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a b s t r a c t

Palladium monolithic catalysts based on �-Al2O3 were developed and their activities and selectivities for
the selective catalytic reduction of nitrogen oxides employing methane as the reducing agent in oxygen
excess (CH4-SCR) for use at pilot plant scale, were determined. The alumina monoliths were sulphated to
increase the activity of the support and subsequently impregnated with one of three precursor salts: pal-
ladium chloride, nitrate or acetate, respectively. The catalysts were characterised by XRF, XRD, TGA–DTA,
H2-TPR, N2 ad/desorption and MIP. Significant differences in the catalytic activities, selectivity and sta-
bilities were found. In the case of nitrate and acetate palladium precursors, multilayer sulphates for both
and Al2(SO4) phase for the latter were observed that may inhibit the interaction of the reactants with the
active phase, leading to catalysts with reduced activity. Palladium chloride was the most efficient precur-
sor for NO abatement, not only due to the stability of the surface sulphates that hinder the competitive
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CH4 oxidation reaction but also to the presence of Cl− ions that seem to play an important role in the
reaction. This catalyst had the lowest tendency for the competing hydrocarbon oxidation reaction and
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. Introduction

The elimination of nitrogen oxides from stationary source efflu-
nt gases is a legal requirement in many industrialised countries.
lthough various systems have been developed depending on the
articular application, selective catalytic reduction of NOx with
mmonia (SCR process) is still the most common technology in
se. Nevertheless, in recent years SCR of NOx with hydrocarbons

n lean conditions has been extensively studied, in principle for the
econtamination of mobile source exhaust gases employing part of
he fuel as the reducing agent. These studies have led to significant
rogress in the understanding of the process. However, difficulties
ncountered in reaching the desired levels of activity, selectivity
nd stability has lead to the application of this technology to be
irected towards the purification of NOx emissions from station-
ry sources. In this field the use of methane as the reducing agent
or the abatement of NOx according to Eq. (1) presents a series of
dvantages in terms of cost and availability due to it being the prin-

ipal component of natural gas which is usually present in many
ombustion plants [1–4]:

NO + CH4 + O2 → N2 + 2H2O + CO2 (1)

∗ Corresponding author. Tel.: +34 915854799; fax: +34 915854760.
E-mail address: pavila@icp.csic.es (P. Ávila).
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stability after 40 h of reaction in the chosen operating conditions.
© 2009 Elsevier B.V. All rights reserved.

The most promising catalysts were initially those based on zeo-
lites, thought to be due to their acid character [5,6]. In order to create
acid properties similar to those present in zeolites the use of alu-
mina with adequate pretreatment could be an attractive alternative.
It has been demonstrated that sulphated alumina (Al2O3/SO4

2−)
prepared from �-alumina has superacid character Ho ≤ −14.5 [7].

For the CH4-SCR noble metals such as Pt, Pd and Rh among oth-
ers have been employed as active phases [8–10], as too metal oxides
such as Co, Fe or Cu [11] but in general the noble metals had higher
activities than the metal oxides. An important drawback of Pt-based
catalysts is the low N2 selectivity with N2O being one of the princi-
ple reaction products [12,13]. Due to its high methane combustion
values Pd is a widely used noble metal in the three-way catalyst
(TWC) formulation, however, its catalytic activity can be controlled
by the synthesis method employed. Thus, Pd catalysts may vary
from being inactive to very active, depending on the catalysts design
[14]. Loughran and Resasco [15] studied Pd catalysts for the reduc-
tion of NOx with CH4 concluding that the acid properties of the
support had an important effect on the catalytic activity. The use of
Pd supported on acidic materials was correlated with the stabilisa-
tion of Pd2+ species which have low activity for methane oxidation

[14].

In previous work the properties of �-Al2O3 based monolithic
support treated with mineral acids of different acid strengths were
studied. The results showed that pretreatment of a Co/�-Al2O3 cat-
alysts with H2SO4 led to the highest NO conversions, related to the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:pavila@icp.csic.es
dx.doi.org/10.1016/j.cej.2008.11.050
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trong acid sites that stabilised Co2+ species [16]. In this study we
ave explored the catalytic properties of Pd catalyst conformed as a
onolithic �-Al2O3 structure that had been pretreated with H2SO4

�-Al2O3/SO4
2−). The effect of the palladium precursor salt was

valuated by employing different counter anions: nitrate, chloride
r acetate. The results are discussed in terms of the textural prop-
rties (MIP, N2 ad/desorption), crystal phases (XRD) and types of
ulphur species (TGA, and TPR-H2). The catalytic performance in
he SCR reaction of NO with CH4 in O2 excess was analysed consid-
ring the effect of the temperature, competitive methane oxidation
eaction and the catalysts stability with time in reaction.

. Experimental

.1. Catalyst preparation

Alumina monoliths of 64 cells (8 × 8), a wall thickness of
.50 mm, open channel width of 1.73 mm that leads to a cell density
f 14.9 cells/cm2 and geometric surface area of 1189 m2/m3, were
repared by kneading a commercial boehmite alumina, Pural SB
rom Sasol, with deionised water and organic temporary additives
o achieve the required rheological properties for its subsequent
xtrusion. Once extruded the monoliths were dried at ambient
emperature then subsequently calcined at 600 ◦C for 4 h. This

onolithic support is denominated as A (�-Al2O3 monolith).
The �-Al2O3 monolith was sulphated as previously described

y Li et al. (for powdered catalysts) [17], impregnating the mono-
ith with a 2.5 molar aqueous solution of H2SO4 for 30 min, while
he monolith was continuously moved in up and down within the
olution to ensure a homogeneous coverage that reached 18 wt.% of
ulphate. Subsequently, the monoliths were dried at ambient tem-
erature, then at 110 ◦C for 12 h and finally heat-treated at 600 ◦C
or 4 h. The support thus obtained was designated as SA (sulphated
lumina monolith).

Precursors of the Pd active phase were incorporated by an
mpregnation method using either aqueous solutions of palladium
I nitrate (Pd(NO3)2·XH2O, 99.9 wt.% from Alfa Æsar), palladium II
hloride (PdCl2 99.9 wt.% from Johnson Matthey) or acetone (99.9%
rom Johnson Matthey) as the solvent in the case of palladium
II) acetate (Pd(OAc)2 from Hexakis with a 47.14 wt.% of Pd). The
olids were subsequently dried at ambient temperature then cal-
ined at 600 ◦C for 4 h. In all cases the concentration of Pd deposited
n the sulphated �-alumina monolith was maintained at between
.1 and 0.17 wt.%, the variation in the final amounts being due to

oss of some of the active phase during the subsequent calcination
teps. The catalysts thus obtained were denominated as Pd–Cl/SA,
d–N/SA and Pd–Ac/SA.

.2. Characterisation

The palladium content of the catalysts was determined by X-ray
uorescence using a Seifert EXTRA-II spectrometer, equipped with
wo fine focus X-ray lines, Mo and W anodes a Si(Li) detector with
n active area of 80 mm2 and a resolution of 157 eV at 5.9 keV (Mn
�).

The crystal phases were studied by X-ray diffraction (XRD)
mploying a Seifert 3000P diffractometer on powdered samples
orking at 40 kV and 25 mA. The incident radiation was of copper
�1 with a wave length of � = 1.5406 nm, with a nickel filter. The
iffractograms were obtained in the 2� = 10–80◦ range with steps
f 0.02◦ at a rate of 2 s per step. The identification of the crystalline

hases was made using the RAYFLEX-Analyze 2.25 software.

Thermal gravimetric analyses of the samples were carried out
n a Netzsch 409 EP simultaneous thermal analysis device. The
GA–DSC curves were measured using approximately 20–30 mg
f powered sample in an air flow of 75 ml min−1 at a rate of
ring Journal 150 (2009) 8–14 9

5 ◦C min−1 from room temperature to 1000 ◦C, using �-alumina as
reference.

Temperature-programmed reduction (TPR) experiments were car-
ried out with a Micromeritics TPD/TPR 2900 apparatus equipped
with a thermal conductivity detector. Reduction profiles were
obtained on samples of approximately 30 mg, in a gas flow of 10%
H2/Ar at a rate of 50 mL(STP)min−1. The temperature was increased
from ambient to 1000 ◦C at a rate of 10 ◦C min−1 with the amount
of hydrogen consumed determined as a function of temperature.

Mercury intrusion porosimetry (MIP) analyses were employed
to determine the pore size distribution and pore volume over the
range of approximately 100 �m down to 7.5 nm diameter, utilising
CE Instruments Pascal 140/240 apparatus, on samples previously
dried overnight at 150 ◦C. Approximately 0.2 g of sample was accu-
rately weighed into the sample holder that was subsequently
outgassed at room temperature for 5 min to a vacuum of <10 Pa
before filling with mercury and starting the analysis. The pres-
sure/volume data were analysed by use of the Washburn Equation
[18] assuming a cylindrical non-intersecting pore model, taking the
recommended values for the mercury contact angle of 141◦ and
surface tension 484 mN m−1 [19].

The specific surface area and pore size distribution in the micro-
(0–2 nm) and meso-pore (2–50 nm) diameter ranges were deter-
mined by nitrogen ad/desorption isotherms measured with a Carlo
Erba Sorptomatic 1800 on samples previously outgassed overnight
at 300 ◦C to a vacuum of >0.1 Pa. The specific surface areas of
the samples (SBET) were determined by the BET method from the
corresponding nitrogen adsorption isotherm. Combination of the
nitrogen adsorption and mercury porosimetry results leads to the
determination of the total pore volume of the conformed materi-
als.

The mechanical strengths of the monoliths were determined
using a Chatillon LTCM Universal Tensile Compression and Spring
Tester with a test head of 0.73 mm diameter. The test head was
positioned over one of the channel walls of the monolith and the
pressure slowly increased until rupture of the wall was caused. The
average of 10 measurements was taken for each material to ensure
the precision of the result.

2.3. Catalytic activity

The catalytic activities of the materials were determined in a
stainless steel tubular flow reactor 85 cm in length with an internal
diameter of 3.5 cm, operating in an isothermal integral regime. The
monolithic samples of 64 channels and 10 cm in length were placed
in the reactor with the space between the sample and the reactor
wall being filled with alumina wool and carborundum, both inert
in the reaction, to ensure that the gas mixture passed through the
open channels of the monolith.

For the determination of the catalytic activities of the samples
the following conditions were chose: total flow Q = 3500 ml min−1,
temperature = 300–600 ◦C, P = 120 kPa, GHSV(N.C.) = 7000 h−1, vL =
0.39 mN s−1. The feed gas concentrations were: [NO] = 500 ppm,
[CH4] = 1000 ppm, [O2] = 5 vol.%, and N2 balance. The concentra-
tions at the reactor inlet and outlet were determined by N2
quimiluminescence for NO, NO2 and NOx in a Signal Series 4000VM
NOx Analyser. The CH4 concentration was measured by a Horiba
THC FIA-510 flame ionisation detector (FID) and the formation of
CO2 was monitored by IR spectroscopy in a Horiba VIA-510 Anal-
yser.
3. Results and discussion

It has been shown that the optimum Pd loading on an alumina
support with a surface area of 136 m2 g−1 to achieve the maximum
NO conversion was about 0.1 wt.%, while at higher contents (1 wt.%)



10 J.C. Martín et al. / Chemical Engineering Journal 150 (2009) 8–14

Table 1
Textural and mechanical properties of the Pd/Al2O3 monoliths.

Designation Support composition Pd (wt.%) SO4
2− (wt.%) Surface area SBET

(m2 g−1)
Total pore
volume
(cm3 g−1)

Mesopore
volume
(cm3 g−1)

Macropore
volume
(cm3 g−1)

Mechanical
strength
(kg cm−2)

A Al2O3 – – 220 0.80 0.65 0.15 215
Pd–Cl/A Al2O3 0.15 – 219 0.88 0.59 0.21 144
SA SO4

2−/Al2O3 – 18.0 201 0.73 0.59 0.14 191
Pd–Cl/SA SO4

2−/Al2O3 0.13 8.4 215 0.91 0.58 0.32 190
Pd–N/SA SO4

2−/Al2O3 0.11 8.6 200
Pd–Ac/SA SO4

2−/Al2O3 0.17 17.0 159

A: �-Al2O3 monolithic support and SA: SO4
2−/�-Al2O3 monolithic support. (Selected cata
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[23]. In that study the authors demonstrated that thermal anal-
ysis allowed the identification of these different sulphate species
present on the alumina samples. At low sulphate concentrations
(H2SO4 < 0.8 M) only a decomposition peak at 950 ◦C was observed.
From H2SO4 concentration between 0.8 and 2.4 M, a second peak
ig. 1. Cumulative pore volume curves of sulphated alumina support and catalysts.
ata obtained from combination of nitrogen ad/desorption isotherms and mercury

ntrusion porosimetry: (– – –) SA; (©) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA.

he methane oxidation reaction was promoted and the catalytic
ctivity was severely reduced [20]. Thus, in these supports with spe-
ific surface areas of approximately 200 m2 g−1 Pd loadings close to
.2 wt.% were produced. At higher Pd loadings the slight increase

n the NOx conversion activity would not justify the corresponding
ncreases in the final cost of the catalyst [21]. In Table 1 the tex-
ural and mechanical properties of the original �-Al2O3 monolith
upport, sulphated support and Pd catalysts are collated.

The total porosities and pore size distributions of the samples
ere analysed by combining the data obtained from the nitro-

en isotherms with the corresponding data obtained from MIP for
hich the cumulative pore volume curves plotted against pore
iameter are shown in Fig. 1. The �-Al2O3 monolith gave rise to
bimodal pore size distribution in the mesopore region with peak
axima at about 4 and 11 nm, due to the mesoporous nature of

he alumina and a further porosity in pores of about 2-5 �m due
o the interparticulate porosity. The position of this macroporosity
s directly related to the primary particle size of the alumina [22].
ulphidation of this support caused a slight reduction in both the
acro and mesopores and the specific surface area due to deposi-

ion of the sulphate species in addition to a slight reduction in the
echanical strength due to the widening of the macropores due to

he acid attack.
Different behaviours were observed depending on the active

hase precursor salts selected for the impregnation process since
his removed some of the sulphate species, increasing both the
olume and width of the macropores that generally reduced still
urther the mechanical strengths. Thus, treatment with sulphuric
cid slightly reduced the specific surface area and mesopore volume
ompared to the alumina support but although the macropore vol-
me was similar to the original support the pores were wider due

o the acid attack that also caused a slight decrease in the mechani-
al strength. Impregnation of the Pd active phase with the chloride
recursor led to a slight rise in the specific surface area and total
ore volume compared to the sulphated support, probably due to
he lixiviation of some sulphate species during the impregnation
0.85 0.53 0.32 71
0.62 0.35 0.27 24

lyst in bold.)

procedure, although the mechanical strength was unaffected. A
similar increase in the wider pores was observed for the sample
impregnated with the nitrate precursor, although the surface area
remained unchanged compared to the sulphated support but the
mechanical strength displayed a marked reduction. For the sam-
ple prepared with the acetate precursor there was a significant
decrease in the mesopore volume along with a slight increase in the
macroporosity that led to significant decreases in both the specific
surface area and the mechanical strength. These results indicated
that the impregnation route using an acetate salt in acetone led to
blocking of the narrower pores maybe caused by migration of the
sulphate species in this media.

Although significant modifications in the total porosities and
mechanical strengths were observed after the incorporation of the
active phase, no effects on the crystallinity of the alumina were
observed by XRD (Fig. 2). However, for the monolith impregnated
with acetate, Pd–Ac/SA, a diffraction peak at 2� ∼26◦ corresponding
to an Al2(SO4)3 phase was detected. This result indicated that the
reduction of the pore volume was mainly due to the formation of
this aluminium sulphate phase.

Surface sulphur containing species may have a variety of
structures: sulphates, sulphites, bisulphates, monodentates and
polydentates depending on the support, sulphate concentration,
synthesis process, presence of water and the heat treatment tem-
perature. Three general sulphates species on Al2O3/SO4

2− prepared
with different sulphate loadings have been identified by ther-
mal analysis and corroborated by FTIR-pyridine, XPS and TPD-NH3
Fig. 2. X-ray diffraction patterns obtained with the sulphated support and the Pd
catalysts before reaction: (�) Al2(SO4)3 and (�) �-Al2O3.
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The NO reductions with CH4 in O2 excess for the Pd catalysts as
ig. 3. Thermogravimetric analysis (TGA) (A) and differential thermal gravimetry
DTG) (B) curves for the sulphated support and Pd catalysts before reaction: (– – –)
A; (©) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA.

t 630 ◦C was observed while above 2.4 M a third peak at 800 ◦C
ppeared at similar temperature to the decomposition tempera-
ure for pure Al2(SO4)3. The peaks at 950, 630, and 800 ◦C were
ssigned to the decomposition of surface sulphate, amorphous mul-
ilayer sulphate and crystallised Al2(SO4)3, respectively. Surface
ulphate induced Lewis superacid sites, multilayer sulphates cre-
ted weaker Brönsted acid sites and the crystallised Al2(SO4)3 was
eutral.

The thermogravimetric and differential thermal analysis results
or the sulphated support and the three catalysts are presented
n Fig. 3A and B, respectively. These results have been normalised
y the sample weight and in Fig. 3A the curves corresponding to
d–N/SA and Pd–Ac/SA offset in the vertical axis in order to more
asily appreciate the differences between the curves. From these
raphs the initial weight loss with a maximum close to 100 ◦C
orresponds to the loss of physisorbed water. The weight losses
bove 600 ◦C were due to the loss of the sulphate species. It should
e noted that the weight losses above 600 ◦C were similar for
he sulphated alumina and the sample prepared with the acetate
recursor, in accordance with the sulphate contents in Table 1. Sim-

larly, the weight losses observed for the samples produced from the
hloride and nitrate precursors were much lower, as expected from
heir sulphate loadings given in Table 1.

From analysis of the DTG curves above 500 ◦C it may be observed
hat the sulphated alumina support was characterised by a wide

and with two maxima centred at about 620 and 900 ◦C. Thus, these
eaks were assigned to multilayer and surface sulphate species,
espectively. The catalysts prepared from the chloride and nitrate
alts gave rise to a peak with a maximum located around 900 ◦C
Fig. 4. H2-TPR curves for the sulphated support and the Pd catalysts: (- - - -) SA; (©)
Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA. TPR conditions: Q = 50 mL min−1 (10% H2/Ar).
Temperature programme: r.t. to 1000 ◦C at a rate of 10 ◦C min−1.

related to strongly anchored surface sulphate species with Lewis
character. Compared to sulphated alumina, the contribution at
620 ◦C was practically non-existent, suggesting the elimination of
the multilayer sulphate species during the impregnation process.
In the case of the catalyst prepared with the acetate precursor the
intensity of the band centred at 650 ◦C was considerably higher than
that of the sulphated support, suggesting that in part this signal was
due to the decomposition of the Al2(SO4)3 phase observed by XRD
for this material. The presence of these multilayer sulphates could
inhibit the access of the effluent gases to be treated to the strong
acid sites of the sulphated alumina.

The sulphate species in the sulphated support and the three
catalysts were also studied by temperature programme reduction
with hydrogen. From the results shown in Fig. 4 it may be observed
that for the sulphated support there were two bands of hydrogen
consumption corresponding to the reduction of the two types of
sulphate. The first peak observed at about 580 ◦C was probably due
to multilayer sulphate species, while the second more intense peak
at about 700 ◦C corresponded to the surface sulphate.

From the literature reduction peaks corresponding to PdO par-
ticles are observed at temperatures below 50 ◦C [24] although in
some cases a peak appears at 300 ◦C due to PdO that strongly inter-
acts with the support [25]. However, with the materials studied
here no peaks related to PdO could be identified in the TPR curves,
probably in part due to the low Pd loadings. In comparison for the
curve obtained with the sulphated support it should be noted that
impregnation with Pd lowered the reduction temperature for the
sulphate species by around 80 ◦C. Thus, the Pd–Cl/SA sample pre-
sented the highest amount of species related to Lewis acid sites
corresponding to the peak centred at about 620 ◦C. For the Pd–N/SA
material the peak associated with surface sulphates was greater
than that observed for the sample made from the chloride precur-
sor but that associated with Lewis acidity was much lower. For the
material produced from the acetate precursor the hydrogen con-
sumption due to Lewis acidity was similar to that observed for the
Pd–Cl/SA sample. However, for this sample the peak maxima close
to 500 ◦C and the shoulder at 520 ◦C due to multilayer sulphates
and Al2(SO4)3, respectively, were much higher than the other three
samples, in accordance with the XRD results.
a function of the reaction temperature are presented in Fig. 5. In the
reaction products no NO2, N2O or NH3 were detected. It may be seen
from the figure that all the catalytic activity curves passed through
a maximum at a temperature that depended on the precursor salt.
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Fig. 5. Variation of the NO conversion with temperature for Pd catalysts: (�)
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Fig. 7. CH4 combustion for CH4 + O2 versus temperature for the Pd catalysts:
(�) Pd/A; (©) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA. Operating conditions:
d/A; (©) Pd–Cl/SA; (�) Pd–N/SA; (×), Pd–Ac/SA. Operating conditions: total
ow Q = 3500 mL min−1, T = 300–600 ◦C, P = 120 kPa, GHSV(N.C.) = 7000 h−1, and vL =
.39 mN s−1. Gas feed composition: [NO] = 500 ppm, [CH4] = 1000 ppm, [O2] = 5 vol.%,
nd [N2] = balance.

ll the catalysts prepared with the Al2O3/SO4
2− support exhibited

clear improvement in the catalytic activity compared to the Pd/A
atalyst that had a maximum NO conversion of less than 15%. The
d-Cl/SA catalyst was the most active of the series, reaching con-
ersion values of around 70% at 550 ◦C under the chosen reaction
onditions. The maximum NO conversion of 33 and 38% for the cat-
lysts prepared from nitrate and acetate precursors were attained
t 450 and 500 ◦C, respectively.

An important aspect that limits the NO conversion activity of
hese catalysts in lean conditions is the competitive methane oxi-
ation reaction. In Figs. 6 and 7 the behaviour of these catalysts for
ethane oxidation are shown in the presence and absence of NO,

espectively. In Fig. 6 the amount of methane oxidised in the pres-
nce of NO was estimated from the difference between the total
H4 reacted and that required for the reaction with NO according

o the stochiometry shown in Eq. (1). The methane oxidation activi-
ies displayed the opposite trend to that observed for NO reduction.
he temperature at which the maximum NO reduction was attained
oincided with the point at which 50% of the CH4 was oxidised,
ollowing the order: Pd–N/SA < Pd–Ac/SA < Pd–Cl/SA. In agreement

ig. 6. CH4 combustion for NO + CH4 + O2 versus temperature for the Pd cata-
ysts: (�) Pd/A; (�) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA. Operating conditions:
otal flow Q = 3500 mL min−1, T = 300–600 ◦C, P = 120 kPa, GHSV(N.C.) = 7000 h−1,
nd vL = 0.39 mN s−1. Gas feed composition: [NO] = 0–500 ppm, [CH4] = 1000 ppm,
O2] = 5 vol.%, and [N2] = balance.
total flow Q = 3500 mL min−1, T = 300–600 ◦C, P = 120 kPa, and GHSV(N.C.) = 7000 h−1,
vL = 0.39 mN s−1. Gas feed composition: [NO] = 0–500 ppm, [CH4] = 1000 ppm,
[O2] = 5 vol.%, and [N2] = balance.

with the characterisation results the best catalyst under these oper-
ating conditions for NO reduction was Pd–Cl/SA which has the
highest amount of surface sulphate with accessible Lewis superacid
sites and for which the CH4 oxidation light-off temperatures was
above 400 ◦C.

From the results shown in Fig. 7 for the methane oxidation in
the absence of NO it may be observed that the light-off tempera-
tures were much lower than those observed in its presence. This
difference was attributed to the competitive adsorption between
NO and CH4 for the same Pd2+ active sites, where the stronger NO
adsorption capacity causes a shift in the CH4 light-off to higher
temperatures and thus favours the SCR reaction.

It has been shown that the sulphation of alumina generates
an increase in both the amount and strength of the acid sites
[26]. These strong acid sites probably stabilise the Pd2+ species or
dispersed PdO species as previously described for acidic zeolites
[27–29]. On Pd/SZr, Pd2+ ions on acid sites are the active centres
for the SCR of NO, while PdO clusters favour the combustion of CH4
and thus decrease the NO conversion. Even starting on pre-reduced
samples metallic Pd is rapidly transformed into Pd2+ ions when
in contact with the reaction mixture. On non-acidic materials Pd
particles are transformed into PdO clusters that are very active for
methane oxidation [27,29]. From the results presented in this study
considering the high NO conversions the presence of stabilised Pd2+

species on the sulphated alumina support is expected.
The Pd catalysts prepared on the alumina without acid pretreat-

ment had a lower catalytic activity than the sulphated support, in
agreement with previous results obtained for CoO/Al2O3 catalysts
[16]. The Pd–Cl/SA catalysts developed in this work presented a
better performance for NO reduction than those CoOx/SA catalysts,
reaching 70% conversion at 550 ◦C compared to only 50% for the
analogous CoOx/SA catalysts. The presence of nitric oxide favoured
the formation of nitrate species with the cobalt catalysts that were
directly related to the methane oxidation capacity and thus to the
selectivity of the catalyst towards N2. Thus, with the sulphated alu-
mina supports studied here the higher methane oxidation activity
observed for the catalyst prepared from the nitrate precursor could
be also due to the formation of these nitrate species.

The low catalytic activity of the sample prepared from the
acetate precursor could be attributed not only to the presence of

multilayer sulphate species that inhibit access of the reactant gases
to the active sites within the mesoporous structure but also to the
lower activity of the Al2(SO4)3 phase, known to be present from the
XRD results. The catalyst produced from the chloride precursor had
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ig. 8. Catalysts stability with reaction time, at the maximum NO conversion tem-
erature: (©) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA. Operating conditions: total flow
= 3500 mL min−1, P = 120 kPa, GHSV(N.C.) = 7000 h−1, and vL = 0.39 mN s−1. Gas feed

omposition: [NO] = 500 ppm, [CH4] = 1000 ppm, [O2] = 5 vol.%, and [N2] = balance.

lower methane oxidation activity, similar to that observed with
he sample produced from the acetate precursor that presented a
imilar amount of Lewis acidity but much higher concentration of
urface sulphates. The inhibition of the methane oxidation in the
resence of NO for the catalyst produced from the chloride precur-
or was probably due to the interaction of this ion with the active
hase. It has been previously proposed that chloride ions from the
alladium precursor could migrate to the active Pd2+ centres under
eaction conditions, blocking and inhibiting the methane oxidation
20]. Furthermore, the chloride could provide an additional acid
haracter that favoured the NO reduction, although the most sig-
ificant acidity in these catalysts was due to the strongly adsorbed
ulphates that lead to the superacid character [23].

Concerning the role of NO2 in these catalysts, several mech-
nisms have been proposed in the literature although the
echanism is still unclear. According to some authors the acidic

ites facilitate the oxidation of NO to NO2, which is the rate-
etermining step in the SCR of NO over Pd catalysts [30,31]. Other
uthors studying SCR with Pd loaded ZSM-5 zeolites have proposed
hat acid sites not only indirectly promoted the reaction by main-
aining the high Pd dispersion but also directly participate in the
xidation of NO to NO2 and the reduction of NO2 to N2 [3,32].
owever, other authors working with Pd/SZ catalysts did not find
vidence for the formation of NO2 in Pd/SZ catalysts, while for
d/sulphated Zr a low activity for the NO oxidation to NO2 has been
eported [33]. The absence of NO2, N2O or NH3 as reaction products
n the catalysts studied here could be related with the direct activa-
ion of NO over Pd2+ species or with the fast reaction of the NOx(ads)
pecies with the CxHy species adsorbed on Pd2+ sites.

Decisive factors for the industrial use of any catalyst are the
tability activity and selectivity under operating conditions. The
atalytic activities of the three systems after 40 h in operation are
hown in Fig. 8. From this figure it may be observed that the cata-
yst prepared from the chloride precursor salt not only lead to the
ighest catalytic activities but was also the most stable.

Thermogravimetric analyses of the catalysts after the SCR-CH4
eduction reaction are shown in Fig. 9. Comparing this figure with
hat obtained for the fresh catalysts shown in Fig. 3 it may be appre-

iated that the weight losses associated with the loss of surface
ulphates were similar for the Pd–Cl/SA catalyst but lower for the
ther two with a marked reduction in the case of Pd–Ac/SA, espe-
ially in the temperature range associated with the more weakly
dsorbed surface sulphates. The results indicate that the stability
Fig. 9. TGA (A) and DTG (B) curves for the sulphated support and Pd catalysts after
catalytic tests: (©) Pd–Cl/SA; (�) Pd–N/SA; (×) Pd–Ac/SA.

of the PdCl/SA catalyst may be due to the presence of Cl− ions that
favour the stabilisation of the Pd2+ phase.

For the most active and stable catalyst (Pd–Cl/SA) the effect of
water vapour (2 vol.%) in the reaction gases on the catalytic activ-
ity was studied at the maximum conversion temperature of 550 ◦C.
When water was introduced into the gas mixture there was a steady
decrease in the catalytic activity for 5 h until a constant value 20%
lower than the original activity was reached. In contrast for the non-
sulphated Pd–Cl/SA material the catalytic activity was completely
suppressed. This reduction was probably due to the competitive
adsorption of OH groups onto the active sites where the NOx and
CHx species need to be adsorbed. After the steady state condi-
tions were reached the NO conversion was constant for more than
10 h. When the addition of water vapour was stopped the original
NO conversion value was achieved, indicating that no structural
or chemical modification of the active species took place in the
presence of water vapour.

4. Conclusions

Pretreatment with sulphuric acid of the conformed alumina
monoliths leads to the incorporation of a number of different
sulphate species. These species generate acid centres of different
strengths and natures that control the adsorption of NO on the
catalyst surface. The results showed that Pd species anchored on
surface sulphate species, detected by the various techniques, were
the active centres directly involved in the NO reduction with CH4.

Weakly anchored multilayer sulphate species on the catalysts sur-
face inhibit the interaction of the reactants with the active sites,
leading to catalysts with lower activities and stabilities. The Pd
catalysts impregnated on the sulphated alumina had significantly
higher catalytic activities for the reduction of NO with methane in
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ean conditions than analogous Pd catalysts impregnated on alu-
ina supports that had not been previously sulphated.
The palladium deposited from different precursor salts gave rise

o different values in both activity and stability. For NO reduc-
ion with methane in excess oxygen the catalyst prepared from
he chloride precursor gave rise to higher NO reduction values and
egligible activity for the undesired competing methane oxidation
eaction. In contrast, the catalyst produced from the nitrate pre-
ursor was extremely active for methane oxidation. Furthermore,
he poor mechanical strengths of the samples produced with the
itrate and especially the acetate precursors made them unsuitable

or practical use. Thus, the Pd–Cl/SA catalyst was the most active for
H4-SCR of NO in oxygen excess while the Pd–N/SA catalyst could
e used in processes where the concentrations of NO were rela-
ively low but required the total elimination of trace methane from
he system.
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