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High activity and stability of the Rh-free Co-based ex-hydrotalcite
containing Pd in the catalytic decomposition of N-O
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The catalytic decomposition of nitrous oxide to nitrogen and oxygen has been studied over calcined hydrotacite-like compounds
containing different combinations of bivalent (Co, Pd, Mg) and trivalent (Al, La, Rh) cations with carbonate as interlayer anion. The
precursors were prepared by co-precipitation under low supersaturation conditions and characterized by XRD and TG/DSC. The mixed
oxides derived after calcination at 723 K were characterized by XRD, N, adsorption at 77 K, and XRF. The presence of Rh, La, or Pd
in the Co-based HTIcC's improves considerably the catalytic activity. Co—Rh,Al-HTlc (Co/Rh/Al = 3/0.02/1) proved to be a very active
catalyst, athough the presence of the noble metal Pd in this catalyst ex-Co,Pd-LaAl-HT (Co/Pd/La/Al = 3/1/1/1) produces a similar
catalytic activity to that of Rh-containing catalyst, both in a N>O-containing stream and in one containing also SO, and O,, but with a
better performance in stability tests. PdO phase has been identified by XRD as being responsible for the considerable improvement in
the activity. The presence of Mg as spinel structure exerts a stabilizing effect in the more active catalysts when mixtures of SO, and

O, are considered.

Keywords: N,O decomposition, calcined HTIc's, cobalt spinel, palladium, rhodium, lanthanum, magnesium aluminate, Mg stabilization,

SO, poisoning

1. Introduction

The well-known environmental problem caused by ni-
trous oxide, N»O, as greenhouse effect gas and ozone layer
depletor [1-3], requires the urgent reduction of its emis-
sions, especially those from the point sourceslike stationary
combustion and chemical production processes. Catalytic
decomposition of N,O offers an attractive alternative as
end-of-pipe solution in these situations [4]. The low opera-
tion temperature of the catalystsis of special importancefor
practical applications, due to the high potential energy costs
involved in heat transfer operations. Generally, the most
active catalytic systems at low temperatures are those con-
taining Rh, either in zeolites [5—-7], supported oxides [6-9],
or calcined hydrotalcites [10-13]. In the last group, differ-
ent authors have reported that the presence of Rh in Co-
or Zn-based catalysts improves dramatically the catalytic
activity even in industrial-like conditions [14]. However,
the high cost of the noble metal Rh can become limiting
for industrial applications. Pd-ZSM-5 has been reported as
a very active catalyst for the decomposition of N,O, even
more than the well-known Cu-ZSM-5 [5], but not much at-
tention has been paid when applied in supported oxides or
mixed oxides. Hydrotalcite-like compounds (HTIc's) are
potential multicomponent precursors where several di- or
trivalent cations can be placed. In our previous work [13],
we had considered La as an aternative, achieving a consid-
erable increase in the catalytic activity with respect to the
Co-based mixed oxide, but not as much as with Rh.
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This paper considers the addition of different cations (bi-
valents and/or trivalents) in order to obtain aless expensive
catalytic system based on Co-hydrotal cites approaching the
activity of that containing Rh.

2. Experimental
2.1. Catalyst preparation

Hydrotacite-like — materids ~ [M2FM3T_(OH),]+-
[CO?]I /22mH20 used here were prepared by a standard
aqueous co-precipitation method at constant pH, temper-
ature and heat of crystallization [15]. A flow (2 I/h) of
an aqueous solution of the metal nitrates in a desired mo-
lar ratio with a total cation (M2+ 4+ M3*) concentration of
1.5 M was mixed slowly at room temperature under vigor-
ous agitation with an alkaline solution of Na,CO3/NaOH,
with the carbonate concentration in the molar ratio CO5/
A3t = 2. The pH of the mixtures was kept at 10, by
adjusting the flow rate of the alkaline solution. Following
this addition the durry was aged at 338 K for 18 h un-
der mild stirring. Finally, the material was cooled to room
temperature, filtered, washed with warm (303 K) deionized
water, and dried at 363 K for 12 h. The hydrotalcites were
calcined for 18 h in static air raising the temperature to
723 K at arate of 10 K/min. These samples are indicated
as ex-HTIc's.
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2.2. Catalyst characterization

The decomposition of the HTIc's for the determination of
the optimal calcination temperature was studied by TG/DSC
in a Thermal Science STA 1500H apparatus. The tempera-
ture range was 300-900 K, using a heating rate of 10 K/min
in air. Nitrogen adsorption was carried out to determine the
specific surface and total pore volume of the calcined sam-
ples. For this purpose, the samples were pre-treated under
vacuum at 623 K for 16 h. The surface area was mea-
sured employing the BET adsorption method in Autosorb-
6B from QuantaChrome sorptometer at 77 K. The XRD
were taken in a Philips PW 1840 X-ray diffractometer, us-
ing Cu K,, radiation with silicon as interna standard with
A = 0.1541 nm at a scan speed of 3°min~!. The data
obtained were scaled and the crystallite size was calcul ated
from the line broadening of the maximum reflection for
each pattern using the Scherrer formula [16]. The chem-
ical composition of the calcined materials was determined
by XRF in a Philips PW 1480 apparatus, in order to com-
pare the molar ratio of cations used in the preparation to
that observed in the sample.

2.3. Experimental set-up and procedures

The reaction of N,O decomposition was performed in
a quartz-tube fixed-bed reactor of 5 mm i.d. under the
conditions of 1 mbar N,O in He in the 450-750 K tem-
perature range. 50 mg of catalyst diluted with 150 mg
of SIC was used for each run and the flow rate of the
feed gas was 100 ml/min STP (space time W/Fl, =
8.05 x 10° gg/mol). The SIC diluent did not contribute to
the N,O decomposition at the reaction temperatures stud-
ied. Stability tests were performed at constant temperature
by passing a flow containing 1 mbar N,O in He. The sen-
sitivity for mixtures containing SO, and O, was checked
by adding 0.125 mbar SO, and 30 mbar O, in the stream
containing 1 mbar N,O in He during 1 h. Prior to each run,
each catalyst was pretreated in He at 723 K for 1 h. Gener-
aly, 60 min after a change of conditions the N,O conver-
sion levels were constant and considered as the steady state.
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Mass and heat transport limitations in the reactor were ab-
sent [17]. The product gases were discontinuously analyzed
for N2O, N, and O, by GC equipped with TCD and ECD
detectors, using a Poraplot Q column and a Molsieve 5A
column for separation [18].

3. Results and discussion
3.1. Catalyst characterization

Table 1 lists the samples prepared and the results of the
characterization. XRF revealed that the ratio between cati-
onsin the calcined samples was close to that in the starting
solutions, proving that the coprecipitation step was carried
out effectively. All precursors crystallized in the single
phase with hydrotalcite structure HT (hexagona system),
exhibiting sharp and symmetric peaks for the (003), (006),
(009), (110), and (113) planes and broad and asymmetric
peaks for the (102), (105), and (108) planes characteris-
tic of clay minerals having a layered structure [19]. The
patterns of similar HTIc's reported in the literature [20,21]
corresponded with those from these precursors. Obviously,
the lattice parameters a and ¢ of the different precursors
differ dightly due to the different sizes (ionic radii) of the
cations considered.

TG/DSC decomposition profiles of the precursors show
the presence of two endothermic peaks and two stages of
weight loss, providing an additional proof of the achieve-
ment of the HT structure [21,22]. Globally, the total weight
loss for the samples was between 25 and 35%. The first
weight loss stage occurs between 400 and 500 K and the
second weight loss stage between 500 and 650 K (except
for the La-based catalysts). The temperatures and peak in-
tensities changed for each sample, due to different electro-
static interactions between layers and interlayers [23] and
the different bond strength in the basic layers associated
with the different compounds and compositions. For ex-
Co-Rh,Al-HTlc, the endothermic peaks for both transitions
mentioned nearly merged, being an indication of their si-
multaneous occurrence. For the La-containing catalysts,

Table 1
Data on catalysts used in the present study.

Catalyst Atomic molar ratio Precursor® After calcination at 723 K
Solution Solid SpeT Vo daysa  Phases identified
(m?g) (ecmg)  (nm)

Co-Al-HTlc 31 291 HT 140 0.60 90 Spinel
Co-Rh,AI-HTIc 3/0.02/1 3.1/0.02/1 HT 120 0.75 100 Spinel

(0.7 wt% Rh)
Co,Mg-Rh,AI-HTIc 3/1/0.02/1 3.1/1/0.02/1 HT 150 0.75 80 Spinel

(0.7 wt% Rh)
Co-LaAl-HTlc 311 2911 HT 100 0.40 85 Spinel, LapO3, LaCOs
Co,Pd-LaAl-HTIc 3/0.0V/11  2.9/0.01/0.9/1 HT 105 0.40 80 Spinel, LaO3, LapCOs

(0.3 wt% Pd)
Co,Pd-LaAl-HTIc 3/1/11 2.8/0.9/1/1 HT 95 0.50 75 Spinel, LaO3, LapCOs, PAO
Co,Mg,PdLaAl-HTIc  3/U/UV1  2.9/1/0.9/0.8/1 HT 100 0.55 70 Spinel, LaO3, LaCOs, PAO

aHT: hydrotalcite.
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the second weight loss has shifted about 100-150 K to
higher temperatures, suggesting that this system is more
stable upon heating than the other HTIc's. The addition of
Pd (in both molar ratios Pd/Al 0.01 and 1) to this catalyst
produces similar profiles, while the presence of Mg pro-
vokes a second weight loss stage dightly larger, with the
first stage being practically the same. Based on this ther-
mal analysis, the calcination temperature for the activation
of the HTIc's before the activity tests was chosen to be
723 K. At this temperature, carbonate elimination seems to
be complete and the presence of more endothermic peaks,
belonging to the reaction among mixed oxides causing their
sintering with phase segregation was not identified. The
calcination step results in the destruction of the layered
structure and in the formation of high surface area, non-
stoichiometric, highly disordered and well-dispersed mixed
metal oxides[24]. The homogeneousinterdispersion of the
elements in the calcined samples, producing an isotropic
material with atomic scale dispersion, has been detected
by 27Al MAS-NMR with ex-Co—-Rh,Al-HTIc, where a very
sharp peak at 13 ppm and no spinning side band signal
have been observed [25]. This band is assigned to Al octa-
hedrally coordinated with oxygen in the mixed oxide. The
presence of Al tetrahedrally coordinated has also appeared
at 70 ppm, being in agreement with the results reported in
literature for ex-Mg—-Al-HTlc [26].

The phases identified by XRD after calcination of the
HTIc's are indicated in table 1 and figure 1. In al the
samples, Co-based spinel-like structures may be observed,
like CoAl,04, Co,AlO, or Coz04, but due to the similar
reflection angles and intensities, it is not possible to dis-
tinguish between them. It is more likely to have CoAl,O4
than Co,AlQ,, due to the tendency of cobalt to form nor-
mal spinel structures, although some degree of inversion
has been detected, especially when Mg is present in the
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Figure 1. XRD patterns of some calcined hydrotalcite samples: (a) ex-Co—

Al-HTlc (Co/Al = 3/1), (b) ex-Co-Rh,Al-HTIc (Co/RWAI = 3/0.02/1),

(c) ex-Co,Mg-Rh,Al-HTIc (Co/Mg/RhW/AIl = 3/1/0.02/1), (d) ex-Co-La,

Al-HTIc (Co/lLalAl = 3/1/1), and (¢) ex-Co,Pd-LaAl-HTIc (Co/Pd/

La/Al = 3/1/11). Phases identified: (x) Co spinel, (¢) LaCOs,
(o) LapO3, and (v) PdO.
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catalyst [27]. However, the main factor leading to the in-
version is the quenching temperature. The relatively low
calcination temperatures will favour the location of cobalt
in tetrahedral positions in the cubic close packed struc-
ture [28]. The single oxide CoO or Co,03 is not identified
by XRD in the catalyst, confirming that the active cobalt
is located in a spinel-like structure. From the broaden-
ing of the mgjor XRD reflection an estimate of the crystal
size is made, which is included in table 1. In lanthanum-
based catalysts (figure 1(d) and (€)), peaks corresponding
with lanthanum oxide carbonate phases can be observed
at low reflection angles, mainly LaCOs, which possesses
tetragonal structure. Additionally, the single oxide La,O3
has been identified. The catalyst containing Pd in small
amounts (Co/Pd/La/Al = 3/0.01/1/1) shows a similar be-
haviour as the ex-Co—LaAl-HTIc (figure 1(d)), with no
Pd-related phase. However, the addition of larger amounts
of Pd (Co/Pd/La/Al = 3/1/1/1), produces a crystallographic
Pd phase which can be easily identified at 26 = 34°. This
reflection has been assigned to PdO, being the most in-
tense reflection. The main reflection observed is broad,
accounting for a small crystalite size (see figure 1(€)).
The rest of reflections for this crystallographic phase are
weak. The presence of other possible Pd-related phases
has been checked for the assignment of the sharp effect
observed in the catalytic activity for the N,O decomposi-
tion. The spinel-like structure PdAI,O,4 or the mixed ox-
ide with both metals in the same oxidation state PAdCoO,
were not identified in the pattern. La;PdO; can also be
excluded, and LaPdQOy,, although unlikely, could be present
in small amounts because it possesses sharp reflections at
20 ~ 30°, but at this angle the appearance of the sharper
reflection of the lanthanum oxide carbonate is produced.
On the other hand, the relatively low calcination temper-
ature (723 K) impedes the formation of metallic pala
dium by PdO decomposition at high temperatures, namely
1173 K [29].

In general, the calcined hydrotalcites show large specific
surface areas. These have resulted to be twice as high in
comparison with the results reported previously by Kannan
et al. [10], athough the trend is similar. The difference
might well be due to the different conditions during the
preparation of the hydrotalcite. As can be seen in table 1,
the presence of Mg improves this surface area, acting as
structural promoter for the Co-based catalysts [13]. From
the XRD patterns it can be deduced that the presence of
Mg in the Co-based calcined catalyst gives rise to a broad-
ening of the diffraction peaks indicating smaller crystalite
sizes (figure 1(c)). This will yield generally larger specific
surface areas. Mg isforming a spinel-like structure (magne-
sium aluminate), although the reflections are not identified
separately due to the coincidence with the d values of the
Co-based spinels [13].

The presence of the oxocarbonate phases in the struc-
ture of the calcined product containing La, the relatively
high temperature at which the second transition takes place
in the TG/DSC experiments, and the lower surface areas,
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evidence the deviating behaviour of the La-based catalysts.
The largeionic radius of the La** (106 pm) with respect to
that of AIS*t (45 pm) is affecting the catalyst structure, pro-
ducing a material which digresses from the common behav-
iour. Lanthanum could be partially located in the surface
of the catalyst, explaining the dightly lower surface area.
On the other hand, the patterns of ex-Co-Al-HTlc and ex-
Co-Rh,Al-HTlc were identical, probably due, partly, to the
small amounts of Rh in the calcined HTIc and to the fact
that the ionic radius of Rh3* (68 pm) differs not much from
that of AI3*. Consequently, Rh can substitute for Al in the
HTIc structure without distorting significantly its congtitu-
tion, like has been shown for Ru [30].

3.2. Catalytic activity

3.21. N;O in He

Figure 2 shows the influence of the temperature on the
conversion of nitrous oxide for different samples. All cat-
alysts were tested at increasing and decreasing temperature
ramps in order to check for deactivation or activation. No
significant differencesin this respect were detected. A dra-
matic improvement is observed in the conversion after the
addition of different cations (bivalent and/or trivalent) to
the ex-Co-Al-HTlc. The shapes of al these curves indi-
cate a different temperature dependency for the catalysts,
demonstrating different apparent activation energies. Ex-
Co-Rh,Al-HTIc (Co/Rh/Al = 3/0.02/1) is more active than
ex-Co-LaAl-HTlc (Co/LalAl = 3/1/1). The addition of
Pd to the La-containing ex-HTIc produces different results,
depending on the Pd loading. A dlight effect in the activ-
ity has been detected when Pd is added in a molar ratio
Pd/Al = 0.01, which is comparable to the Rh loading in
the ex-Co—Rh,Al-HTlc. However, the presence of Pd in a
molar ratio Pd/Al = 1 leads to a remarkable improvement,
giving a similar result to the Rh-containing catalyst. The
addition of the less expensive Pd offers an interesting alter-
native for the Rh catalyst. Although the amount of Pd in
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Figure 2. Conversion as a function of temperature at 1 mbar N,O and

space time W/F,g20 = 8.05 x 10° gs/mol for: () ex-Co-Al-HTlc

(Co/Al = 3/1), (#) ex-Co-LaAl-HTlc (Co/lLa/Al = 3/U1), (V) ex-

Co,Pd-LaAl-HTIc (Co/Pd/La/Al = 3/0.04/1/1), (v) ex-Co,Pd-LaAl-

HTlc (Co/Pd/LalAl = 3/1/1/1), and (+) ex-Co-Rh,Al-HTlc (Co/RWAI =
3/0.02/1).
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the catalyst is 50 times larger than that of Rh, it is till ad-
vantageous to dispose of a catalyst with a relatively higher
loading, because the catalytic activity will be less sensi-
tive to poisons, having a wider range of operation in their
presence. Additionaly, the optimization of the Pd loading
has not been carried out, while for the Rh catalysts this
has been done [11,12]. Therefore, the optimal Pd loading
might lie at lower values.

Careful analysis of the XRD patterns enables the iden-
tification of the possible active phases containing the ad-
ditional cations. In the case of the ex-Co—Rh,Al-HTIc
(Rh/AI = 0.02) and ex-Co,Pd-La,Al-HTlc (Pd/Al = 0.01),
the low loading of the noble metals makes impossible the
identification of Rh- or Pd-related phases. In the case of
Labased catalysts, a LaO3 phase was found apart from
the cobalt spinel-like structures. Therefore, the additional
presence of this single oxide, which presents high activi-
ties for the N,O decomposition at even 623 K [31] gives
a reasonable explanation for the observed behaviour. Pd-
related phase PdO was identified in the ex-Co,Pd-LaAl-
HTlc (Co/Pd/La/Al = 3/1/1/1). Pd-based materias have a
wide utilisation astotal oxidation (CTO) or partial oxidation
(CPO) heterogeneous catalysts [32], especially in the total
oxidation reaction of methane [33,34]. This application is
based on the high oxygen sticking probability, which cor-
responds to a low value of the activation energy of oxygen
chemisorption [35]. Basile et al. [29] have demonstrated
that the activity of Pd-based ex-hydrotalcite did not change
with time-on-stream even at high temperature, evidencing
the stability of this catalyst in an oxidizing atmosphere. The
ability of this catalyst for hydrocarbon activation led to a
total oxygen conversion. This type of reaction is related to
the decomposition of N,O, where the desorption of the ad-
sorbed oxygen is the most difficult step in the reaction [4].
Therefore, our preliminary interpretation is that the pres-
ence of PdO produces a fast rate for O, evolution from the
solid surface, favouring the process substantially.

3.2.2. Sahility

The stability tests performed are shown in figure 3.
A dlight deactivation is observed for ex-Co-LaAl-HTIc
and ex-Co,Pd-LaAl-HTlc. In both cases, the conversion
dropped approximately 5% during the first 8 h at the tem-
peratures shown in figure 3. Then it remained constant.
After more than 60 h, the temperature was raised to 723 K
for 45 min in the presence of an N,O-free stream. Con-
version levels after this treatment were similar to that of
the fresh catalysts, indicating that reactivation is possible.
On the other hand, for ex-Co—Rh,Al-HTlc, a significant de-
activation was measured, exhibited by a conversion drop
from 80 to 60% during the first 10 h and stabilizes at ap-
proximately 53% until the end of the experiment. For this
catalyst, as stated before [13], the presence of Mg in the
catalyst avoids the initial deactivation, maintaining the con-
version at the initial level during the time-on-stream. The
superior behaviour of the ex-Co,Pd-LaAl-HTIc catalyst is
clear. The stable behaviour should be attributed mainly
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to the La-related phases discussed above, which inhibit the
deactivation of the Co-based active phase. Further research
should be carried out in this respect in order to consolidate
this hypothesis, in particular the Pd-based phase may aso
have importance.

3.2.3. Effect of SO, and O, mixtures

For the most active catalysts, i.e., those containing Rh,
Laand Pd, preliminary tests were carried out with a stream
containing both 0.125 mbar SO, and 30 mbar O, in 1 mbar
N2O, in order to check their performancein simulated FBC-
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Figure 3. Evolution of N,O conversion as a function of the time-on-

stream for: (A) ex-Co-LaAl-HTlc (Co/La/Al = 3/1/1, 595 K), (+) ex-Co,

Pd—La,Al-HTIc (Co/Pd/La/Al = 3/1/1/1, 580 K), ($) ex-Co—Rh,Al-HTIc

(Co/Rh/Al = 3/0.02/1, 580 K), and (#) ex-Co,Mg-Rh,Al-HTIc (Co/Mg/

RhAI = 3/1/0.02/1, 580 K). N,O feed pressure 1 mbar; space time
W/Fy,o = 8.05 x 10° gsmol.

23 1 mbar N,O in He
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like flue-gas conditions. The inhibition by SO, and O
mixtures is produced by the chemical adsorption of sulfur
oxides and formation of sulfates. The presence of Mg in
the ex-Co,Mg—Rh,Al-HTlc catalyst improves the resistance
against SO, at low temperature (595 K) [13]. In view of the
potential application of the catalyst ex-Co,Pd-LaAl-HTIc
as dternative for the ex-Co—Rh,Al-HTlc, Mg has been in-
corporated in the catalyst structure. The results are shown
in figure 4. At high temperatures (723 and 673 K), both
ex-Co—Rh,Al-HTIc and ex-Co,Pd-La,Al-HTIc hardly show
any inhibition to SO, and O,. However, at low tempera-
ture (595 K), both catalysts are deactivated after exposure
to this mixture. Ex-Co,Pd—La,Al-HTIc recovers some ac-
tivity after remova of the poison from the feed stream,
while for ex-Co—Rh,Al-HTIc at 595 K desactivation is close
to irreversible. The presence of Mg in these catalysts at
low temperatures produces less inhibition during the expo-
sureto SO, and O,, probably due to preferential adsorption
on the basic spinel-like structure containing Mg, preserving
the active component free for the reaction of N,O. In this
sense, the magnesium aluminate spinel acts as a SO, scav-
enger, asit has been conceived for the SO, removal in FCC
flue gas [36,37]. However, the point to be stressed has no
direct relation with this fact, which consists on a stoichio-
metric reaction, but with the recovery of the activity after
removal of the poisons. This result clearly evidences that
Mg is playing a stabilizing role in the catalysts, avoiding
the irreversible poisoning at low temperature. Although in
most cases the amount of SO, passed over the catalyst is
about ten times smaller than there is active element present
(except for Rh), the results demonstrate whether there is a
strong inhibition effect or not, and if thisisirreversible (poi-

1 mbar N,O + 30 mbar O, + 0.125 mbar SO, in He
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Figure 4. Effect of the addition of SO, + O, mixtures on the N,O conversion for different catalysts and temperatures: (a) Rh- and (b) Pd-containing
catalysts. Gas-phase conditions and catalyst formulations are described in the figure. Space time W/Fﬁzo = 8.05 x 10° gs/moal.
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soning, deactivation) or reversible (a kinetic effect). The
high sorbent capacity for SO, of MgAI,O4 spinel and the
easy reduction/desorption of the sulfates formed [37] may
enable the reversible poisoning in our catalysts. Mg can
modify the properties of active phase [13], preserving the
re-adsorption of the poison on it, once its desorption from
the magnesium aluminate spinel takes place.

4. Conclusions

The decomposition of nitrous oxide has been stud-
ied over calcined hydrotalcite-like compounds (ex-HTIc's).
Addition of different cations to the ex-HTIc's produces a
better performance of the catalysts for the decomposition
of N2O, from both activity and stability points of view. In
particular, the addition of Pd to the active ex-Co-LaAl-
HTIc produces a catalyst with a smilar activity than the
ex-Co—-Rh,Al-HTlc, reported as the most active for the
N2O decomposition in this group. Additionally, ex-Co,Pd—
La,Al-HTIc (Co/Pd/La/Al = 3/1/1/1) produces a stable con-
version under time-on-stream experiments, while ex-Co—
Rh,AI-HTIc (Co/Rh/Al = 3/0.02/1) is partially deactivated.
A stahilizing effect arises in SO, and O, stream when Mg
in added to the catalyst structure, leading to reversible inhi-
bition even at low temperature. Thisis especialy attractive
for FBC flue-gas conditions.
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