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CoMgs-«/Al hydrotalcite-like compounds (where= 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0) were synthesized by

the coprecipitation method and characterized by the XRD and TGA techniques. Incorporation ofxGe for
0.0—3.0 gradually decreased the transformation temperature of the hydrotalcites to the corresponding oxides
from 444 to 246°C and also decreased the surface area from 162.7 to Zig6upon calcination at 800C

for 4 h in air. The resultant oxide was generally composed of a poor MgO phase and a spinel phase, with
more spinel phase at higher Co incorporation. The derived oxides were tested as the storage/reduction catalysts
for NOy adsorption/desorption. The storage capacity foi W@s highly dependent on the catalyst composition

and storage temperature. In general, more, N@s stored at lower temperature (1T0) than that at higher
temperature (300C), and tertiary catalysts<(= 0.5—2.5) stored more NOthan binary catalystx (= 0.0 or

3.0). The catalytic conversion of NO to N@nd the catalytic decomposition of N@ere observed on the
tertiary catalysts during NQOadsorption at 300C, which was highly related to the loading of cobalt. The
reducibility of catalysts was determined by TPR experiments, and the reduction of cobalt cations started at
150-200°C in H,. In situ IR spectra of catalysts adsorbing N®vealed that the major N@pecies formed

on the catalysts were various kinds of nitrites and nitrates, together with some forms of dimers, such as
N.O,>~ and NO4 (or NO*NOs™). The storage/reduction mechanism and the function of Co in the mixed
oxides are proposed and discussed on the basis of these observations.

Introduction the catalyst. When the engine is switched to conditions with a
) ) ) ) stoichiometric air-to-fuel ratio, i.e., rich-burn conditions, NO
Various nitrogen oxides (N, generally produced in the  gpecies are released and subsequently reduced by hydrocarbons
combustion of fossil fuels, are the major pollutants in air that gnq carbon monoxid®® A model NQ, storage/reduction
cause some environmental problems, such as photochemicatatalyst comprises three major components: a high-surface-area
smog and acid rain, as well as some human dlseas.es,. such aSupport material (e.g.y-Al,0s), a NO, storage component
asthmat. Thus, there is a growing need to reduce emissions of containing alkali or alkaline earth metals (e.g., Ca, Sr, Ba, K,
NOX_ f_rom autor_nob|le combus_tlon, mainly via catalytic decom- Na), and a noble metal (e.g., Pt, Rh, or Pd) as the catalytic
position to environmentally friendly Nand Q. Il_n fact, Pt-Rh- redox componerfz12 These storage/reduction catalysts are
based three-way catalysts (TWCs) can effectively convert NO efficient at removing NQunder lean-rich cycles in the absence
to N, under conditions of a stoichiometric air-to-fuel rati®. of SO,. Nevertheless, a problem is that S@enerated in trace
However, the general requirement of more fuel-efficient gasoline amounts in the exhaust dramatically deactivates the storage/
engines due to limited fossil fuel resources on the earth drives ygqyction catalyst which, together with the high expense of
car manufacturers to develop lean-burn engines that combustyople metals, demands the development of inexpensive apd SO
fuel more efficiently under excess oxygéthe presence of  tolerant storage/reduction catalysts with similar or better storage/
excess oxygen in the exhaust severely reduces the activity ofreqyction performances.
three-way catalysts for N@lecompositiort. Therefore, catalysts In sharp contrast to the abundant research on the improvement
that can effectively reduce the N@mount in the presence of  5f the model storage/reduction catalystBa/Al,0s,219 such
excess oxygen have now been widely sought, among which NO 35 introducing other components, including Fe, Ce, Cu, and Ni,
storage/reduction (NSR) catalytic treatment seems a morethe search for other alternative catalysts seems to draw less
promising approach to NOremoval in excess oxygéerf. attentionlo.12.17.18,2026 perovskite®20-23 and zeolite¥ are the
NOy storage/reduction technology is used in engines that primary candidates that show potential as alternative NSR
alternately operate under lean-burn and rich-burn condifiéns. catalysts. Recently, a type of well-mixed and well-dispersed
Under lean-burn conditions, NO is oxidized and is stored on oxides derived from hydrotalcite-like compounds has received
considerable attention in the search for alternative NSR cata-
* Corresponding authors. Tel.+86-10-62849194 (Z.P.H.), 61-7-  lysts1217:18:25.26
33469973 (Z.P.X.). Fax:+86-10-62923564 (Z.P.H.), 61-7-33656074 Hydrotalcite-like compounds (HTIcs), also known as anionic
(cﬁg'f;(é)h 'Z‘dmuaét (Zzg”;(g)hao@ma”-rcees-ac-cn (2P.H), zhipingx@ c|ays or layered double hydroxides (LDHs), are multifunctional
T%hi'neqs'e Academy of Sciences. materials that are widely used as adsorbents, ion exchangers,
*The University of Queensland. base catalysts, and precursors of well-mixed oxides for various
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catalytic applicationd”28 HTIcs are a large family of mixed  In a typical measurement, 2B0 mg of HT sample was heated
hydroxides and can be chemically expressed by the generalin an Al,O3 crucible at a constant heating rate of 4A0/min
formula [M''1_,M" ,(OH)]* (A" )yn-mH20, where M repre- from 25 to 1000°C, with air purging at a flow rate of 30 mL/
sents any divalent metal cation,"Many trivalent metal cation, min.

and A" an anion (inorganic or organi€}*®HTlcs can contain The textural properties of calcined HTSGQoMAO) were
metal cations of more than two types, which leaves vast gnalyzed by M adsorption/desorption at liquid nitrogen tem-
erX|b|!|ty for the better selection of various cations in thgse perature (77 K), using a Quantachrome NOVA-1200 gas
materials for NSR catalyst development. For example, in @ gpsorption analyzer. The specific surface area was calculated
mixed oxide derived from an MMgAI HT compound, AtO; with the BET equation, and the pore volume and pore size

acts as the support; MgO acts as a,Nbrage component;  gistribution were obtained with the BJH method from the
and M (M" and/or M") can act as the active component for adsorption isotherm.

promoting storage of NE conversion of NQto N, and Q, .
and reduction of NQwith carbon monoxide and hydrocarbons. alfigg&fgig{;@g;m;ﬁd ;edcu()cr?\?gn(tgg VYraF?é’egsggﬁilﬁr
In f -containin Icined MgAIl HTlcs hav n foun ; . o

act, Cu-containing calcined Mg cs have been found equipped with a thermal conductivity detector (TCD). In general,

to be active and selective catalysts of N®movall’-182°0ur ) . i
recent studie8-31show that these HTlc-derived catalysts perform the sample (50 mg) was inserted in a quartz tube and sandwiched
between two quartz wool plugs. Prior to each TPR run, the oxide

ell for NOy storage/reduction, especially at low temperatures. . ; )
w X g uet pecia 'y W pera’u catalyst was heated to 50C with O, flushing (40 mL/min)

Taking into account the fact that cobalt species are activef . d th led der th
components for NQ removal and decompositich3® we or 30 min and then cooled to room temperature under the

prepared a series of Edg/Al mixed oxide catalysts from the ~ OXY9en stream. After the flowing gas had been switched, N

corresponding HTIc precursors upon calcination. These mixed Was introduced into the reactor at 50 mL/mirr foh atroom

oxide catalysts were tested as storage/reduction catalysts of€Mperature to purge away any residual oxygen. This pretreated

mixed NO and NG gases at 100 and 30TC. The storage o>$|de catalyst was then hea_lted to QGEDat a ramp of 10C/

amount of NQ was very much related to the catalyst composi- Min and reduced in a reducing environment (S%itiN, at a

tion, and there should be an optimum NSR catalyst with a flow rate of 50 mL/min). During the heating, hydrogen

careful tradeoff of the Co/Mg ratio in the precursor. The storage/ cOnsumption was monitored by the TCD.

reduction mechanism of N@n these catalysts and the effect Thermal NOx Adsorption/Desorption. Thermal NQ ad-

of cobalt in these processes were further proposed on the basisorption experiments were carried out in a quartz flow reactor

of the in situ IR spectra and adsorption/desorption experimental (i.d. = 8 mm andL = 600 mm) using 1.0 g of CeMg/Al

data. oxide catalyst (2640 mesh powder). Oxide catalyst was

. . pretreated in a gas flow of N> (8% O, by volume) at 500C

Experimental Section at a constant space velocity 630 000 It for 1 h and then
Materials Preparation. Various CaMgs-/Al hydrotalcite- cooled to the experimental temperature (100 or 30D When

like compounds with (C&" + Mg?*)/AI3" molar ratio fixed at  the temperature had stabilized at 100 or 3601400 ppm NQ

3.0 were prepared with a constant-pH coprecipitation method (1300 ppm NO and 100 ppm NDand 8% Q in N, were

wherex was set at 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 (denoted jntroduced at a rate of 500 mL/min for 30 min for thermal NO

asxCoMA-HT). Briefly, a mixed salt solution (100 mL) and @  adsorption. Concentrations of NO, MOand NQ from the

mixed basic solution (100 mL) were simultaneously added reactor outlet were monitored by a Chemiluminescence-NO

dropwise into 100 mL of doubly distilled water withil h at NO,—NOy analyzer (model 42C High Level, Thermo Electron
constant pH (16:0.5) under vigorous mechanical stirring. The - corporation).

salt solution with a total metal concentration of 1.0 M contains
suitable amounts of Mg(N£)-6H,O (>99%, Yili Company),
Co(NG3)2:6H,0 (>99%, Jinke Company), and Al(NQ-9H,O
(>99%, Yili Company), and the basic solution contains NaOH
(>96%, Beihua Company) and MaO; (>99.8%, Beihua
Company) with [OH]/[CO3s27] = 16 and [OH]/[AI "] = 8.
Precipitates were aged in suspension at'@0for 4 h under
stirring in static air and then filtered and thoroughly washed
with doubly distilled water. The cake was dried at@for 12

After the thermal NQadsorption, the flow gas was switched
to pure N (rate= 500 mL/min, space velocity 30 000 h1)
to flush the oxide catalyst for 20 min and remove the weakly
adsorbed species at the adsorption temperature. The oxide
catalyst was then cooled to 100 if the adsorption temperature
was 300°C. The temperature programmed desorption (TPD)
was then conducted by heating the sample from 100 tc°650
at a ramp of 10°C per min with N flowing at a rate of 500
h and again at 120C overnight. As-prepared HTlcs were mL/min. Concer_ltrations of NO, Npand NQ from the reactor
calcined at 800C for 4 h toderive corresponding CeMg/Al outlet were monitored by a chemiluminescence-N@D,—NOx
mixed oxide catalysts, denoted ¥80MAO (x = 0.0, 0.5, 1.0, analyzer, and the adsorbed N@mount was thus calculated.
1.5, 2.0, 2.5, 3.0). The oxide catalysts were then crushed, sized In Situ Infrared Monitoring. In situ FT-IR spectra were

in 20—40 mesh for storage/reduction experiments, and kept in recorded on a Bruker Tensor 27 spectrometer in the range of
a desiccator to avoid reconstruction of the hydrotalcite-like 600—4000 cnt* after 128 scans at a resolution of 4 cmSelf-

structure. supporting pellets§50 mg, 26-40 mesh) were prepared from
Materials Characterization. The X-ray diffraction (XRD) the oxide catalysts and used directly in the IR flow cell. The
patterns of Ce-Mg/Al HT materials kCoMA-HTs) and the IR cell, made of stainless steel, contained a KBr window and
derived mixed oxidesxCoMAQ) were measured on a Rigaku was connected to a vacuum apparatus with a residual pressure
powder diffractometer (D/MAX-RB) using CudKradiation = below 10 Pa. A K-type thermocouple was set in direct contact

0.15418 nm) in the @ range of 16-70° at a scanning rate of  with the IR flow cell to control the temperature. Prior to the

4° per min. The tube voltage and current were set at 40 kV and recording of an IR spectrum, the catalyst sample was pumped

30 mA, respectively. off for 1 h at 350°C to eliminate impure species on the sample
Thermal decomposition of CeMg/Al HTs (xXCoOMA-HTS) surface. After the sample had cooled to 100 or 3G0under

was investigated with thermogravimetry (TG, Seteram, Labsys). vacuum, a spectrum of the treated sample was taken as the
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Figure 2. DTG profiles of catalystxCoMAO in air.
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for all HT samples are 0.3660.309 and 2.292.37 nm,
3.0COMAO P 4 respectively, in good agreement with the reported vadt@he

incorporation of Co into hydroxide layers seems to affect the
crystallinity of the HT crystallites. In particular, the characteristic
diffraction peaks of samples 2.0CoMA-HT and 2.5CoMA-HT
are much weaker and broader, probably because of the slight
incompatibility of Mg and Co in the ionic size (0.072 nm for
Mg?* vs 0.065 nm for C&").28

The XRD patterns of the derived mixed oxides (Figure 1B)
1.5CoMAO show the complete transformation from the hydrotalcite to the
oxide phase. It is obvious that the gradual replacement of Mg

2.5CoMAO

2.0CoMAO

Relative Intensity (a.u.)

with Co in the hydrotalcite structure leads to the gradual changes
in the phase composition. For sample 0.0CoMADO, i.e.zMg
oxide, three peaks at 3743°, and 62 are ascribed to the MgO
phase (JCPDS 43-1022, JCPDS 89-7746). The possible spinel
phase (MgAJO,, JCPDS 86-2258), which is normally observ-
\ \ ‘ able at 1000°C 3¢ was not detected. In contrast, for sample
0 20 40 60 80 3.0CoMADO, i.e., CeAl oxide, diffraction peaks with @ at
2 Theta (degree) ~31°, 36°, 39, 45°, 55°, 59, and 63 were observed that are
Figure 1. XRD patterns of (A) samplesCOMA-HT and (B) catalysts ~ Only attributed to a spinel phase (52404, JCPDS 38-0814;
XCOMAO, where the MgO phase is marked as’and spinel as “#". CoAl;04, JCPDS 82-2246; G@4, JCPDS 74-2128} and could
be chemically expressed as'G@Cd" 53AI0 13 This formula
background at that temperature. Then, a mixture gas stream (totaiS supported by the TPR results (refer to section 3.2), suggesting
flow 25 mL/min) containing 1300 ppm NO, 100 ppm N@nd that over half of Ct ions are oxidized to Cbduring calcination
8% O in N2 was introduced for NQadsorption at 100 or 300  in static air. For all tertiary oxides, both MgO and spinel are
°C. Meanwhile, the IR spectra were sequentially recorded at detected by XRD (Figure 1B). When more Co is incorporated
the time points of 1, 2, 5, 10, 20, 30, and 60 min. to replace Mg in the hydroxide layers, the derived oxide contains
more spinel and less MgO. For example, 0.5CoMAO is mainly
composed of a MgO phase with an unnoticeable spinel phase,
whereas samples 2.0CoMAO and 2.5CoMAO contain very

1.0CoMAO

0.5CoMAO

0.0CoMAO

Results and Discussion

Transformation of Hydrotalcites to Mixed Oxides. As- minor amounts of MgO phase. This observation suggests that
prepared Co-containing MgAl hydrotalcites KCoMA-HTSs) are introduction of Co into the hydrotalcite promotes the formation
identified by the X-ray diffraction (XRD) patterns, as shown of the spinel phase in the oxide catalyst, which is believed to
in Figure 1A. The peaks ati2~ 11°, 22°, and 35 correspond- affect the activity for NQ storage, conversion, and decomposi-

ing to the (003), (006), and (009) crystal planes, respectively, tion, as discussed shortly. In addition, the crystallite size of the
indicate relatively well-formed crystalline layered structures with spinel phase (2625 nm) is roughly 2-3 times larger than that
rhombohedral symmetry (3R}:220n the other hand, the broad  of the MgO phase (710 nm), as estimated from the peak width
diffraction peaks at-35°, 38, and 486 attributable to the (012), using the Debye Scherrer equatiof

(015), and (018) crystal planes are characteristic of polytype Figure 2 presents the weight loss rates of these HT compounds
3R, hydrotalcites (JCPDS 22-708)3435The well-defined (110)  during heating in air, revealing the transformation of these
and (113) diffraction peaks reveal a quite good dispersion of XxCOMA-HTs into the corresponding oxides. In general, the
metal ions in the hydroxide layers. The cell paramesessdc thermal decomposition (weight loss) of the hydrotalcites consists
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TABLE 1: Textual Properties and NOy Adsorption Data of

- a 0.0CoMAO
the Oxide Catalysts b 0.5CoMAO
- ¢ 1.0CoMAO
SSA porevolume poresize 100°C 300°C d 1.5CoMAO
sample  (m%g) (cmf/g) (nm) (mg/g) (molg) e 2.0CoMAO
f 2.5CoMAO
0.0CoMAO 162.7 0.47 11.6 4.15 2.57 5 g 3.0CoMAO
0.5CoMAO  157.8 0.44 11.1 6.65 4.14 8 9
1.0CoMAO 83.5 0.30 14.2 5.99 4.70 o f
1.5CoMAO 55.3 0.24 17.2 5.22 4.96 S e
2.0CoMAO 41.2 0.22 21.0 5.91 5.90 c
2.5CoMAO 21.6 0.13 24.8 5.61 5.90 S d
3.0CoMAO 21.6 0.13 23.7 4.10 3.43 g
=
7]
of two steps. The first step occurs at H®60 °C, and the s ¢
maximum rate of weight loss is found at 22220 °C for all °
HT samples, mainly ascribed to the loss of interlayer and T
adsorbed water molecul&&The second step of the weight loss b
at 250-500 °C consists of dehydroxylation of interlayer J
hydroxyl groups and decomposition of interlayer carbonate and a
nitrate (if any), resulting in the collapse of the layered —_—
structure?®®3”The corresponding differential thermal gravimetry 0 200 400 600 800 1000
(DTG) peak moves to a lower temperature from sample Temperature (degree C)

0.0CoMA-HT to sample 3.0CoMA-HT, i.e., the HT structure

is destabilized upon incorporation of cobalt into the hydroxide

layers. This is understandable given that Mg(@id)xhermally hydrogen from readily accessing the cobalt ions and delays the

more stable than Co(Okfy-3°4%and is also reflected by the Co(ll or 11l) reduction.

second peak temperatures of 0.0COMA-HT @AgHT, 444 The low-temperature reduction below 680 involves three

°C) and 3.0CoMA-HT (CeAl HT, 246 °C) in air (Figure 2). It gma)| steps. The Co reduction starts around-1300 °C and

is known that the decomposition of carbonate takes place atcontinues to 300C at a relatively small magnitude. Between

250-600 °C.3® However, the major weight loss in the second 300 and 450°C, there is a reduction slightly stronger than the

step for all samples occurs only around the peak temperatureformer one (except for 0.5CoMAO). The major reduction below

(£20—30°C). This could suggest that carbonate decomposition gggec occurs at 458600°C (except for 0.5- and 1.0CoMAO).

might be catalyzed by the incorporated cobalt in some way. In The peak temperature slightly increases from 510 to 870

addition, for sample 3.0CoOMA-HT, CeOH is partially dehy-  from sample 1.0COMAO to 2.5CoMAO, probably because of

droxylated in the first st€fl as the two steps are partially  the difficulty in H, approaching Co in larger spinel crystallites

overlapped (Figure 2). This, together with the oxidation of Co i samples containing higher levels of Co.

to Cd" in air during the collapse facilitates the formation of Because the final TPR compound for Co-containing oxide

the spinel phase and thermally destabilix€MA-HT com- catalysts should be Co(metal)/MgAl oxide, it is reasonable to

pounds'! assign the high-temperature process to the reduction of bulky
The BET surface area and pore volume are listed in Table 1 Co' cations dispersed in spinel and Md®On this basis, we

for the oxide catalysts derived from the corresponding HTIcs can assign the process at 53%70°C to the reduction of bulky

at 800°C in air. Both the surface area and the pore volume of Cd" cations in the spinel and MgO phases. As suggested,

these oxide catalysts decrease with increasing cobalt contentsample 3.0CoMAO has a formula of C@C0o'"'53A1016/3, SO

as more spinel phase (big crystallites) is formed after calcination its reduction processes could be

(Figure 1B). On the contrary, the average pore size between

the crystallites increases. In particular, the pore size distribution  Cd', ,Cd";AlO,,— Ca',AlIO,, — Co(metal)/AlQ,,

(not shown here) indicates that all pores are over 2 nm, and

thus, gas molecule diffusion in these pores is not the rate- and the H consumption ratio in these two stages should be

determining step for adsorption and desorption. 5/3:6, i.e., 0.278. As calculated from the TPR profile, the real
TPR Analysis of xCOMAO Catalysts. The reduction profiles H, consumption ratio at 468590 and 596-900 °C is 0.302

of xXCOMAO samples are shown in Figure 3. It is very clear for catalyst 3.0CoMAQ. Bearing in mind that some'ds still

that the reduction behaviors of these catalysts are strongly relatechot reduced when the sample is heated to @qcurve g in

to the Co content in the oxide catalysts. For 0.0CoMAO, i.e., Figure 3), the data agree well, supporting the assignments

MgsAl oxide, no reduction peaks were detected until 900 proposed above. In addition, two more minor steps at-150

as expected. The positive baseline over 300night be caused 300 and 3068-450°C could be assigned to reduction of surface

by the impurity in the experimental setup. For all other Co- Cd" and Cd on spinel and/or MgO, respectively, as these

containing oxide catalysts, reduction of cobalt proceeds largely cations are very easily accessed hyard readily reduce#f:+3

in two stages, i.e., in the temperature ranges below and aboveThe total consumption of #in these two minor steps is about

600°C. Obviously, the reduction over 60C predominates in 3.4% from the TPR profile of 3.0CoMAO, in acceptable

the TPR process, and the peak temperature decreases witlgreement with the surface amount of Co (4.8%) as estimated

increasing Co content, e.g., from 2.0CoMAO (87Q) to from the surface area in a previous regdrt.

2.5CoMAO (820°C) to 3.0CoMAO (73C°C). Even though we NOyx Adsorption on XCoMAQO Catalysts. The adsorption

did not record data for samples 0.5-, 1.0-, and 1.5CoMAO below profiles of NQ on samples 0.0CoMAO, 1.5CoMAO, and

900°C, similar trends could be expected. This stabilization effect 3.0CoMAOQO at 100 and 300C are presented in Figure 4. As

of Mg on Co reduction is presumably attributed to the good expected, NQwas adsorbed in the initial stage, as almost no

dispersion of Co in the MgAI oxide matrix that obstructs NOy was detected in the outlet stream. This adsorption lasted

Figure 3. TPR profiles of catalystsCoMAO in Hs.
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Figure 4. NOy adsorption on catalysts 0.0-, 1.5-, and 3.0CoMAO at @ 100 and (B-F) 300°C.

for 250 s, and then the N@oncentrations gradually recovered. concentration from 1300 to 600 ppm after adsorption for about
At 100°C, the NO concentration recovered to 12AB00 ppm 350 s. This change in NO and N@oncentrations indicates
and the NQ concentration to 96100 ppm after 600 s for  the conversion of NO to N©during passage through the £0
catalysts 0.0CoMAO and 3.0CoMAO (Figure 4&). Under Al oxide catalyst. A similar phenomenon was observed for all
the same conditions, the adsorption on catalyst 1.5CoMAO of the other catalysts. Catalyst 1.5CoMAO, as an example,
continues to slowly trap NOfor 1500 s. gradually recovered the concentrations of NO, JNénd NQ

At 300 °C, the adsorption behavior of catalyst 0.0CoMAO to 700, 590, and 1290 ppm, respectively after 1200 s of
for NOy is similar to that at 100C, with a slightly higher N@ adsorption. The conversion from NO to MQ.e., the increase
concentration (180 ppm) and a slightly lower NO concentration in NO, amount, is plotted in Figure 5a(. It can be noted that
(1200 ppm) in the later adsorption period. However, other catalysts 0.0CoMAO and 0.5CoMAO (lower Co loadings)
catalysts give much different gas compositions in the outlet increase the N@concentration by only 86100 ppm while the
stream. For example, catalyst 3.0CoMAO {Bb oxide) other catalysts increase the Néncentration by 406800 ppm.
increases N@concentration from 100 ppm in the feed stream  Another interesting observation is that the recovered; NO
to 800 ppm in the outlet stream while decreasing the NO concentration from catalyst 1.5CoMAO at 30C is always
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Figure 5. NO; increase and NQdecomposition at 300C.

TABLE 2: NO , Desorption in Two Steps

temperature rangéQ) DeNQ(L)/DeNOy(H)

sample L H 100C 300°C
0.0CoOMAO  100-435 435-650 2.37 0.65
0.5CoMAO  106-290 296-600 0.54 0.01
1.0CoMAO  106-280 2806-600 0.46 0.02
1.5CoMAO  106-280 2806-600 0.42 0.15
2.0CoMAO  106-280 2806-600 0.15 0.01
2.5CoMAO  106-330 3306-650 0.53 0.05
3.0CoMAO  100-295 295-550 0.55 0.05

lower than that in the feed stream (1400 ppm). This suggests

the partial decomposition of NO and/or N@ other kinds of
nitrogen compounds (such as® N,)° that were not detected
by the chemiluminescence NENO,—NOy analyzer, as well
as the continuous adsorption of N@n the catalysts. The latter

Yu et al.

section. Obviously, the predominant desorbed species from
catalyst 0.0CoMAO is NO. Similarly, the desorption of NO
from catalyst 3.0CoMAO that was adsorbed at 2@under-
went two similar steps, one at 258 and the other at 35%C,
whereas these two steps occurred at much lower temperatures
and over a much narrower temperature range (Figure 6 and
Table 2), presumably because of the catalytic activity of cobalt
for NOy desorption. Interestingly, the N@bsorbed at 300C

on this catalyst desorbed only in the second step at about 360
°C ([DeNQO(L)/DeNO(H) = 0.05, Table 2], suggesting that
there are mainly strongly bound NGpecies, i.e., various
nitrates, on the catalyst surface, as addressed in the following
sections.

All other tertiary catalysts, represented by 1.5CoMAO as an
example, undergo a similar desorption process. However, the
two stages shift to lower temperatures by about 100vhen
compared to those of catalyst 0.0CoMAO (Figure 6 and Table
2). Table 2 also indicates that the desorbed amount of NO
adsorbed at 100C in the first step is only about one-half or
less than that desorbed in the second step, suggesting that Co-
containing catalysts either prefer the strong binding withyNO
or convert the weakly bound nitrites to strongly bound nitrates.
This preference is more obvious for desorption ofd@sorbed
at 300°C as the desorbed Nan the first step can be ignored,
meaning the nitrites formed on these catalysts are limited. In
addition, the desorbed amount of N{3 comparable to that of
NO for these Co-containing catalysts, unlike the case where
NO is predominant in non-Co-containing catalyst 0.0CoMAO,
further suggesting that the major adsorbedN¥pecies are
nitrates.

Species Formed onxCoMAO Catalysts. The storage/

seems not as likely because the adsorption is completed withindecomposition mechanism of NOn catalystxCoMAO can

1500 s at 100C for all catalysts. The decomposed amount of
NOy is significantly affected by the Co loading in the tertiary
catalysts, reaching a maximum of 300 ppm for catalyst
2.5CoMAO, as shown in Figure ®Jj. In comparison, binary
catalysts (0.0CoMAO and 3.0CoMAOQO) decompose a limited
amount of NQ (about 10 ppm).

The adsorption (storage) data for N@h xCoMAO samples
at 100 and 300C were calculated from the desorption profile
(refer to the next section) and are listed in Table 1. Note that,
at both temperatures, the storage capacity of; @ three-
component catalystsCoMAO (0 < x <3) is higher than that
on two-component catalyst€oMAO (x = 0 or 3). As expected,
the adsorption amount of NGat the higher temperature (300
°C) is less than that at the lower temperature (100 except
for catalysts 2.0- and 2.5CoMAO.

NOy Desorption from xCoMAO Catalysts. The desorption
profiles of NQ, from typical catalysts (0.0-, 1.5-, and 3.0Co-
MAOQO) with storage of NQ at 100 and 300C are shown in
Figure 6. In general, NOdesorption seems to follow a two-
step process in the temperature range of-1€R0 °C. In the
case of the non-Co-containing catalyst (0.0CoMAO), the
desorption modes of N(adsorbed at 100 and 30Q are quite
similar, as can be seen from parts N and R of Figur&l} (
only with different magnitudes in the two steps peaked at310
330 and 526-540 °C, respectively. The ratio of the amounts
of NOyx desorbed in these two steps [DeMIO/DeNOy(H),
Table 2] is 2.37 at 100C and 0.65 at 300C. This could suggest
that NQ, interacts with the catalyst in two different ways, where

be revealed from the species formed during the adsorption/
desorption process. As described in the previous sections, NO
and NQ are all adsorbed in the initial adsorption stage, and
then their concentrations in the outlet stream are recovered back
to a certain level, suggesting that the adsorption/desorption
process reaches a steady equilibrium. At 3GQin particular,

the NG, concentration in the outlet stream (18870 ppm) is
much higher than that in the feed (100 ppm), whereas the NO
concentration (5001200 ppm) is much lower than that in the
feed (1300 ppm), indicating an apparent conversion of NO to
NO,. Moreover, the NQtotal concentration in the outlet stream
from tertiary catalysts (0.5CoMA©2.5CoMAO) is much lower
than the supplied 1400 ppm, revealing the decomposition of
NOy, probably to N, O,, and NO, on these catalysts. All of
these gaseous species could be evolved through the desorption
process, althoughNO,, and NO were not directly determined

in this research.

On the other hand, the adsorbed species are indicated by the
in situ infrared spectra of the N&dsorbing catalysts. Briefly,
they are various nitrites and nitrates, as well as some other
nitrogen species, as summarized in Table 3. Their relative
amounts, i.e., the IR peak intensities, are dependent on the
adsorption time, the adsorption temperature, and the catalyst
composition. As shown in Figure 7A for catalyst 0.0CoMAO
(MgsAl oxide) as an example, the strong peak, initially located
at 1246 cmit and then slightly shifted to 1263 crh is attributed
to bridging bidentate nitrite, due to the adsorption of N®16:45
The other major band, initially located at 1709 ¢hand later

the weaker interaction characterizes various types of nitrites split into a broad band at 1641688 cn1?, belongs to bridging

(corresponding to the desorption at 31¥B0 °C) and the

bidentate nitrate, attributed to N@dsorptior’-11:16Some other

stronger one represents various types of nitrates (correspondingpecies, such as monodentate nitrite, linear nitrite, and mono-

to the desorption at 526640°C), as discussed in the following

dentate nitrate, which exhibit IR peaks at 13A%00 cnt?,’-11.16



NOx Adsorption on Ce-Mg/Al Hydrotalcite-like Compounds

NO concentration (ppm)

NO: concentration (ppm)

NOx concentration (ppm)

100

200 300 400 500

100

200 300 400 500

100

300 400 500

200

(L)

—0—0.0CoMAO

1.5CoMAO

230

—>—3.0CoMAO

Temperature (degree C)

(M)

—0—0.0CoMAO

—— 1.5CoMAO

—%—3.0CoMAO

(=3
=
=

-
T,

R\ %
......... I T e

100 200 300 400

500 600 700
Temperature (degree C)

)

——0.0CoMAO

—1.5CoMAO

=>—3.0CoMAO

100 200 300 400 500 600 700
Temperature (degree C)

NO concentration (ppm)

NO: concentration (ppm)

NOx concentration (ppm)

100

200 300 400 500

100

200 3 400 500

100

300 400 500

200

J. Phys. Chem. B, Vol. 110, No. 9, 20046297

()

—0—0.0CoMAO|

— 1.5CoMAO

—%—3.0CoMAO|

100 200 300 400 500 600 700
Temperature (degree C)

(P)

—0—0.0CoMAO

——1.5CoMAO

——3.0CoMAO

100 200 300 400 500 600 700
Temperature (Degree C)

R)

—o—0.0CoMAO

400

—1.5CoMAO

—%—3.0CoMAO

100 200 300 400 500 600 700
Temperature (degree C)

Figure 6. NOy desorption profile on 0.0-, 1.5-, and 3.0CoMAO at{(N) 100 and (G-R) 300°C.

as well as possibly MD,2~ (1400 cnT?),16 N,O (adsorbed, 2009
cm1),2and NO' (solid, 2332-2355 cn11)*6-48 are also present,
(Table 3). The species adsorbed at 3GQ(Figure 7B) are quite
similar, only with a lower magnitude.

Similarly, for catalyst 1.5CoMAO (CgMg; Al oxides,
Figure 8A), the peak at 16491636 cnt! becomes stronger,
indicating more bridging bidentate nitrates formed than for
catalyst 0.0CoMAO. The initial peak at 1228240 cnt? due

at 1470 cm?! belongs to the linear nitrite from adsorption of
NO in the presence of Co oxidéFor adsorption at 300C on

catalyst 1.5CoMAO (Figure 8B), monodentate nitrate (1276,
1480, and 1048 cm) is the major species, with some other
possible minor species such as bridging bidentate nitrite (1276
cm1),711.16 adsorbed WO, (1726-1732 cntl),*¢ chelating
bidentate nitrate (1553 and 1276 th) and NO (2343

Cmfl).46748
The species adsorbed on catalyst 3.0CoMAOzfToxide)

are mainly various nitrates. For example, the adsorption of NO
to the adsorption of NO and assigned to bridging bidentate nitrite at 100°C (Figure 9A) gives bridging bidentate [1628 (strongest),
shifts to 1308 cm? as the strongest peak in the later adsorption 1196 cnTl], monodentate (1429, 1345, 1011 chhand chelat-
stage that could be assigned to monodentate nitrate (alsoing bidentate (1511, 1290 cmi) nitrates’1116 The time-
showing a peak at 1034 cry,”11.16 suggesting a redox

dependent spectra (Figure 9A) clearly indicate that bridging
conversion from bridging bidentate nitrite to monodentate nitrate bidentate nitrate (1628 cm) is gradually formed and become
in the presence of Co oxide. The other pronounced peak locatedthe major species in the final stage. However, this nitrate is
almost gone for 300C adsorption, with some monodentate
(1445 and 1354 crt) and chelating bidentate (1543583
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TABLE 3: Characteristic Vibrations of Adsorbed NO  Species orxCOMAQO Catalysts

Structure NO species Mg;Al-oxide Co, sMg, sAl-oxide CosAl-oxide Vibration
100 °C 300°C 100 °C 300 °C 100 °C 300 °C
w—o—x—o | Linear nitrite 1464-1471 | 1477-1480 v(N=0)
y—o Bridged bidentate | 1246-1263 | 1234-1261 | 1228-1240 | 1276 1196-1222 V(NO,,s)
N . .
. A nitrite v(NO,, as)
i’ Monodentate 1464-1470 v(N=0)
o nitrite 1308 v(N-O)
v—o_ Bridged bidentate | 1636-1688 | 1630-1678 | 1636-1649 1614-1632 | 1637-1680 | V(N=0)
oo | nitrate 1308 1345 1360-1377 | V(NOy, as)
N Monodenate 1440-1450 | 1450-1462 | 1464-1471 | 1477-1483 1429 1445-1454 | v(NO,, as)
% nitrate 1308 1276 1345 1360-1377 | v(NO,,s)
1034 1048-1058 1020 V(NO3,5)
.~ N\y,—, | Chelating 1548-1553 1511 1540-1595 | v(N=0)
i bidentate nitrate 1276 1290-1304 V(NO,, as)
(N;0)uq Adsorbed N,O 2009 2081 v(N=N)
(NOY* Nitrosonium 2353-2355 | 2332 2343 2315 2322 Vv(N=0)
2559 2532 2573
(N204)ad Adsorbed N,O, 1726-1732 1735-1753 | 1732-1781 | v(N=0)
(N,Oo)* hyponitrite 1400-1500 | 1400-1500 1345 Vv(N-O)

cm™Y) nitrates remaining. The other major species corresponding As cobalt is incorporated into the catalyst, similarly to Cu
to the IR peaks at 1741 and 1781 cheould be determined as  and Pt, some adsorption reactions are catalytically accelerated,
adsorbed MO, (or NO"NO;™),* together with peaks at 2322  leading to more N@ adsorbed (Table 1). In particular, the
(NO*) and 1306-1500 cnt?t (NO3™) that can be also noted in  following redox reactions probably take place much more

the adsorption at 10€C. quickly than reactions 4 and 5
Effect of Cobalt on Adsorption/Desorption. As presented
previously, MgAl oxide catalyst can adsorb and store N&3 NO + Co*t—0? — C02+—N02_ 9)

various nitrites and nitrates that can be decomposed back to

NO and NQ during the desorption. NO, + Co 0 — C02+—NO3_ (10)

(a) adsorption
o— - where surface Co (or Co*") acts as the oxidant that can
3NG,+ 0 2NO, + NQ ) . facilitate the adsorption of NO and NOAs we found that
(disproportionation) (1)  cobalt-containing oxide starts reduction in tream at 150
- 200°C, so reactions 9 and 10 take place in,Nfdsorption at
2NO, — N,0,—~NO'NO ~
2 2 s o 300°C. In contrast, the presence of Co can also facilitate the
(disproportionation) (2)  gecomposition of nitrites and nitrates. The catalytic activities
ANO + 207 — 2NO,” + Nzozz_ _of cobalt_ oxide for adsorption and desorption seem to be similar
. . . in magnitude, as we note that the N&dsorption amount of
(disproportionation) (3) catalyst 3.0CoMAO (CgAl oxide) is quite similar to that of

4NQ, + 0, + 207 — 4NO,~ (4) catalyst 0.0CoMAO (MgAl oxide) at 100-300°C (Table 1).
However, the tertiary catalysts can take up much morg NO
4ANO+ O, + 200 — 4NO,” (5) (Table 1). It is suggested that higher N&dsorption is due to
a migration process of N and NG~ from Co to adjacent
(b) desorption Mg/Al to form relatively stable Mg/Al nitrates and nitrité34°
_ _ Therefore, a careful tradeoff between Co and Mg/Al in the oxide
4NO;” —4NO, + 207" + 0, (6) structure and composition might lead to a powerful \NO

_ _ adsorbent catalyst, such as 2.5CoMAO, which shows a rather
4NO;” — ANO+ 207 + 30, @) high NO, adsorption at 300C that is comparable to that of

ANO,” — 4NO + 20 + 0, ®) perovskites at the same .temperat{?re. o

The presence of cobalt in the catalysts also causes a significant

When the adsorption/desorption reaches a steady state, theonversion of NO to N@and a noticeable decomposition of
apparent N@and NO concentrations do not change. The oxygen NO, at 300°C, as shown in Figure 5. It is known that NO
produced in reactions-688 could coordinate the oxidation of (mainly NO) is catalytically decomposed on transition metal
NO into NG~ and NQ into NOs;~, as shown in reactions 4  oxides, probably to Bland Q.%121730The as-produced oxygen
and 5. can enhance the apparent conversion of NO to, N@ (i)



NOx Adsorption on Ce-Mg/Al Hydrotalcite-like Compounds

1261

(B)
60 min
30 min
20 min
10 min
5 min
2 min

1 min

Relative Intensity (a.u.)

60 min

30 min

20 min

10 min

<
3

5 min

L

2 min

235!
170

1 min

T

2400 1800 1200

Wavenumber (cm™)

Figure 7. In situ IR spectra of NQadsorption on catalyst 0.0CoMAO
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3000 600

S
IS
(B)
o @
f gs g
v/_\,\_,_/\;\:\/\\\ o
A
5
N 2 30 min
~'*"""""""“”""""“"‘§é‘\;§J\-///\\\“~\5§\f\
A 20 min
[~
> q X o\
= =~ 8 & 9
. b9 a @ 5 min
& E
53\ g 2 min
'a; """""""~""-'--——-""""“"\\/,,.__»///\\"~’_\ﬂ\'"\_ 1 min
c
3
= 2
2 | ™ :
2
Rt
K
Q
14
60 min
30 min
& 20 min
- 10 min
— 2 ~ 8
2\ N 5 min
e AN,
~ o 2 min
“-‘“’-\\4—"v~/’“J‘\‘\yLry¢ 1 min
3000 2400 1800 1200 600

Wavenumber (cm™)
Figure 8. In situ IR spectra of NQadsorption on catalyst 1.5CoMAO
at (A) 100 and (B) 300C.

reaction 5 to form more nitrites and/or (ii) reaction 11 to convert
more nitrites to nitrates

2NO,” + 0,— 2NO,” (11)
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Figure 9. In situ IR spectra of NQadsorption on catalyst 3.0CoMAO
at (A) 100 and (B) 300C.

3000

Then, the nitrates decompose to give NO@he overall sto-
ichiometric reaction is

4NO— 2NO, + N, (12)

This could account for the N{xoncentration increase by 50

150 ppm. Most of the increase in the N@oncentration from
NO is suggested to be due to the direct oxidation of, N@
NOs~ by the supplied @on the Co oxide surface, as shown in
reaction 11. Other possible reactions that could account for the
conversion are

Co™"—(NO, ), — Cd’ + 2NO, (13)

Co™"=NO,  + 0 — Cd’ + NO,~ (14)
These reactions might also be responsible for the comparable
NO, amounts desorbed from 100 to 630 in comparison to

NO for Co-containing catalysts adsorbing at 30D (Figure
60—R). In addition, these reactions could also take place during
100 °C adsorption and subsequent desoprtion, although the
degree could be very minimal and unnoticeable for some
reactions.

Conclusions

Co—Mg/Al hydrotalcite-like compounds were prepared via

a coprecipitation process and identified by their XRD patterns.
Their transformation to mixed oxides upon calcination was also
confirmed by XRD patterns and TG analysis. The more cobalt
incorporated, the more spinel phase formed, which influences
the NQ adsorption/decomposition. The surface areas of the
derived oxidesXCoMAO) decreased from 162.7 to 21.6/m
with increasing Co content from = 0.0 tox = 3.0.



4300 J. Phys. Chem. B, Vol. 110, No. 9, 2006

The investigation of the reduction behaviorsx@oMAO
catalysts indicates that the surface cobalt cationd &a Cd')
were first reduced by FHat 156-450°C, and then the reductions
of the bulky Cd' to Cd' (450-600 °C) and the bulky Cbto
Cd® (>600 °C) took place. The storage capacities of Nor

tertiary catalysts were higher than those for binary catalysts

with 0.5CoMAOQ adsorbing the most N@.6 mg/g) at 100C
and 2.0CoMAO and 2.5CoMAO adsorbing the most,N®9
mg/g) at 300°C. During the NQ adsorption at 300C on the
tertiary catalysts, the catalytic conversion from NO toN@Dd
the catalytic decomposition of NQvere observed. The in situ
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to be more stably stored in the tertiary catalysts, revealing that
carefully balancing the adsorption and storage by controlling
the Co/Mg ratio in the current system could lead to an optimum

absorbent catalyst for NSR.
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