, 550 ppm NO, Bbalance) until saturation. After being sat-

urated with NQ the catalysts were cooled down td@&n nitro- Table 1. BET results of Mg-AL, support with different Mg/Al atom-

gen, and followed by desorptions. All TPD experiments were per- ic ratio
formed under pure Nwith a flow rate of 2-min* and a heating Mg/Al atomic ratio (x)
He
rate of 20C-min™. 0* 033 05 1 2 3 o0

The dynamic storage-reduction experiments were performed by —
using a series of periodic operations from lean conditions (190 s: Ser(M*-g") 121 249 238 228 237 222 131
8% Q, 550 ppm NO, M balance) to rich conditions (110s: 800 *: a kind of commercial AD,.
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Fig. 2. Outlet NQ, concentrations profile during the storage pro-
cess over the catalysts at 353G (550 ppm NO, 8%Q, N,
balance).

Table 2. Amount of NQ, stored at saturation over catalysts with dif-
ferent Mg/Al atomic ratios at 350°C

Mg/Al atomic ratio (x)
0 033 05 1 2 3
61 244 305 401 469 505 474

A; (umol-g*)
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Pt/ALO;, PtYMg-AL, and Pt/MgO were selected to carry out the
TPD experiments. The TPD results are summarized in Table 3. The
stored NQ s released in the form of NO and Nahd only one
peak for NO, N@and NQ is observed. The amount of desorbed
NO, NO, and NQwas also calculated. As listed in Table 3, the NO
desorption peaks for Pt/A),, Pt/Mg-AL, and Pt/MgO are located
at 428C, 451°C and 506C, respectively. The N@esorption peak
at this temperature range can be assigned to the decomposition of
nitrates on the catalyst [Sedimair et al., 2003]. So it can be con-
cluded that the presence of Al lowered the stability of nitrates on
the catalyst surfaces.

2-3. Dynamic NQStorage-reduction

Fig. 3 shows the NQOconcentration profiles over each sample
during the cyclic reaction. The reaction temperature was set’@, 400
and when the conditions were switched from lean to rich, there was
a fluctuation in temperature of abotC7 Total NQ conversion is
shown in Table 4.

As shown in Fig. 3, for PUAD, and Pt/Mg-Al,, there are three
NO, breakthrough peaks in a storage-reduction cycle. The highest
peak is located at the beginning of the reduction stage after switch-
ing from lean conditions to rich conditions. The second highest peak
is at 230-240 s of each cycle, and the third one is at the beginning
of the storage stage after switching from rich conditions to lean con-
ditions. The breakthrough peak at the switching point from lean to
rich was observed and discussed by Fridell et al. [1999], Bogner et

through time of the NSR catalysts. When the catalysts were satial. [1995], and Huang et al. [2001]. Huang edthibuted this break-
rated at 350C, a significant fraction of the total amount of injected through peak to two reasons. One was that the rate of storage of

NO was converted to NOThe concentration of NQvas calcu-
lated by the difference of the concentration of, BiG NO. For Pt/
Mg-Al, and Pt/MgO, the fraction of N@ the total NQvaried in
the range of 0.6 to 0.68. The MWD, ratio over PY/AID; was low,
being about 0.39. Pt/Mg-Aland PtMgO, compared with PYaL,

NO, decreased when oxygen was cut off;, the other was that in the
first few seconds of the rich phase, a certain amount of oxygen was
remaining on the noble metal sites, which impeded the reduction
of NQ, by noble metals. Bogner et al. considered that reduction of
the noble metal sites was relatively slow, as compared with the de-

could catalyze the oxidation reaction of NO more effectively. Thecomposition of the nitrates. Fridell et al. believed that this peak was
amount of NQstored in every catalyst to saturation is listed in Table caused by a rapid reduction of the noble metal sites and the ad-

2. As shown in Table 2, the amount of Nsbred in P/AD; is

sorption properties of N®@n the noble metal surface changed rad-

very low, implying that MgO is the main storage component in theically. In our study, compared with the Néncentration, £, was

catalyst. For Pt/Mg-A|, with increasing Mg/Al atomic ratio in the
catalysts, an increased amount of,d@red in the catalyst was

in large excess, but during the period from the switching point to
the emergence point of the second, [§€ak, the ¢H; concentra-

observed. The surface areas of the catalysts could also influendien was always zero. So in our opinion, at the initial period of the
the NQ storage capacity, but in this study, this effect was less sigreduction stage, the rate of storage of N€reased andid; was

nificant than that of the Mg/Al atomic ratio. The amount of NO also consumed by the oxygen adsorbed on the catalyst surfaces at
stored in the Pt/Mg-A| is slightly higher than that in PtMgO but the storage stage. This caused the rate of reduction ofoNi@

the breakthrough time of Pt/Mg-Als less than PtMgO. The break-

less than the rate of decomposition of the nitrates formed at the stor-

through time, a more important parameter for NSR catalyst, is alage stage, and resulted in the largest breakthrough peak. It seemed
ways prolonged with the increasing of the Mg/Al atomic ratio at that the amount of oxygen adsorbed on the catalyst surface was an
350°C. Increasing the Mg/Al atomic ratio is more preferable to theimportant factor affecting the reduction of N@ CH;. At the ini-

NQ, storage.
2-2. TPD Measurement

tial period of the reduction stage, oxygen inhibited the reduction of
NQO,, but when the amount of oxygen adsorbed on the catalyst sur-

Table 3. Summary of the TPD results over PYAD,, Pt/Mg-Al_, and Pt/MgO, after storage up to saturation at 356C

Desorption peaks for

NO NO,

NO,
PY/AILO, 391°C, 21umol-g*
PYMg-Al_, 410°C, 111pmol-g*
Pt/MgO 448C, 122umol-g*

431°C, 44pmol-g*
463°C, 294pumol-g*
512°C, 356umol-g*

428°C, 65umol-g*
451°C, 405umol-g*
506°C, 478umol-g*
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Fig. 3. NQ, concentration profile over catalysts in the storage-reduction cycle at 400 (storage stage: 190 s, 8% £550 ppm NO, N
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Table 4. NQ, total conversion over catalysts with different Mg/Al
atomic ratios in Dynamic NQ, storage-reduction at 400
°C

Mg/Al atomic ratio (x)
0 033 05 1 2 3
Xow (%) 36.1 528 542 656 781 809 94.3

promote the reduction of N®y GH;. It can be seen that NEbn-

again in 230-240 s of each cycle, which led to the secongp@R.
May, 2004

This NQ peak was always accompanied by a rapid increase of the
C,H; concentration. It is possible that the oxygen adsorbed on the
catalyst surface at the storage stage was used up and the reduction
of NO, proceeded in the absence of oxygen at this time. The NO
breakthrough peak at the beginning of the storage stage was not
pronounced for PtMg-Al, PMg-Al; and P/MgO. This result is
similar to that obtained by Salasc et al. [Salasc et al., 2002], who
found that this peak was most significant for @4l but weak

face was consumed to a certain extent, the presence of oxygen coaldd just as an indication for Pt/BaQ@J| They suggested that this
peak originates from the desorption of the NO adsorbed on Pt dur-
centration always dropped first to a certain value, then increaseitig the rich phase. As for the samples that contained storage com-
ponents, this peak was weakened by the storage of NO when O
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was introduced into the catalyst surface. out :outlet
Pt/MgO vyielded the best N@onversion at 40C. We attrib- X :Mg/Al atomic ratio of the catalyst
uted this result to two reasons. First, from the TPD experimental
results, the rate of decomposition of the nitrates formed on the Pt/ REFERENCES
MgO surface was lower than that over Pt/Mg-ahd Pt/AJO..
Second, the rate of N@eduction by ¢H; on the Pt/MgO surface  Burch, R., Breen, J. P. and Meunier, F. C., “A Review of the Selective
was the fastest of all catalysts in this study. For the PYMgO, in the Reduction of NQwith Hydrocarbons Under Lean-Burn Conditions

runs with prolonged reduction time, the final N€dncentration with Non-Zeolitic Oxide and Platinum Group Metal Catalysispl.

was 55 ppm, while For Pt/Mg-Aland Pt/Mg-Al;, the NQ con- Catal. B 39, 283 (2002).

centration was stabilized at 120 ppm and 140 ppm, respectivelyBogner, W., Krdmer, M., Krutzsch, B., Pischinger, S., Voigtlander, D.,
and for PYAJO, and PtMg-Al, (x<1), the reduction of NQwas Wenninger, G., Wirbeleit, F., Brogan, M. S., Brisley, R. J. and Web-

more incomplete. It was believed that in the absence of oxygen, ster, D. E., “Removal of Nitrogen Oxides from the Exhaust of a Lean-
the reduction of NCby GH, was a self-poisoning reaction because  tune Gasoline Engine8ppl. Catal. B7, 153 (1995).

the noble metal sites were occupied by NO or by propylene or pro€enti, G., Fornasari, G., Gobbi, C., Livi, M., Trifird, F. and Vaccari, A.,
pylene derived species [Salasc et al., 2002]. Therefore, it can be “NO, Storage-Reduction Catalysts Based on Hydrotalcite Effect of
concluded that MgO can inhibit the self-poisoning of the reaction.  Cu in Promoting Resistance to Deactivati@afal. Today73, 287

Similar results have been obtained by Salasc §bahsc et al., (2002).
2002]. They pointed out that in Pt/BaO@J, barium oxide could  Fornasari, G., Trifird, F., Vaccari, A., Prinetto, F., Ghiotti, G. and Cent,
prevent self-poisoning in the reduction of NThe reason given G., “Novel Low Temperature NGtorage-Reduction Catalysts for

by them was that NQoriginating from the decomposition of bar- Diesel Light-duty Engine Emissions Based on Hydrotalcite Com-
ium nitrate and hydrocarbons that adsorbed on BaO could migrate pounds;Catal. Today75, 287 (2002).
to the noble metal sitega spill-over, and these migrating species Fridell, E., Skoglundh, M., Westerberg, B., Johansson, S. and Smedler,

may then react with adsorbed species on the noble metal sites. G., “NQ, Storage in Barium-Containing Catalysis,Catal, 183
196 (1999).
CONCLUSIONS Hodjati, S., Bernhardt, P., Petit, C., Pitchon, V. and Kiennemann, A.,

“Removal of NQPart : Sorption/Desorption Process on Barium Alu-
In this paper a series of Pt/Mg-Al-O and Pt/MgO catalysts for minate;Appl. Catal. B209, 19 (1998).
the removal of NQwere prepared. The performance of these cat-Hodjati, S., Petit, C., Bernhardt, P., Pitchon, V. and Kiennemann, A.,
alysts was evaluated and summarized as follows: “Absorption/Desorption of NOProcess on Perovskites Nature and
At 350°C, the stored amount of N@t saturation and break- Stability of the Species formed on BaSh@ppl. Catal. B27, 117
through time increase with the increase of the Mg/Al atomic ratio in  (2000).
the catalyst. NCis stored in the form of nitrates, and nitrates formed Hodjati, S., Vaezzadeh, K., Petit, C., Pitchon, V. and Kiennemann, A,
over Pt/MgO are more stable than that over PtMg-Al-O. During  “Absorption/Desorption of NOProcess on Perovskites: Perfor-
the dynamic storage-reduction experiments, threghiakthrough mances to Remove N®om a Lean Exhaust Ga&ppl. Catal. B
peaks could be observed, which lowered bibversion. Oxygen 26, 5, (2000).
adsorbed over the catalyst surface can influence the reduction ¢fuang, H. Y., Long, R. Q. and Yang, R. T., “A Highly Sulfur Resistant
NO, by GH.. With increasing Mg/Al atomic ratio in the catalysts, Pt-Rh/TIO/AlLO, Storage Catalyst for N®Reduction under Lean-

NOQ, conversion increases. Pt/MgO has the highest totabdi® Rich Cycles;Appl. Catal. B33, 127 (2001).
version due to its high activity in the reduction of XN CH.. MgO Joseph, J., Alcaraz, J., Arena, B. J., Gillespie, R. D. and Holmgren, J. S.,
could inhibit self-poisoning of the reaction of Ndd GH;. “Solid Base Catalysts for Mercaptan Oxidati@#tal. Today43
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