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The selective catalytic reduction of NOx by CO (CO-SCR) was investigated over metals supported on por-
ous alumina. The Pt, Co, Fe and Ni nanoparticles were dispersed on the alumina and characterized by
XRD, textural properties, FTIR spectroscopy, chemical analyses, Py adsorption followed by FTIR measure-
ments, HRTEM and SEM-EDS. Among the solids studied, the Pt/Al2O3 and NiPt/Al2O3 catalysts exhibited
improved performance due to the interaction and synergy between the Pt(Ni) nanoparticles and the sup-
port. In other words, the electron transfer facility between the PtOx(Ni) and chlorined Pt species on the
support provided a more active solid in the CO-SCR reaction. The surface acidity of Lewis acid sites
and the porous features of the Pt/Al2O3 and NiPt/Al2O3 catalysts also contributed significantly to the high
performance of these materials in the NOx conversion. The Pt/Al2O3 and NiPt/Al2O3 catalysts were toler-
ant to the poisoning by SO2 and H2O and depicted a superior catalytic performance, compared to the
other solids.
� 2019 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The impact of the nitrogen oxides, namely NOx (NO, NO2, N2O)
on the environment and public health have stimulated the creation
of ever more restrictive environmental legislation aimed at con-
trolling the amount of gases emitted by various polluting sources
[1–3].

This fact, associated with the need for greenhouse gases abate-
ment (CO, CO2, hydrocarbons), has driven the search for technolo-
gies that allow the reduction of emissions of these pollutants [3–6].
The reduction of NOx using either the residual hydrocarbons or on-
board fuels would be a highly desirable technology [6–10]. In this
respect, the selective catalytic reduction (SCR) of NOx is currently a
very effective approach to control NOx emissions [8–12]. Therefore,
various strategies have been extensively used in the NOx removal
through SCR using different reducing agents, e.g., H2, CO, NH3,
C3H6, CH4N2O, C10H22, C2H6O, and C3H8 [1–15 (and references
herewith)].

Several catalysts have been shown to be active in SCR-NOx with
commercial V2O5-WO3/TiO2 and V2O5-MoO3/TiO2 catalysts, being
them the most used [11,16,17]. The mechanism of reaction on
these commercial catalysts has also been thoroughly investigated
[1,18–20]. Although they exhibit high NOx reduction activity, the
commercial catalysts display low resistance to SO2 and H2O poi-
soning. Other disadvantages can be highlighted such as: (i) low
operating temperatures (150–250 �C) in reactions involving reduc-
tion of NOx with hydrocarbons HC-SCR) and (ii) narrow operating
range (300–400 �C) as in the case of the selective catalytic reduc-
tion of NOx with ammonia (NH3-SCR) [18]. In addition, the com-
mercial catalysts are susceptible to the poisoning of the active
sites by SO2 and favor the formation of N2O during long catalytic
periods, as well [5,20]. Therefore, the deactivation of catalysts con-
stitutes the main obstacle to the application of SCR technology.
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Regarding the relationship between surface acidity and cat-
alytic performance in SCR reaction, various strategies such as sul-
fatation of the active sites, introduction of phosphorous, use of
acidic supports among others have been employed for promotion
of acidity of the catalysts with the consequent improvement of
the SCR activity [2,16,17]. However, SCR reaction is inevitably
accompanied by catalysts deactivation due to the occurrence of
coking and poisoning over acid catalysts with the subsequent
decline in the catalytic activity.

To address these issues, improvement of the catalyst properties,
engine design and operation conditions have been implemented
[5–22]. So far, hydrocarbons, H2, CO, or even a mixture of H2/CO
have been used as reductant showing benefits during the SCR reac-
tions [1,21,22]. Literature reports show that CO is a typical reduc-
tant, which is present in the vehicles exhaust. Besides, the carbon
monoxide is widely used in the selective reduction of NO (CO-
SCR) over active catalysts in the 260–400 �C temperature range
[1,4,18]. Additionally, resistant supports such as Al2O3, modified
TiO2, ZrO2 and zeolites have shown promising during SCR, with
Al2O3 ones exhibiting a good performance for high temperature
SCR reactions [5,9,17]. However, the development of a catalyst
with resistance against poisons in SCR reaction is a challenge that
has not been accomplished until now.

The present study aims at thoroughly understanding of the role
of metal supported on highly porous alumina in the selective cat-
alytic reduction of NO by CO (CO-SCR). The sol-gel-based alumina
is widely used as an acid support due to its physicochemical prop-
erties in many catalytic processes of industrial importance such as
dehydrogenation, oxidations, dehydration and reforming reactions,
among others [23–28]. In addition, alumina as a support for SCR
reactions has been widely recognized [1,27,28]. In spite of the
extensive use of alumina, the findings reveal surprising discrepan-
cies concerning to its catalytic activity in SCR, when using different
cations as active sites [1,27].

Herein, we discuss the correlation between surface morphology
and catalytic activity for the supported solids during the CO-SCR
reaction. The promoted effect of the metals on the relatively low
temperature performance of SCR with CO is also investigated.
2. Experimental

2.1. Preparation of the catalysts

2.1.1. Porous alumina synthesis
The alumina support was prepared by sol-gel method [24,29].

Typically, a 103.5 mmol of aluminum tri-sec-butoxide (Al(O-
sBu)3, 99% Merck) was dispersed in absolute ethanol (99.5%, Mer-
ck). The resulting mixture was thoroughly stirred at 100 �C and
then, refluxed for 1 h. Subsequently, 25 mL of a nitric acid solution
(0.10 lmol L�1, Merck) was added to the slurry for peptization, and
reflux was kept for an additional 14 h. Afterwards, the obtained gel
was dried for 2–3 days at room temperature and finally calcined at
700 �C for 6 h under air. The obtained solid was designed as Al2O3

support.
Ni supported on Al2O3 was prepared by wet-impregnation of

the support, using a Ni(NO3)2 aqueous solution (Vetec). The nomi-
nal nickel loading was about 1 wt%. The solid was further calcined
at 400 �C under air flow for 2 h and the obtained solid was labelled
as Ni/Al2O3.

Pt impregnation on Al2O3 was accomplished by adding the sup-
port into a 1.0 mmol L�1 of H2PtCl6�6H2O solution (Sigma-Aldrich).
The mixture was stirred in a rotatory evaporator during 30 min at
70 �C. The solid was dried and calcined under the abovementioned
conditions, having 1 wt% of Pt. The solid was designed as Pt/Al2O3.
Other solids were prepared using cobalt and iron nitrates as
precursors to produce the Co/Al2O3 and Fe/Al2O3 catalysts, respec-
tively. For comparison purposes, a solid containing an equimolar
amount of Ni and Pt, e.g., 0.5 wt% was prepared similarly to those
described above. The solid was labeled as NiPt/Al2O3.

2.2. Characterizations

X-ray diffraction (XRD) patterns were recorded on a DMAXB
Rigaku diffractometer using CuKa radiation at 40 kV and 25 mA.
The scan angle was varied in the 2h values from 5 to 60�with a step
size of 0.02�. Data analysis was done using the JCPDS (Joint Com-
mittee of Powder Diffraction Standard).

Nitrogen physisorption isotherms were obtained at liquid nitro-
gen temperature on an ASAP 2420 apparatus from Micromeritics
by nitrogen adsorption at �196 �C. Before the analyses, the sam-
ples were heated at 150 �C and outgassed at this temperature for
8 h. The surface area and the pore size distribution were deter-
mined by the Brunauer Emmett and Teller (BET) equation and Bar-
rett Joyner Halenda (BJH) model, respectively.

The metal amounts in the solids were determined by induc-
tively coupled plasma optic emission spectroscopy (ICP-OES) with
a Varian instrument. Before the analyses, the solids were digested
with a mixture of nitric and hydrochloric acid at 90 �C.

Scanning electron microscopy (SEM) images were acquired on a
FEI, Quanta 200 FEG electron microscope, which was equipped
with an Energy Dispersive Spectroscopy (EDS) system operating
at accelerating voltage of 2 kV. Before the measurements, a thin
gold film was sprayed on the sample surfaces.

Laser Raman measurements were recorded with a LabRam
spectrometer, equipped with a CCD (charge coupled device) with
the detector cooled using liquid nitrogen. The excitation source
was the 532 nm line with the laser power was 20 mW. The spectral
resolution was 4 cm�1 using an objective lens of 100 times. The
spectra were taken in the 100–2200 cm�1 range.

Transmission electron microscopy (TEM) was recorded FEI Tec-
nai 20 G2 and JEOL JEM-2100 electron microscope at an accelerat-
ing voltage of 200 kV. Prior to the measurements, the solids were
dispersed in ethanol in an ultrasonic bath and then, deposited on
a perforated carbon foil supported by a copper grid.

The Fourier transform infrared spectroscopy (FTIR) spectra of
the solids were obtained in a Shimadzu apparatus. The KBr method
was used to prepare the samples and the spectra were collected
from 400 to 4000 cm�1 range.

The type of acid sites was determined through pyridine adsorp-
tion measurements followed by FTIR experiments (Py-FTIR) on an
100 FTIR from Perkin Elmer spectrometer, which was coupled to
DRIFTS Miracle ATR from Pike Technology (FTIR-ATR). Prior to
the measurements, the sample was placed in a furnace under
nitrogen flow and heated from room temperature up 350 �C for
1 h. Then, a self-supported pastille (about 15 mg) was pressured
to 1 ton cm2 under a nitrogen flow of 5 cm3 min�1 and placed in
an IR homemade cell. Pyridine adsorption was carried out by
adsorbing the sonde molecule to the self-supported sample at
room temperature for 1 h, accompanied by its desorption at
100 �C for 1 h. At the end of the reaction, a container with a
0.1 mol L�1 of hydrochloric acid was placed to remove the excess
of pyridine vapors. For each step, the spectra were recorded after
evacuating the solids for 1 h at the determined temperature. The
spectral resolution was better than 4 cm�1 in the range of 4000–
600 cm�1 with a speed of 20 scan min�1.

2.3. Catalytic activity testing

The selective reduction of NOx with CO (CO-SCR) was per-
formed in a quartz fixed-bed reactor (inner diameter 0.8 cm) at
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Fig. 1. (a) NOx conversions as a function of the reaction temperatures for the
alumina-based catalysts. (b) TOF as a function of the temperature. Reaction
conditions: Reactants composition 500 ppm of NO, 1000 ppm of CO and balance
with He.
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atmospheric pressure. Prior to the reaction, the catalyst was pre-
treated in 80 cm3 min�1 flow of 10% O2/He at 350 �C for 1 h (heat-
ing rate of 10 �C min�1). Then, the solid was purged with helium
and finally cooled to 30 �C. The composition of the gases was
500 ppm of NO and 1000 ppm of CO. The mixture was balanced
with helium, all gases purchased from White Martins. About
150 mg catalyst (40–60 mesh) was placed into the reactor, where
the feed gas passed through the solid at a flow rate of 80 cm3min�1.
The bed volume was calculated using catalyst bulk density of
0.5 g cm�3. The total flow rate of the reaction mixture was usually
80 cm3 min�1 throughout the catalytic experiments, which corre-
sponds to about a GHSV (gas hourly space velocity) value of
48,600 h�1. The conversions of NOx and CO were measured by a
NO/NO2/NOx electrochemical analyzer from Seitron mold chem-
istry 400. Also, the reaction products were analyzed by using a
gas chromatograph (Agilent) with thermal conductivity detector
(TCD), respectively.

The poisoning experiments were carried out using 500 ppm of
NO, 1000 ppm of CO and balance with He. The mixture of 10 wt%
(v/v) of steam and 50 ppm of SO2 was used as poison during the
reaction for 6 h at 300 �C. The GHSV was kept and 48,600 h �1.

The reproducibility of the experiments was tested for two times
with using all catalysts. The two experiments resulted in nearly
identical average conversions with modest error bars, after two tri-
als of each catalyst, confirming the accuracy of the catalytic results.

The conversions in the CO-SCR reaction were determined at
temperatures between 50 and 550 �C.

The conversion of NOx was estimated by

%XNOx ¼
NOx½ �in � NOx½ �out

NOx½ �out
� 100 ð1Þ

where XNOx represents the NOx conversion.
The NOx½ � ¼ NO½ � þ NO2½ � and the subscripts in and out represent

the inlet and outlet concentration of NOx at steady state,
respectively.

The turnover frequency (TOF) was calculated by assuming first-
order reaction kinetics and defined as the number of moles of NOx

converted per mole of metal atom per second:

TOF ¼ NOx½ �in � NOx½ �out � Fgas �MMe

mcat �WMe � D ð2Þ

where the [NOx]in � [NOx]out represent the NOx converted; Fgas, the
molar flow rate;MMe, the atomic weight of the metal (Me);mcat, the
mass of catalyst in the reactor bed; WMe, the mass fraction of Me
measured by ICP-OES. Moreover, the number of sites dispersed
(D) of the samples in TOF calculation was estimated from the sur-
face atomic concentrations.

Calculations of the rate (r) were based on the following
equation:

rNOx ¼
NOx½ �in � NOx½ �out
Wcat � time

ð3Þ

where [NOx]in and [NOx]out represent the concentration of the gas fed
in the reactor and concentration of the gas out of the reactor,
respectively. wcat is the catalyst mass per 6 h of reaction time.

3. Results and discussion

3.1. Catalytic performance in the selective catalytic reduction of NOx

by CO (CO-SCR)

Catalyst evaluations in the CO-SCR reaction were carried out in
the temperature range of 50–550 �C. The NOx conversion over the
solids is shown in Fig. 1a. Clear differences in activity are seen as a
function of the temperature. Below 100 �C, the catalysts display
NOx conversions lower than 16% because NOx may be physically
adsorbed in the solids at low temperatures and began to desorb
with the increasing temperature. Additionally, Al2O3, Co/Al2O3,
Pt/Al2O3 and NiPt/Al2O3 samples are poorly active for CO-SCR reac-
tion (lesser than 3% of NOx conversions) at 100 �C. It is noteworthy
that Ni/Al2O3 and Fe/Al2O3 exhibit conversions of 16 and 10%,
respectively, which is slight higher than the other samples at
100 �C.

The samples begin to differ at temperatures above to 100 �C. For
instance, the increase of temperature in the 100–200 �C range
results in NOx conversions for Ni/Al2O3 and Fe/Al2O3 above to
10%. Meanwhile, the Al2O3, Co/Al2O3, Pt/Al2O3 and NiPt/Al2O3 cat-
alysts achieve negligible conversions in the aforesaid temperature
range. It can be suggested that the elevated textural properties of
the Ni/Al2O3 and Fe/Al2O3 samples may favor the reaction between
CO and NOx. Consequently, the NOx conversions markedly rise for
Ni and Fe active sites from 100 to 200 �C. These results agree well
with the findings that indicate the Ni or Fe sites dispersed on mor-
denite zeolite catalysts show NOx conversion at low temperatures
as low as 250 �C [30].

Further reaction temperature increase from 250 to 550 �C gives
different catalytic properties. The conversions over Co/Al2O3 and
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Fe/Al2O3 are above to 13% at 250 �C, in contrast to Al2O3, Ni/Al2O3,
NiPt/Al2O3 and Pt/Al2O3 that have lesser conversions at the
referred temperature. Important is to note that Ni/Al2O3 exhibits
activity only in the 100–300 �C range and then, it fails to null
NOx conversion, even at temperatures approaching 550 �C. Con-
versely, Pt/Al2O3 has an improvement in its performance up to
300 �C where the chlorined PtOx sites are reduced, as further
demonstrated. Also, pure c-Al2O3 sample is solely active at temper-
atures as high as 400 �C. This is indeed the temperature where the
Brønsted acid sites are transformed into the Lewis ones, as shown
in aluminum-containing samples [31]. Also, these results are later
seen by acidity measurements. The behavior of these samples indi-
cates that the high acidity of the c-Al2O3 itself improves the activ-
ity in SCR reaction at high temperatures faster than on Ni/Al2O3

possessing lesser acidity than the c-Al2O3.
In the case of Fe/Al2O3, an increasing the reaction temperature

causes an increment in NOx conversion to reach a maximum value
of 70%; then, the conversion decreases above 450 �C. Taking into
account the presence of the a-Fe2O3 phase in Fe/Al2O3, it can be
inferred that such a phase possessing Fe3+ Lewis acid sites (latter
seen by acidity measurements) may adsorb NOx already at rela-
tively low temperatures as 250 �C, in line with the findings
[5,29]. Also, literature results demonstrate that the thermody-
namic equilibrium allows high NOx conversions to NO2 by O2

below 400 �C, although the catalyst is needed to the reaction occur-
rence [32–34].

Upon using Co/Al2O3, the NOx conversion is very low at 100 �C
and then, it approaches the complete conversion rapidly at 300 �C.
The SCR reaction studies on Co-based zeolites demonstrate that the
Co2+ ions are sites more active for such reaction with NO than that
octahedrally and tetrahedrally coordinated sites, as in Co3O4 phase
[33,36]. Presumably, most of the tetrahedrally and octahedrally
coordinated Co2+ ions from Co3O4 phase are located on the alumina
surface, as found elsewhere [36]. This suggests that such Co3+ ions
may be reduced by CO forming CO2 and Co2+ ions with the simul-
taneous NOx reduction to N2, which results in a very rapid activity
for the Co/Al2O3 catalyst already at 250 �C.

Additionally, the surface acidities of the well dispersed PtOx and
chlorined Pt entities on the alumina give the highest acidity for the
former and thereby, resulting in high NOx conversion within higher
temperature region. On the basis CO-TPSR lean trap NOx measure-
ments for Pt-based samples, the CO reacts with NOx forming CO2

and NO simultaneously, along with trace amounts of N2 above
330 �C [22].

The literature reports that the reaction occurs at a lower tem-
perature, most probably due to the formation of surface isocyanate
species (NCO) [7,37,38]. The NCO specie may interact with the Pt
and Ni nanoparticles dispersed on the alumina structure already
up to 250 �C, as in the case of NiPt/Al2O3. Moreover, Pt/Al2O3 sam-
ple possesses Pt2+ sites having a redox behavior in the presence of
CO, as shown by our previous studies [39]. Besides, the elevated
acidity of Pt/Al2O3 sample compared with the other samples may
be the reason for the high activity of the PtOx dispersed on the
c-Al2O3 sample, most probably due to the NCO formation, as
reported elsewhere [22,38].

In other words, adding Pt nanoparticles to the alumina is bene-
ficial to the activity and stability of the catalyst at 300 �C; on the
contrary, the synergistic effect between the Ni and Pt on alumina
promotes an enhancement of the catalytic properties already at
relatively low temperatures as 250 �C. In contrast, NiO sites alone
from Ni/Al2O3 sample possesses low acidity (further observed by
acidity measurements) and thus, the catalyst is not able to convert
NOx at temperatures above 200 �C (Fig. 1a). Indeed, the Ni2+ is only
reduced above 550 �C [26] and thus, this fact may explain the rea-
sons why the catalytic performance of the solid decay to zero value
in the aforesaid temperature.
The general assumptions can be drawn, when considering the
abovementioned results. The temperature is one of the main
parameters in the CO-SCR process since it can influence the cat-
alytic performance. As found elsewhere, the equilibrium conver-
sion in the absence of catalyst imposes an upper limit of
temperature, e.g., >527 �C, having NO2 conversion of ca. 20% for
SCR using CH4 as reductant gas [40]. The authors demonstrated
indeed, that the use of acid zeolites possessing ion-exchanged
cations catalysts could promote the formation of a NO2-binding
intermediate resulting in high N2 selectivity at low temperatures
[41]. Thereby, it can be assumed that the minimum temperature
of 250 �C is necessary to the complete NOx conversion to CO2

and N2 over Ni/Al2O3, NiPt/Al2O3 and Fe/Al2O3. However, the extent
of the SCR reaction depends on the presence of the active metal, its
acidity and reducibility as well as the structural features of the
catalysts.

The number of effective metal atoms exposed on the surface can
be estimated by means of TOF as a function of the temperature
(Fig. 1b). Generally speaking, the TOF values are in good accor-
dance with the trends of the NOx conversions. Within the 150–
250 �C temperature range, only Co/Al2O3, Ni/Al2O3, NiPt/Al2O3

and Fe/Al2O3 are actives with Co/Al2O3 having the highest TOF
value of 0.8 � 10�3 s�1 below 250 �C. A further temperature
increase to 350–450 �C range gives an increase in the TOF. On
the contrary, the TOF is negligible in the aforesaid temperature
range for Ni/Al2O3 catalyst (Fig. 1b).

At 550 �C, the Pt/Al2O3 and NiPt/Al2O3 catalysts reveal a signif-
icant increase in TOF, which suggests that all the surface Pt(Ni)
species on the c-A2O3 surface have the same redox ability. At the
same reaction temperature, the TOF value for Fe/Al2O3 falls to
0.5 � 10�3 s�1 and this is an indication of the degradation of the
exposed active sites at high temperatures. Interestingly, the
Co/Al2O3 exhibits a remarkable plateau in the TOF value of ca.
0.9 � 10�3 s�1 in the 250–550 �C, which suggests the stability of
the exposed Co sites during the reaction.

Considering these results, the a-Fe2O3 sites in Fe/Al2O3 pro-
motes the reduction of Fe3+ Lewis acid sites during SCR in the
250–500 �C interval due to the acidity of the solid and then, its per-
formance experiences a decay owing to the Fe3+ reduction to Fe2+

and the consequent catalyst phase transformation. This explana-
tion also seems to be consistent with further XRD and FTIR obser-
vations on spent Fe/Al2O3. Remarkably, the thermal degradation of
the Fe/Al2O3 at high temperatures may be the leading cause of the
solid deactivation. It is worthwhile to note that similar behaviors
have been found for Fe dispersed on ZSM-5 at temperatures above
to 400 �C [41].

In the case of Co/Al2O3 sample, the reaction environment pro-
vides the reduction of Co3+ species from cobaltite on the defect
sites of the alumina, most probably, facilitating the coordination
of NOx or CO molecule to a Co2+ Lewis active acid site, as observed
elsewhere [30,35,36]. Thereby, the aforesaid Co species improves
the catalytic performance at temperatures higher than 250 �C. Con-
sequently, the NOx conversion exceeds 95% remaining almost con-
stant with additional temperature increase.

Particularly, it seems that the presence of both Pt and Ni
nanoparticles on c-Al2O3 has an advantage over using only the Ni
ones. Also, these results reveal that the Fe, Co and Pt(Ni) species
on alumina provide the catalytic activity of the solids in the CO-
SCR reaction at temperatures superior to 250 �C thanks to the
unique features of the solids that allows the facile SCR reaction
on the solid surface and thereby, exhibiting acid-base and redox
abilities. Regarding the performance of the Pt containing solids,
e.g., Pt/Al2O3 and NiPt/Al2O3 exhibit much higher NOx conversions
than those of their supported counterparts, which is attributed to
the enhanced accessibility of acid sites and Pt(Ni) nanoparticles
on the surface of the former solids. The CO is adsorbed on elec-



0 1 2 3 4 5 6

0

20

40

60

80

100

(%
) N

O
x c

on
ve

rs
io

n

 Fe/Al2O3

 Pt/Al2O3

 NiPt/Al2O3

Co/Al2O3

Time on stream (h)

Fig. 2. Time dependence of the NOx conversion to products over the most active
solids. Reaction conditions: Reactants composition 500 ppm of NO, 1000 ppm of CO
and balance with He. The mixture of 10 wt% (v/v) of steam and 50 ppm of SO2 was
used as poisons during the reaction for 6 h. The GHSV was kept and 48,600 h�1 at
300 �C.

Table 1
The intrinsic rates (r) of the solids in 6 h of reaction. Textural properties obtained by
the nitrogen adsorption-desorption isotherms of the solids in study.

Sample ar � 1010

(mol m�2 s�1)

a*SBET
(m2 g�1)

b*Pore volume
(cm3 g�1)

Co/Al2O3 0.2 32 0.10
Fe/Al2O3 0.2 34 0.10
Pt/Al2O3 1.0 56 0.18
Ni/Al2O3 – 29 0.08
NiPt/Al2O3 2.7 43 0.12

a The intrinsic rate was obtained by the mol NOx converted m�2 s�1 at 300 �C
during the SO2 and water poisoning experiments. Reaction conditions: Reactants
composition 500 ppm of NO, 1000 ppm of CO and balance with He. The mixture of
10 wt% (v/v) of steam and 50 ppm of SO2 were used as poison during the reaction
for 6 h. The GHSV was kept and 48,600 h�1.
a*,b* The textural parameters of the spent solids.
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trophilic Pt sites while NOx is partially reduced forming an inter-
mediate isocyante species and its further decomposition into CO2

and N2 at these conditions.

3.1.1. Poisoning of the solids with SO2 and H2O
To further investigate the reasons for the deactivation of the

most active catalysts, the influence of dual poisoning using H2O
and SO2 as deactivating agents is studied (Fig. 2). Among the cata-
lysts, the Pt/Al2O3, NiPt/Al2O3, Fe/Al2O3 and Co/Al2O3 afford the
best NOx conversions and therefore, they are used in the studies
at 300 �C.

As seen in Fig. 2, the solids exhibit a NOx conversion up to 11%
at the beginning of the reaction with simultaneous addition of SO2

and H2O, except for Pt/Al2O3 and Fe/Al2O3. As the reaction pro-
ceeds, Co/Al2O3 conversion remains a plateau in 16% of NOx con-
version while Pt/Al2O3 and Fe/Al2O3 raise their conversions to
values up to 20% within 1 h of time on stream. For NiPt/Al2O3, a
complete conversion is observed initially, and then it falls within
6 h of time on stream.

The literature reports vastly documented the poor tolerance of
metal oxides catalysts against sulfur oxides and water vapor dur-
ing SCR reaction [42,43]. That is to say, the catalyst is poisoned
with substantial drop of NOx conversions nearly to zero at
300 �C. This indicates that the SO2 and H2O restrain the NOx reac-
tion due to the sulfur deposits, especially those bonded to the Fe
and Co sites, as in the case of Fe/Al2O3 and Co/Al2O3 catalysts.
The SEM-EDS measurements further confirm these results. Thus,
it can be inferred that the adsorption ability of SO2 on the
Co3+/Co2+ Lewis and Brønsted sites from Co3O4, i.e., formed by
water, is much higher than that of NOx and CO; hence, SO2 may
occupy the Co sites of Co/Al2O3 catalyst resulting in low NOx

conversions. Similar effects can be observed for Fe/Al2O3, where
the Fe3+ Lewis and Brønsted sites are poisoned and the catalyst
gradually loses its catalytic performance.

It appears that the water vapor initially may reduce (or even to
increase) the amount of acidic surface sites and thus, alleviating
the deactivation of the Pt/Al2O3 and Ni/Al2O3 solids. The Pt
nanoparticles are likely the active sites for the adsorption of NOx

and CO. Moreover, both Pt/Al2O3 and NiPt/Al2O3 are resistant
against water and SO2 deactivation, under the same conditions
during the catalytic runs. Besides, Pt/Al2O3 catalyst shows a NOx
conversion of ca. 28%, being constant along of the time on stream.
When the NiPt/Al2O3 is poisoned by SO2 and water simultaneously
at 300 �C, the NOx conversion of the solid experiences a decline
from 100 to 70%, indicating that SO2 could damage either the Pt
or Ni sites of the catalyst and hence, a decrease of the NOx conver-
sion is seen.

Table 1 shows the intrinsic activity data of the poisoned cata-
lysts. The performances of the solids seem to be negatively affected
by the SO2 and water poisoning. Accordingly, the activity of NiPt/
Al2O3 is 2.7 � 10�10 mol m�2 s�1, being the other solids with very
low values.

To summarize, the labile SO2 may react with H2O to form sul-
furic acid steam or even sulfatation of the Ni sites in Ni/Al2O3

can occur, probably (later seen by SEM-EDS analyses). Therefore,
this kind of vapor may be adsorbed on solid surface blocking the
active sites and thus, the adsorption of CO and NOx is unfavor-
able. Thus, the SO2 and water adsorption on Ni/Al2O3 may
increase and concomitantly deposits sulfur on the solid surface.
The low chemical affinity of Ni by sulfur at high temperatures
is in agreement with the reference [43]. Contrary to this ten-
dency, the SCR activity of Ni-Mn is favored at high temperatures
as high as 360 �C, but the presence of Mn cations is imperative
to the better catalytic performance [44]. This can also be related
to the coexistence of H2O and SO2 with H2O altering the high
amount of Lewis acid sites on NiPt/Al2O3 and Ni/Al2O3. Thus,
the SO2 presence rises the amount of surface hydroxyl Brønsted
acid sites of NiPt/Al2O3, if the solid is sulfated; thus, the afore-
said sites are prone to adsorb SO2 and thereby, deactivating
the solid from 100 to 70%.

Specifically in the case of NiPt/Al2O3, the simultaneous intro-
duction of SO2 and water vapor into the reaction system does not
cause competitive adsorption between CO and NOx, although a
slight catalysts deactivation is likely. The formation of a dual redox
cycle with the participation of NiO and PtOx species is supposed to
play key roles for the superior catalytic NOx performance on Pt/
Al2O3 with SO2 and H2O resistance.

3.2. Acidity measurements

To classify the fresh catalyst surface acidity, the pyridine is used
as a probe molecule followed by Fourier transform infrared spec-
troscopy (Py-FTIR) measurements. The amount of Brønsted (CBAS)
and Lewis (CLAS) are illustrated in Fig. 3. The total acid sites are
shown in Table 2.

All solids consisted of low crystallinity materials with c-Al2O3

(JCPDS No 04-0880), the single phase detected, in accordance with
the applied sol-gel methodology [26,30]. The physicochemical
characterizations of the fresh solids are shown in the ref.
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Fig. 3. Acidity of the solids obtained by Py adsorption followed by FTIR measure-
ments. The concentrations of (a) Brønsted (CBAS) and (b) Lewis (CLAS) as a function of
the temperature.

Table 2
Total amount of the Brønsted and Lewis acid sites (CTotal) taken from the integrated
area spectra per BET area. Data were taken from the spectra from 100 to 400 �C.

Catalyst Temperature (oC) CTotal (lmolPy m�2)

Al2O3 100 1.78
200 1.83
300 1.90
400 2.10

Ni/Al2O3 100 2.15
200 2.17
300 2.20
400 2.30

Co/Al2O3 100 2.01
200 1.97
300 2.03
400 2.00

Fe/Al2O3 100 3.28
200 2.98
300 3.04
400 3.14

Pt/Al2O3 100 3.15
200 3.19
300 3.45
400 3.96

NiPt/Al2O3 100 2.63
200 2.68
300 3.06
400 3.47
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[24,26,30]. Moreover, the peaks related to the oxides of Ni, Pt, Co
and Fe could be hardly found. This can be attributed to the low
the amounts of the metal oxides dispersed on solid surface, as
shown by chemical analyses results. Indeed, the amount of metals
are close to 1.0 wt% for Ni/Al2O3, Fe/Al2O3, Pt/Al2O3 and Co/Al2O3,
which is nearly equal to the nominal value. Specifically for NiPt/
Al2O3, the Ni and Pt loadings are 0.5 wt%.

According to the literature, the c-Al2O3 possesses the Lewis acid
sites and surface hydroxyl groups with some Brønsted acid sites
[45]. Also, pyridine can be adsorbed on alumina, as following: (i)
Brønsted acid sites with the characteristic with IR bands at 1540
and 1635 cm�1, (ii) Lewis acid sites with the typical IR bands at
1440–1460, 1575–1580 and 1600–1620 cm�1, and (iii) surface
hydroxyl groups with the bands at 1445 and 1596 cm�1 [46,47].

Overall, the data in Fig. 3 are taken from the samples with pyr-
idine molecule bonded to the Brønsted acid sites at around
1540 cm�1 (CBAS) whereas the pyridinium ions interaction with
the Lewis acid sites at about 1445 cm�1 (CLAS). Accordingly, the
Al2O3 sample possesses Brønsted (CBAS is 0.59 lmolPy m�2 at
100 �C, Fig. 3a) and Lewis acid sites (CLAS is 1.19 lmolPym�2 at
100 �C, Fig. 3b). Also, c-Al2O3 holds the lowest total concentration
of these acid sites of ca. 1.78 lmolPy per m2 (Table 2) confirming
that the alumina acidity becomes strong with adding the metals.
Moreover, the Lewis acidity is dominated at relatively high tem-
peratures as 400 �C. At 200 �C, there are much more Lewis acid
sites while the weak Brønsted ones are almost eliminated due to
the dehydroxylation of alumina. This is in agreement with the
results for pure Al2O3 (CLAS = 1.52 lmolPy per m2), Ni/Al2O3

(CLAS = 1.92 lmolPy per m2) and Pt/Al2O3 (CLAS = 2.90 lmolPy per
m2), as observed in Fig. 3b. Moreover, the presence of the same acid
sites is seen in the NiPt/Al2O3, Fe/Al2O3 and Co/Al2O3 possessing
CLAS of 2.37, 2.81 and 1.81 lmolPy per m2, respectively at 200 �C.

As evidenced by their higher acidities at 300 �C, NiPt/Al2O3

(CTotal is 3.47 lmolPy per m2) and Pt/Al2O3 (3.96 lmolPy per m2)
samples would give the best results in the reaction. These features
suggest that the high contributions of Lewis acid sites are at
temperatures as high as 300 �C for Pt/Al2O3 and NiPt/Al2O3 besides
Fe/Al2O3.

The amount of surface acid sites is greatly increased due to the
PtOx and chlorined Pt-based entities on Pt/Al2O3 (total acidity of ca.
3.96 lmolPy per m2) comparing with Ni/Al2O3 (total acidity of ca.
2.30 lmolPy per m2), as demonstrated in Table 2. Moreover, the
Lewis acid sites of moderate strength are observed both in low
and high temperatures on NiPt/Al2O3. This might be another
important reason why the simultaneous presence of Ni and Pt bal-
ances the acidity of the solid with the consequent decline of the
stability of the Brønsted acid sites, when comparing Fig. 3a and
Fig. 3b.

Similar results are evidenced for Co/Al2O3 sample. At low tem-
peratures, the Lewis and Brønsted acid sites are emphasized with a
higher number of CLAS, when compared to CBAS in Fig. 3. Interest-
ingly, the total amount of CTotal in Co/Al2O3 is lower than all solids
studied. In agreement, the Co species dispersed in low amounts on
c-Al2O3 are not too acidic as compared to Pt and Ni ones [46]. As
the desorption temperature increase for more than 100 �C, the
results indicate that the surface acidic properties of Co/Al2O3 are
similar to those of the other samples with a high CTotal mainly
due to the Lewis acid sites contribution (Table 2). However, this
sample shows the lowest amount of CTotal values of ca. 2.03 =lmolPy
per m2 at 300 �C.
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In the case of Fe/Al2O3, the presence of highly acidic Fe3+ species
provides a higher CTotal value of ca. 2.98 = lmolPy per m2 at 200 �C,
as compared to the Co/Al2O3 counterpart. When increasing the
desorption temperatures at around 400 �C, a significant increase
in the Lewis acid sites amount (CLAS 3.14 = lmolPy per m2) is
observed due to the acidic Fe3+ surface species formation. As found
elsewhere, under SCR conditions, the distribution of isolated Fe3+

ions plays an important role during the SCR-NH3, being the re-
oxidation of Fe2+/Fe3+ ions the rate-determining step at tempera-
tures below 350 �C ([47–50] and references herewith).

Among the samples studied, the NiPt/Al2O3 and Pt/Al2O3 hold-
ing the highest amounts of Lewis acid sites followed by Fe/Al2O3

(Fig. 3b). This would improve the catalytic activity of the solids
at temperatures superior to 300 �C, as the NOx conversions greatly
increase over NiPt/Al2O3 and Pt/Al2O3 increases in the aforesaid
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temperature range (Fig. 1b). On the contrary, lower amounts of
Lewis acid sites as in the case of Ni/Al2O3 and Co/Al2O3 (Fig. 3b)
may deteriorate the catalytic performance of the solid (Fig. 2). This
is expected taking into consideration the deactivation of these
solids by coking or oxidation of the active sites, as shown further
by spent catalysts characterization.

3.3. Spent catalysts characterizations

3.3.1. XRD and FTIR investigations
The XRD patterns of the catalysts depict features of semi-

crystalline solids. The broad peaks positions specially those at
2h = 45.8 (4 0 0) and 66.8� (4 4 0) are characteristic of the planes
found for c-Al2O3 (space group Fd-3m; cubic) [29,49]. Moreover,
the NiPt/Al2O3 and Pt/Al2O3 samples exhibit the most c-Al2O3

reflections well resolved, when comparing the pristine c-Al2O3

pattern (included Fig. 4).
This is an indication that the Pt nanoparticles have a homoge-

neous dispersion on the c-Al2O3 support, as in Pt/Al2O3 sample. A
similar explanation can be assumed supposing that both Pt and
Ni species are well dispersed on c-Al2O3 as in the case of NiPt/
Al2O3; thus, there is no agglomeration of these nanoparticles on
solid surface, after the catalytic test. Hence, good performances
are shown by the NiPt/Al2O3 and Pt/Al2O3 (Fig. 1a and Fig. 1b).
Although the Ni/Al2O3 does not evidence significant changes in
its structural features, the poor activity of the solid is further
explained through the FTIR and SEM-EDS measurements.

On the contrary, the XRD patterns of Fe/Al2O3 and Co/Al2O3 con-
sist of weak and broader reflections. Some of them, corresponding
to c-Al2O3, are vanished from the diffractogram, most probably due
to the agglomeration of the Fe and Co particles after the catalytic
test. In agreement, the Fe/Al2O3 has a peak at 2h = 31� (1 0 4) that
can be indexed to the rhombohedral a-Fe2O3 (space group R3C)
[51,52], being superimposed with that of c-Al2O3. Notably, the
reflection at around 2h = 33 (3 1 1) and 56� (4 2 2) matches well
with the cubic spinel lattice of Co3O4 phase (space group Fd3m)
[53]. Also, it is reasonable that both Fe and Co nanoparticle sizes
are bigger than those found in Ni/Al2O3 and Pt/Al2O3 solids and
thus, providing favorable conditions for the formation of nearly
agglomerated particles on former solid surfaces.

The FTIR spectra of the spent solids tested in the CO-SCR are
described by an intense absorption band in the 3700–3300 cm�1

range (Fig. 5), which is assigned to be from the hydroxyl groups
from physisorbed water [22,38]. Obliviously, the bending of the
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adsorbed water molecules appears at about 1620 cm�1. These
bands are found over all solids.

The bidentate nitrates species may appear at about 1585 cm�1

as mNO from NOx decomposition. Notably, carbonates are formed
at around 1060, 1377 and 1587 cm�1, which are due to the mas(CO2-
�) vibrations, as a result of CO dissociation onto the surface to
provide methanation or Water Gas Shift (WGS) reactions. Conse-
quently, the formation of carbon species deposits on Ni/Al2O3,
S AlPtC O

(a)

Ni S AlPtC O

(b) 

Fig. 6. SEM-EDS micrographs of the spent solids: (a) PA, (b) NPA, (c) FA, (d) CA and (e) N
tested in the CO-SCR reaction with the reactants composition of 500 ppm of NO, 1000
maximum temperature that the solid is submitted. The GHSV is about 48,600 h�1. Both
Co/Al2O3 and Fe/Al2O3 spent catalysts is likely. Such reactions are
possibly related to the deactivation behavior of these catalysts
due to the Ni and Co affinity for CO. In the case of Fe/Al2O3, Fe sites
suffer from coking and sintering after the catalytic tests, as latter
shown by SEM-EDS results.

Moreover, at 1320 and 1420–1000 cm�1 (masymNO3), the forma-
tion of nitrates species is evident [38,39]. The aforesaid absorption
bands are visible mainly on NiPt/Al2O3 and Pt/Al2O3 samples,
Al Kαα1 O Kα1

Pt Mα1 S Kα1C Kα1_2

Al Kα1 O Kα1 Pt Mα1

C Kα1_2 S Kα1 Ni Kα1

A samples. The corresponding elemental mapping are also included. The solids are
ppm of CO and balancing with He under distinct temperatures being 300 �C the
SO2 and H2O were introduced in the reactor during the reaction for 6 h.
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which indicate that the adsorption of NOx is preferred on the
solids. In agreement with our results, the nitrates species are found
at about 1418, 1307, 1020 cm�1 whereas the chelates are shown at
around 1552 cm�1, when adsorbing NOx at around 350 �C on Pt-
based catalysts [38,54,55].

Furthermore, the formate species at about 1350 cm�1 arises
from the d (CH) and ms (CO2�), as observed in early studies
[37,38]. This fact, associated with that the carbonyls species on
Pt sites appears in the aforesaid vibration, confirms the formation
of the isocyanate formation in the CO-SCR reaction, as found
elsewhere [38]. This indicates that the intermediate isocyanate is
probably formed due the interaction of CO with NOx. Also, the
carbonyl species is typical of CO interaction with metals such as
Pt and Ni [21,38–41]. Moreover, the aliphatic hydrocarbon forma-
tion is shown by stretching of m (CH) confirming that no further
oxidation of the CO to heavy coke takes place in the Pt/Al2O3 and
NiPt/Al2O3 samples. Thus, the poisoning is inhibited on Pt active
sites, which avoids the heavy coking and severe sulfur deposition
over the Pt-containing samples. This is consistent with the TEM
and SEM-EDS, as discussed later.
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However, the sulfur deposition over the solids (later seen by
SEM-EDS results) can not be ruled out. In addition, the catalytic
results evidence that the sulfur and water presence do not deacti-
vate severely the Pt/Al2O3 and NiPt/Al2O3 solids, comparing with
the Co/Al2O3 and Fe/Al2O3 counterparts.

3.3.2. Textural properties and SEM-EDS and TEM
The textural properties of the spent solids are obtained through

N2 physisorption analyses at liquid nitrogen temperature. The
results are summarized in Table 1. All samples have mesoporous
structures, as previously shown by the fresh catalyst characteriza-
tions [26,30]. Moreover, the spent solids have a drop in their textu-
ral properties, as revealed by the Table 1. This is probably due to
the CO-SCR reaction conditions at relatively high temperatures,
which results in the sintering and coking of the solids. Amongst
them, Co/Al2O3, Ni/Al2O3 and Fe/Al2O3 hold the lowest textural
properties due to the agglomeration of their particles on solid sur-
face causing deactivation (Fig. 2), as later confirmed by SEM-EDS
measurements. Thus, predominant sintering and coking upon per-
forming the catalytic test are seen on alumina surfaces, which
results in lower the textural parameters especially for the
Co/Al2O3, Ni/Al2O3, Fe/Al2O3 and Al2O3 samples.

On the contrary, Pt/Al2O3 and NiPt/Al2O3 have the opposite
behavior. That is to say, either Pt or NiPt nanoparticles dispersed
on the samples can effectively convert NOx into N2 through the
CO-SCR reaction under the same reaction conditions. These sam-
ples possessing Lewis acidity, good metal dispersion, unique struc-
tural features and redox properties are helpful to protect the
surfaces against SOx and H2O poisoning and suppress heavy coking.

The morphological features of select spent catalysts are shown
by their SEM-EDS and TEM (HRTEM) micrographs. The SEM-EDS
micrographs of the samples tested on CO-SCR reaction in the pres-
ence of SO2 and H2O are shown in Fig. 6.

SEM image of spent Pt/Al2O3 shows a dense plate with a rough
surface from alumina support (Fig. 6a). This is a result of the sinter-
ing of the particles, as seen by the high magnification image; thus,
the low textural properties of the spent Pt/Al2O3 are a consequence
of the sintering effects (Table 1). Pt-containing catalysts are found
to be very efficient in SCR only at relatively high temperatures,
where N2O is selectively produced [11]. The behavior of the
Pt/Al2O3 solid indicates that even upon sintering the solid achieves
good levels of NOx conversion within 6 h of time on stream. How-
ever, the support is limited to low resistance against sintering and
poisoning by sulfur, as further illustrates by the EDS mappings.

The EDS image depicts a fairly homogeneous dispersion of Pt
particles on the c-Al2O3 surface along with C and S elements on
solid surface, in accordance with the elemental mapping results.
Interestingly, this phenomenon suggests that the harsh reaction
conditions that the solid is submitted give simultaneous sintering
of the support and coking by sulfur and carbon deposits, owing
to the favorable SOx and CO decomposition on Pt nanoparticles
over the highly acid support (acidity measurements). Similarly,
the poor performance of Pt/Al2O3 catalyst (Fig. 2) may have been
partly owing to the higher acidity of the Al2O3 support and also
owing to larger Pt particles favoring the coking of the solids during
the CO-SCR.

The spent NiPt/Al2O3 catalyst also experiences a slight aggrega-
tion of their particles, which are sensitive to S and C deposition, as
illustrated by the SEM-EDS image (Fig. 6b). However, no changes in
the solid performance are found along of 6 h of reaction. The good
dispersion of Pt and Ni active metal sites on alumina in addition to
the catalyst relatively lower acidity is paramount to the outstand-
ing performance of the solid under the poisoning conditions stud-
ied, as illustrated by the characterization outcomes.

These results confirm the assumptions that the Pt/Al2O3 and
NiPt/Al2O3 solids are tolerant against poisoning compared with
Ni /Al2O3, Co /Al2O3 and Fe/Al2O3 due to the CO affinity of the
reduced Ni, Co and Fe elements for CO and thus, the latter solids
have coking resistance.

In the case of Fe/Al2O3, agglomerates of particles are identified
after the catalytic test (Fig. 6c), which indicates that the sintering
is the leading cause of the deactivation of the solid (Fig. 2). Also,
the high magnification SEM image suggests that the aggregates
of particles are composed of S element deposited on the solid



Fig. 7. HRTEM micrographs of the spent (a) PA and (b) NPA samples. The solids are tested in the SCR-CO reaction at distinct temperatures with the maximum being 300 �C.
The reactants composition are 500 ppm of NO, 1000 ppm of CO and balancing with He using the GHSV of 48,600 h�1. Both SO2 and H2O were introduced in the reactor during
the reaction for 6 h.
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surface. Similar results are found for Ni/Al2O3 (Fig. 6a). In the case
of CoAl2O3 (Fig. 6d), carbon element is found after the reaction.

NiPt/Al2O3 and Pt/Al2O3 are selected as the most actives cata-
lysts for CO-SCR reaction, thus, a further work is being carried
out to find out the reasons for the best catalytic activities of the
solids. The TEM images of Pt/Al2O3 give evidence that the Pt
nanoparticles dispersion remains after the catalytic test, as
depicted by the low magnification image in the left of Fig. 7a.

Additionally, based on observations of the HRTEM image in the
included Fig. 7a, these particles have sizes in the 0.3–2 nm range.
Although these particles are close to each other, no evident sinter-
ing of the particles appears to occur after the catalytic test (Fig. 7a,
right). Also, sulfur and carbon species are seen (the included
Fig. 7a, right) even though the poisoning does not degrade the solid
structure. This is consistent with the EDS mapping of Pt/Al2O3.

The TEM image of spent NiPt/Al2O3 shows that small, uneven
and random Pt nanoparticles are distributed on the solid surface
(Fig. 7b, left). From these data, it can be concluded that the alumina
surface indeed is very rich in Pt nanoparticles with sizes close to
1 nm (dark dots in the included Fig. 7b) whereas the Ni ones are
not detected (Fig. 7b, right).
Besides, these Pt nanoparticles are resistant against sulfur poi-
soning, especially those into the alumina pores where almost no
heavy carbon is deposited. Thus, the Ni synergistically may act
with Pt as active sites, with the former aiding the electron transfer
to Pt and subsequently, the electron donation from Pt to the sup-
port, thus enhancing the sulfur coking resistance capacity of the
NiPt/Al2O3. This contributes to the good catalytic performance of
the solid during the tests with SO2 and H2O (Fig. 2).

Evidently, the presence of Ni concomitantly with Pt in NiPt/
Al2O3 improves the catalytic performance; consequently, the sev-
ere carbon and sulfur deposition over Ni sites when compared to
the analogous Ni/Al2O3. The obtained results demonstrated that
the Co and Fe give a poor catalytic activity in the SCR process
due to their predisposition to the phase transformation and
sintering.

The SCR kinetic expressions based on Eley-Rideal and
Langmuir-Hinshelwood models for NH3 as reductant are exten-
sively applied to explain the HC-SCR mechanism [20]. It is
expected that Pto receives an electron from NOx (or CO) and the
former nitrous gas will be reduced to N2 and Pt would be oxidized
into PtOx species, in terms of the abovementioned models. In the
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current study at 350 �C, however, Pt reduction is not observed over
Pt/Al2O3 and NiPt/Al2O3 catalysts in reason of the high temperature
required, e.g. >400 �C to obtain metallic Pt on Al2O3. Thus, the PtOx

on Al2O3 preferentially adsorbs the CO than NOx in PtOx sites with
the formation of NCO intermediate on the active Pt sites. Further
CO2 oxidation on the metal sites may also occur along with the
reduction of the monodentate NOx adsorbed on the Pt sites to N2.
Afterwards, the PtOx partially reduced would be restored to PtO2

by extra oxygen from the Al2O3 support and then the next redox
cycle starts.

In addition, the Pt reduced state on the Al2O3 carrier solely
occurs at relatively high temperatures [30]. This is not the case
of our samples, in which the partially reduced state of platinum
e.g., (Cl)PtOx is prone to occur promoting the catalytic activity. In
this sense, the NOx species react with CO to form N2 and CO2 at
short CO-SCR reaction times. As found by TPSR and FTIR experi-
ments, the adsorbed NOx species decompose to NO, NO2 and O2

and simultaneously the NCO/CN (isocyanate/cyanate) species are
formed [38]. These species are successively reduced to N2 and
CO2 through the use of the Pt-containing catalysts at 350 �C with
the solids exhibiting NOx conversion. This may explain the
obtained catalytic results for Pt/Al2O3 and NiPt/Al2O3.

4. Conclusions

The NOx conversions for the Pt-containing alumina samples
were higher than those of Ni, Fe and Co supported counterparts.
This was attributed to the high acidity of the former samples, con-
firming that the reaction of NOx and CO on acidic Pt species
enhances the catalytic activity. Adding only Pt to the alumina is
beneficial for the stability of the catalyst; on the contrary, the syn-
ergistic effect between the bimetallic Ni and Pt on alumina pro-
moted improvement of the catalytic properties only at relatively
low temperatures of CO-SCR reaction. The absence of severe sulfur
and carbonaceous deposition on the Pt-based solids revealed the
high SO2 and water vapor resistivity of these catalysts.

The acidity, high resistance against poisoning and intimate syn-
ergy between the Pt (Ni) nanoparticles and the porous alumina
support were considered to be one of the reasons for the superior-
ity of Pt/Al2O3 and NiPt/Al2O3 in the CO-SCR reaction.
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