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Highlights

e High Zr-loaded SBA-15with a direct-post synthesis method was achieved.

e Non-noble metal-based catalyst was developed by doping cobalt on ZrSBADP2.
e The highest C3Hs-SCR activity was achieved over Co2/ZrSBADP2.

e A high N2 yield (70 %) was obtained in the presence of water vapor at 350°C.

e The catalyst structure was stable in the extreme prolonged reaction conditions.



Abstract

A high Zr-loaded SBA-15 mesoporous material with high surface area, well-ordered structure,
homogeneous Zr dispersion and high surface acidity has been prepared by a novel direct-post
synthesis technique (DP). While maximum Zr loadings of 5.1 wt% and 16.7 wt% have been
achieved in direct and post synthesis methods, respectively, the support synthesized by the DP
method (ZrSBADP2) has yielded a Zr loading of 32.1 wt%. Also, a high acidity of

136 umol. g1, favorable for catalysis reactions, has been reached for ZrSBADP2. The effect of
cobalt concentration on the catalyst has also been examined on the NO to N2 conversion via
selective reduction (C3Hs-SCR) with propane. It has been demonstrated that the catalyst with 2
wt% cobalt has shown the highest N2 yield (70%) at 400°C in the presence of 6 vol% O2. The
catalyst performance has significantly improved in the presence of water vapor where the N2
yield increased to 54% and 70% at 300°C and 350°C, respectively, compared with 18% and 34%
in the absence of water vapor. Also, at high temperatures (= 400°C), the presence of water vapor
has not resulted in any decrease in the catalyst performance. The long term stability test has
proved that the catalyst structure is retained in extreme prolonged reaction conditions, making it

a suitable catalyst for real applications.
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1 Introduction

Growing environmental concerns on NOx emission as a major source for air pollution have
driven industrial and governmental sectors to seek for an efficient method to reduce NOx
emission from mobile and stationary sources.

Selective catalytic reduction (SCR) of NOx has proved as an effective strategy to convert this
poisonous emission into environmental-benign gaseous components. Among many SCR
techniques, NOx reduction using hydrocarbon as the reducing agent (HC-SCR) in the lean-burn
conditions has been considered as a simple and efficient technique in comparison to other SCR
methods, such as NH3-SCR and Urea-SCR. The catalytic system in HC-SCR requires certain
properties, such as hydrothermal stability and high surface acidity. Moreover, specific
characteristics of the support used for catalyst preparation, such as high surface area and good
interaction with active components, will greatly assist the catalyst to exhibit higher activity in the
catalytic reactions [1-4].

So far, various types of catalysts including zeolites, metal oxides, transition metal-supported
compounds and noble metal-based catalysts, have been developed for HC-SCR [4—6]. Amongst,
zeolite-supported cobalt catalyst has exhibited promising results in NO reduction with
propane[7-9] that is the main component of unburned hydrocarbons in lean-burn gas, diesel and
natural gas-fueled appliances exhausts [10—13]. Shichi et al. [7] reported that Co-MFI zeolite
catalyst had 30% and 80% NO conversion at 350 and 400°C, respectively. In another report, 30%
and 40% of NO conversion was observed over CoZSM-5 catalyst in the presence of propane at
the same temperature range [8]. However, zeolite-based catalysts suffer from instability in
hydrothermal conditions leading to catalysts deactivation [14]. Therefore, other catalytic systems

such as zirconium oxide-based catalysts have been attracted more attention for HC-SCR due to



high acidity, hydrothermal stability and water tolerance [15,16]. Nonetheless, their low surface
area and weak interaction with active components [5,6] keep them far from being a proper
catalyst for industrial applications. Hence, many researches have been devoted to overcome these
disadvantages and improve catalytic performance. For instance, a combination of zirconium with
a mesoporous silica results in increased catalyst surface area, enhanced interaction with active
components and formation of some Lewis and Bronsted acid sites which is desirable for a
catalyst [17-21].

Two distinct methods, i.e. direct and post synthesis methods, can be used to synthesize Zr-
incorporated SBA-15 [22]. In the direct synthesis method (D), Zr is introduced to the SBA-15
structure during the hydrothermal synthesis of SBA-15 [23], while in the post synthesis method
(P), incorporation of the metal is carried out through the chemical grafting on the synthesized
SBA-15 as a second step [24]. Although high amounts of Zr is favored to achieve increased
acidity and to enhance the interaction between the support and the active components, both
techniques have limitations in Zr loading content, while retaining the intact structure of the SBA-
15. High Zr loading brings about structural collapsing in the case of the former and pore
blockage and surface area reduction in the case of the latter.

The objective of this paper is to develop a high Zr-loaded SBA-15 support material by using a
combination of direct and post synthesis methods (DP). The application of the cobalt-doped
support, synthesized by this innovative approach, was evaluated in NOx reduction under lean

conditions and compared with those prepared by the conventional methods.



2 Experimental

2.1 Support and Catalyst preparation

Zr-SBA-15 synthesis by direct synthesis method (D): The established method reported by Gracia
et al. [25] with some modification was applied for Zr-SBA-15 preparation by direct synthesis
method. Amphiphilic triblock copolymer P123 (EO20PO70EO20) as the structure directing agent
was dissolved in hydrochloric acid solution at 35°C to produce a clear micelle solution. Then,
appropriate amount of zirconium precursor (ZrONO3.xH20) was added to the solution prior to
tetracthyl orthosilicate addition. The mixture was kept under stirring at 35°C for 24 h. The
resulting gel with a molar composition of 0.0171 P123: 1 Si: 0.05-0.2 Zr: 0.3 HCI: 206.35 H20
was then transferred into a Teflon-lined stainless steel autoclave for hydrothermal treatment at
100°C for 24 h under autogenous pressure. The final product, ZrSBADx (x represents the mole
ratio of Si/Zr), was filtrated, washed several times with deionized water, dried at 60°C overnight
and calcined at 600°C for 8 h with a heating rate of 1°C. min~1.

Zr-SBA-15 synthesis by post synthesis method (P): The method reported by Gutiérrez et al. [24]
was applied with some modification for the preparation of the post-synthesized Zr-SBA-15.
SBA-15 was prepared according to the method described elsewhere [26]. Then, appropriate
amount of SBA-15, zirconium precursor (Zirconium (IV) propoxide [Zr(n-PrO)4] (70 wt %
solution in 1-propanol)) and absolute ethanol, as solvent for chemical grafting, with a molar
composition of 1 Si: 0.22 — 0.88 Zr: 13.7 solvent, were mixed overnight at room temperature
under nitrogen gas. Excess Zr(n-PrO)s4 was eliminated by filtering and washed with three
sequential aliquots of absolute ethanol. The obtained material, ZrSBAPx (x represents the mole
ratio of Si/Zr), was then dried overnight at room temperature under nitrogen gas, and finally

calcined at 550°C for 6 h with a heating rate 1°C. min~1,



Zr-SBA-15 synthesis by combined direct-post synthesis method (DP): ZrSBAD10 was first
prepared using the above-explained procedure with Si/Zr of 10. Then, appropriate amount of
prepared ZrSBAD10, zirconium precursor and absolute ethanol with a weight composition of 1
ZrSBADI10: 1.74-6.96 Zr(n-PrO)4:10.5 absolute ethanol, were mixed overnight under nitrogen
gas. The slurry was filtered and washed with three sequential aliquots of absolute ethanol to
eliminate excess Zr(n-PrO)s. The obtained material, ZrSBADPx (x represents the weight ratio of
Si/Zr), was dried overnight at room temperature under nitrogen gas prior to calcination at 550°C
for 6 h with a heating rate 1°C. min~1,

Catalyst preparation: ZrSBAD10, ZrSBAP2 and ZrSBADP2 and SBA-15 were used as support
for Co-based catalyst preparation via the incipient wetness impregnation technique [27]. A
required volume of aqueous solution of cobalt acetate tetrahydrate (Co (CH3COO)2-4H20) was
impregnated into the support to obtain a desired content of Co on the support structure (1, 2, 4
and 10 wt %). The impregnated supports were dried overnight at 70°C and calcined at 550°C for
5 h in the open air with a heating rate of 1°C. min~1. These catalysts were denoted by the support
preparation method and the cobalt content. For instance, Co4/ZrSBADP2 indicates that the
support was prepared by DP technique with a weight ratio of Si/Zr equal to 2 and the catalyst
contains 4wt% cobalt (Table 1). Moreover, a 2%Ag/Al2O3 catalyst as a benchmark was prepared

with the same impregnation and heat treatment procedures. A requisite volume of an aqueous

solution containing the required amount of AgNO3 was added dropwise onto y-Al20s.

2.2 Characterization
Prepared supports and catalysts were characterized by means of various methods including

Powder X-ray diffraction technique (XRD), nitrogen adsorption and desorption, X-ray



photoelectron spectroscopy (XPS), X-ray fluorescence spectroscopy (XRF), Fourier transform
infrared spectroscopy (FTIR).

PANalytical X-ray diffractometer (model X'pert Pro) and powder X-ray diffraction system
(model PW1830 (Philips), 2KW, Cu anode, graphite monochromator) were used to determine
the crystallinity of the materials. The scanning range (26) was adjusted in the range of 0.3-3°
and 10-90° for low and high angle spectra, respectively.

N2 adsorption-desorption were conducted by a Coulter SA3100 surface area analyzer at liquid
nitrogen temperature. The samples were outgassed at 250°C for 120 min prior to the analysis.
The specific surface areas of the supports and catalysts were determined in the linear region of
the Brunauer—-Emmett—Teller (BET) equation (relative pressure between 0.05 and 0.22). The
total pore volume was calculated at relative pressure of 0.98.

XPS experiment was carried out by a Kratos Axis Ultra DLD multi-technique XPS instrument
under ultra-high vacuum to analyze the surface chemistry of the materials. A monochromatic Al
Ko X-ray source (excitation energy, hv = 1486.6 eV) at a voltage of 10 kV and a current of 15
mA was used as the energy source. The low and high resolution spectra were acquired at 70 and
20 eV pass energy, respectively. C(1s) at a binding energy of 284.6 eV was used as reference for
the spectra correction.

Elemental composition of the prepared supports and catalysts was determined by XRF using a
JEOL JSX-3201Z XRF. The X-ray source for the experiments was obtained when the voltage
and current of the tube was adjusted at 30 kV and 0-1 mA, respectively.

FTIR was used to identify the functional moieties of prepared supports. Infrared spectrum of

1

samples was collected by KBr pellet technique in the wave number range of 4000-400 cm™" at

room temperature with a FTS 6000 FTIR spectrometer.



The surface acidity was measured by a pulse chromatographic technique approaching conditions
of gas-chromatography linearity. The experiment was carried out in gas-phase at 300°C. The
adsorption of pyridine (PY) and 2,6-dimethylpyridine (DMPY) as probe molecules (basic
compounds) in a dynamic mode was conducted to measure the total acidity (sum of Bronsted and
Lewis acid sites) and Bronsted acid sites, respectively [28]. Typically, a very small amount of
probes molecules were injected into a modified gas chromatograph through a microreactor
containing 50 mg of samples. The probe molecules were adsorbed by the sample until the
saturation level from where the peaks of the compounds were detected by GC. Subsequently, the

amounts of adsorbed PY and DMPY were measured.

2.3 Catalytic activity tests

The HC-SCR reaction was carried out in a fixed bed stainless steel reactor and fed with a
continuous feed gas consisted of nitric oxide (500ppm), propane (500-2000ppm), oxygen (3-10
vol%), water vapor (0-7 vol%) and helium as balance. The gas flow rate was regulated at

100ml. min~! (GHSV equal to 12000h~1). Typically, 0.5 g of catalyst powder was loaded
between two glass wool layers into the reactor. The loaded reactor was placed in a Carbolite tube
furnace in order to provide the desired temperature (controlled by an additional thermometer) for
the reaction. Effluent gases were analyzed by a gas chromatograph (HP 6890 series) equipped
with Porapak Q, Hayesep D columns and a TCD detector to determine the concentration of N2,
CO:2 and C3Hs at steady state condition. The effects of various parameters including reaction
temperature, catalyst composition and reactant concentration were evaluated. N2 yield was

considered as the NOx reduction performance of the catalyst and was calculated as follows:



[NZ]produced
[NOJin (Eql)

NO conversion to N, (%) =
where [N2]out and [NO]Jin represent the moles of N2 in the outlet and NO in the feed stream,
respectively.

3 Results and discussion
Production of a support with 2-D hexagonal structure as well as homogeneous dispersion and
deposition of Zr was aimed in the preparation of a high Zr-loaded SBA-15. These two

characteristics are essential for the material to be used as support for catalyst preparation

applicable in HC-SCR reaction.

3.1 Catalysts and supports characterization
3.1.1 Elemental analysis

In order to find out the effect of synthesis method on Zr content of the prepared materials, the
metal contents (Si and Zr) of the prepared supports was measured and tabulated in Table 1.

The elemental analysis results indicate that the Zr content in the direct synthesized supports
(ZrSBADX) is inversely proportional to Si/Zr ratio in the initial synthesis gel. Although the
highest Zr loading is achieved at a Si/Zr ratio of 5 (ZrSBADS), the hexagonal structure of SBA-
15 was completely distorted according to the XRD pattern (section 3.1.2). Therefore, the highest
content of Zr (5.1 wt%) was obtained when Si/Zr was regulated at 10 while the well-ordered
mesoporous structure of the SBA-15 remained intact. These results are in good agreement with
literature [5].

The loading of Zr in the post synthesized support (ZrSBAPx) was considerably increased
compared to the ZrSBADx while retaining the intact structure of the SBA-15. In ZrSBAP2, 16.7

wt % of Zr loading was achieved when Si/Zr ratio was adjusted to a value of 2.24, where the 2-



D hexagonal structure of SBA-15 was almost remained intact. It was also observed that the SBA-
15 structure could accommodate the heteroatoms up to a saturation level and decreasing the
Si/Zr ratio from 4.54 to 1.13 did not result in any increase in the Zr content. The highest amount
of loaded Zr into the SBA-15 structure in this work (16.7 wt%) is lower than that obtained by
Gutiérrez et al. (23.4 wt%) [29] which might be due to difference in solvent used (dry
ethanol, 99.999%). A part of the alkoxide (zirconium precursor) can take part in hydrolysis as a
side reaction in the presence of the water content of the absolute ethanol solvent leading to the
formation of zirconium hydroxide precipitate [30]. However, from the practical point of view,
using dry ethanol in industry scale is not applicable due to its high cost.

According to Table 1, the introduction of higher amounts of Zr into the SBA-15 structure has
been facilitated by using the DP technique. Zr content in the SBA-15 structure significantly
increased and reached 32.1 wt% (ZrSBADP2) which is 6 and 2 times higher than those of the
direct (ZrSBAD10) and post synthesized (ZrSBAP2) supports, respectively. Moreover, the
hexagonal structures of the prepared supports remained unchanged compared with that of the
pure SBA-15 with no considerable collapses (Section 3.1.2). The considerably high Zr loading
can be attributed to an enhanced interaction between the acid sites on the ZrSBAD10 and
zirconium precursor (Zr(n-PrO)4) used in the post-synthesis method. In addition, according to
Degirmenci et al.[31] , the concentration of the silanol groups, (Si0)3Si — OH, is significantly
increased upon direct synthesis of support. This high content of silanol groups might lead to an
enhanced interaction between the zirconium precursor and the support through chemical grafting,
subsequently resulting in more Zr contribution in the ZrSBADPx structure through either

substitution in the framework or deposition on the surface.



3.1.2 X-ray diffraction pattern

The low and high angle diffraction patterns of the SBA-15, supports and catalyst, depicted in
Figure 1a - b demonstrate that the intensity of the diffraction peaks related to DP-synthesized
material with the highest Zr content slightly decreased, however well-ordered mesoporous
crystal structure of the SBA-15 almost remained intact. This can be ascribed to the structural
stability of the supports and catalyst at high calcination temperature essential for NOx reduction
catalysts [32,33]. In addition, although a high Zr-loaded material (as high as 30 wt%) could be
synthesized through the direct method using a Si/Zr ratio of 5 (ZrSBADS), the well-ordered
mesoporous structure was completely distorted, as testified by the XRD pattern.

High-angel X-ray diffraction pattern of the Zr-loaded materials (Figure 1b) did not exhibit
diffraction peaks at 20 = 30°, 35°, 50°, and 60° related to the tetragonal ZrO: crystalline phase on
the supports [34]. This indicates that despite the significantly high Zr loading made by the DP
method, Zr was dispersed homogeneously throughout the SBA-15 structure without any
agglomeration.

3.1.3 Textural properties

The textural properties of the developed supports, SBA-15 as a reference and the prepared
catalysts with various content of the cobalt are tabulated in Table 2. The surface area and pore
volume are inversely proportional to the contribution of Zr into the SBA-15 framework. SBA-15
with no Zr content showed the highest specific surface area (905 m2.g~1) and total pore volume
(1.2 cm3. g™1), while these two parameters decrease to 548 m?.g~1 and 0.7 cm3.g~?! for
ZrSBADP?2 with the highest Zr loading. A slight 2-D hexagonal structural modification as a
result of Zr incorporation accounts for a reduction in the surface area and pore volume [5,24,25],
which is confirmed by XRD results as well (Figure 1). A slight decrease in BET surface area and

pore volume was observed after cobalt loading. The decreasing trend was directly proportional to



the cobalt content. A 29% reduction of the surface area was observed when the cobalt content
increased from 1 wt% to 10 wt%. This trend demonstrates that the structural modification was
more pronounced in the presence of a higher content of the cobalt species. Despite this reduction,
the surface area of the catalysts was still higher than those of the zeolites and noble metal-based
catalysts [15,35,36]. The large surface area of the prepared catalysts, resulting in more active
sites for the chemisorption of the reactants and thus higher reaction rate, can be considered as
one of the main advantages of the DP synthesis technique [37].

Nitrogen adsorption/desorption isotherms, shown in Figure S1, imply that all the samples
exhibited the typical type IV isotherm with H1-type hysteresis loop characteristic of the
mesoporous materials with a highly uniform size distribution according to the IUPAC

classification [38].

3.1.4 XPS analysis

The chemical state of Si, Zr and O atoms of the prepared supports was investigated by XPS. The
XPS spectra of the Si-2p32 (Figure 2) revealed that two distinct peaks for all the prepared
supports were distinguished at a binding energy (BE) of approximately 103 and 105 eV. By
comparing the spectra of the supports and SBA-15, a new Si environment was observed after the
modification of SBA-15 with Zr irrespective to preparation method. A peak with a binding
energy centered at about 104.5 eV emerged after the SBA-15 modification which is
characteristic of the Si — O — Zr, while the bond at a BE of 103.6 €V is ascribed to

Si— O — Si [39]. This suggests that Zr atoms were successfully introduced into the SBA-15
framework by all the techniques used.

XPS spectra of Ols (Figure 3a-c) show three distinct peaks associated with Si — O (at ca. 533

eV), Si— O — Zr (at ca. 532.5 eV) and Zr— O (at ca. 531 eV) for the various supports. In



addition, an obvious difference can be detected between the intensity of Zr— O in different
supports. The intensity of Zr — O is directly proportional to the Zr content of the supports and in
the order of ZrSBADP2 > ZrSBAP2 > ZrSBAD10. In addition, no peak at 528-529 eV related to
Zr — O of pure ZrO2 was observed during XPS experiment [5,25,40]. As shown in Figure 4, no
crystalline phase of ZrO2 was distinguished in the XPS spectra of Zr3d for different Zr-modified
SBA-15. The Zr 3ds.2 spectra of ZrSBADP2, ZrSBAP2 and ZrSBAD10 centered at 183, 183.2
and 183.4 eV, respectively, are far from 182.1 eV related to Zr*" in ZrO: cluster [41].

The deconvoluted XPS spectra of the catalysts are shown in Figure 5a-d and Table 3. For
Col/ZrSBADP2 and Co2/ ZrSBADP2, the core level binding energies of Co2p3/.2 were centered
at 782.3 and 782.4 eV, respectively. Two satellites corresponding to two spin-orbital peaks also
emerged at 787 eV and 786.8 eV, respectively. These BE values associated with satellite shake-
up features indicate that the oxidation state of Co in these two catalysts is 2+ [42]. In addition,
the core level BE values of Co2pi1.2 for both samples was determined at 798.1 eV which is close
to that of Co®" ions. Also, the satellite for Co2pi2 was observed at 803.9 and 803.7 eV for
Col/ZrSBADP2 and Co2/ ZrSBADP2, respectively. These results further suggest that the
majority of the cobalt atoms are present as Co®" clusters in tetrahedral coordination in
Col/ZrSBADP2 and Co2/ZrSBADP2 catalysts [43,44]. Co4/ZrSBADP2 showed two BE values
for each of Co2p3,2 and Co2pi2 at 782 and 783.7 eV, and 797.2 and 798.5 eV, respectively. In
addition, two satellite related to the two spin-orbital peaks were observed 787.1 and 803.8 eV,
respectively. These results further verify that cobalt atoms are present in oxidation state of (II) in
Co4/ZrSBADP2. The existence of the second peak for Co2ps2 (centered at 783.7 eV) and
Co2pi.2 (centered at 798.5 eV) implies that some of the cobalt (II) species exist in octahedral

coordination and/or cobalt oxide in Co4/ZrSBADP2 [45]. Similar trend can be observed for



Col0/ZrSBADP2. However, the intensities of the second peaks of Co2p3.2 and Co2pi2 were

higher than those of Co4/ZrSBADP?2 (Table 3).

3.1.5 FTIR analysis

The incorporation of Zr into the SBA-15 framework was studied by FTIR spectroscopy (Figure
S2). All the samples exhibited a band around 3440 cm™? and at 1634 cm™! assigned to O — H
stretching vibration mode of the silanols groups bonded with the hydrogen and Zr — OH
stretching vibration, respectively[46]. The intensity of the broad vibrational bands centered at
3440 cm™! and 1634 cm™? are directly proportional to the concentration of the hydroxyl and
adsorbed water molecules which are affected by Zr content [47]. ZrSBADP2 with highest Zr
content exhibited the highest intensity of O — H vibrational bands.

A broad strong band between 1200 and 810 cm ™! was observed for all the samples. This band is
comprised of several bands; the bands at 1200 cm™tand 1080 cm™! are related to asymmetric
stretching vibration of SiO4 units, the band at around 970 cm™? is assigned to Si— O— Zr

! is assigned to Si— O (non-bridging oxygen atoms),

symmetric stretching, the band at 880 cm™
and the band at 803 cm™! is ascribed to symmetric stretching of Si— O [46,48]. The presence of
the band at 970 cm™? in spectrum of Zr-loaded SBA-15 (related to Si— O — Zr) suggests that
Zr is effectively introduced into the SBA-15 framework [16]. Since no IR band in the range of
910 and 970 cm™? was observed for the SBA-15, the presence of the band at 970 cm™? for the
Zr-modified supports can be considered as an obvious evidence for the isomorphous contribution
of Zr ions [49]. Furthermore, the intensity of the band at 970 cm™1 is directly proportional to the
Zr loading where the largest intensity of the band was observed for ZrSBADP2. This

phenomenon might be related to greater substitution and deposition of Zr species either in the

framework or on the surface of the SBA-15 structure during the DP modification process.



The broad adsorption band between 600 cm™~*and 400 cm™! centered at 460 cm™? | is assigned
to Zr — O— Si and/or Si — O— Si vibration [16,46,50]. Since, the same band was observed for
SBA-15 as well, the contribution of Si — O — Si band cannot be excluded.

FTIR analysis of catalyst with highest cobalt content (Col0/ZrSBADP2) was performed for
comparison with the support (ZrSBADP2). The result showed that the spectrum pattern of the

catalyst was comparable to the support with negligible difference (Figure S2).

3.1.6  Surface acidity analysis

As given in Table 2, the supports and catalysts exhibited both Bronsted and Lewis acid sites. The
quantities and simultaneous presence of these two types of acid sites play a critical role in HC-
SCR reactions [1]. It has been demonstrated that the quantities of the Bronsted and Lewis acid
sites are affected by the material preparation method. The Bronsted and Lewis acid sites of the
ZrSBADI10, ZrSBAP2 and ZrSBADP2 were measured to be 92 and 29umol. g1, 96 and

32 umol.g™1, and 99 and 37 umol. g~1, respectively. This trend is in line with the trend of Zr
content in the supports, where ZrSBAD10 with the lowest content of Zr exhibited the lowest
acidity, and ZrSBADP2 with the highest Zr content showed the highest acidity. The relationship
between the Zr content and acidity is in good agreement with literature where a direct
proportional relationship between acidity and Zr content of mesoporous silica were reported
[5,51,52]. The acidity of the catalysts did not change significantly after Co loading into the
support. Lewis and Bronsted acidity decreased slightly from 37 to 34 pmol. g~ and from 97 to
91 umol. g™, respectively, when Co content increases from 1wt% to 10 wt%. Since the
concentration and strength of Bronsted and Lewis acid sites play an important role in NOx
reduction with hydrocarbons [35,53-55], ZtrSBADP2-supported cobalt catalysts possess a high

potential to be applied as active catalysts in C3Hs-SCR reaction.



3.2 Catalytic performance

3.2.1 Effect of cobalt content

NO conversion to N2 (%) over the catalysts with various cobalt contents at a temperature range
0f 250-500°C is shown in Figure 6. Three distinct temperature ranges was considered, namely
250-300°C, 350-400°C and T= 450°C. At 300°C, the catalysts with higher content of cobalt,
Co10/ZrSBADP2 and Co4/ZrSBADP2, exhibited 25 % and 21 % N2 yield, respectively, which
were higher than those of Co2/ZrSBADP2 (18 %) and Col/ZrSBADP2 (5%). At 400°C, the
catalyst with 2 wt% cobalt exhibited 70 % N2 yield which was 50% and 20% higher than those
of Co10/ZrSBADP2 and Co4/ZrSBADP2. Also, the cobalt content of 1 wt% was proved to be
sufficient to show higher NO conversion (67 %) compared to the Col0/ZrSBADP2 and
Co4/ZrSBADP2 at the same temperature. In the high temperature region, the activity of the
catalysts were inversely proportional to the cobalt content. Col/ZrSBADP2 showed 45 % N2
yield at 500°C while Co10/ZrSBADP2 had only 12 % N2 yield. Therefore, it is demonstrated that
the activity of the catalysts was strongly affected by the cobalt content. Since ZrSBADP2
exhibited neither NO reduction through the entire temperature range, nor CO2 formation at
T < 350 °C, it is concluded that cobalt species play a crucial role in reduction of NO through
propane activation that results in the formation of intermediate components, namely, oxygenated
hydrocarbons (CxHyO). In addition, no N2O formation was detected as the by-product of the
reaction during the NO reduction over the catalysts at different temperatures. In order to
elucidate the effect of cobalt content on the catalyst performance, two general competitive
reactions were considered in the SCR of NO with propane:

2NO + C3Hg + 40, - N, + 4H,0 + 3CO, (R1)

C3H8 + 502 - 4H20 + 3C02 (R 2)



It should be noted that reactions (R1) and (R2) are not intended as a SCR mechanism over the
catalysts. In addition, the oxidation of NO to NO2 might also occur during the NO reduction in
the presence of the oxygen [44].

The proceeding of reactions (R1) and (R2) is strongly affected by the nature of the cobalt species
on the catalysts, which is, in turn, influenced by the amount of cobalt content [13,56,57]. High
concentration of cobalt in Col10/ZrSBADP?2 results in the formation of cobalt species which has
weak interactions with the support and can be easily reduced at low temperature. Moreover, the
production of cobalt oxides as a form of nano-sized Co304, active in NO reduction at low
temperature, might occur in the high-loaded cobalt catalyst which was already validated by XPS
analysis and has been reported by Martinez et al. [S8]. The oxidation of NO to NOz2, as one the
main steps in HC-SCR, is improved in the presence of these cobalt oxide species which in turn
facilitate the activation of hydrocarbons for NOx reduction at low temperatures. However, at
high temperatures, reaction (R2) is favored to a greater extent by Co3O4 than reaction (R1) [59]
which leads to a significant deactivation of Col0/ZrSBADP2.

Co4/ZrSBADP2 was less active than Co10/ZrSBADP?2 at low temperature however it showed a
better activity at high temperature. This behavior might be due to the presence of various cobalt
species on the catalyst. A mixture of Co>" ions and cobalt oxide is present on the two catalysts.
However, from the XPS results (Table 3), the intensity of the cobalt oxide species in

Co10/ ZrSBADP2 was much higher than Co4/ZrSBADP2. Thus, Co4/ZrSBADP2 was less
active than Co10/ZrSBADP?2 at low temperatures whereas it showed a better activity at higher
temperature. Furthermore, it is well known that the formation of NOx-ad species over the
catalyst is one the main important steps in HC-SCR reaction [60,61]. The types of the formed

NOx-ad species are affected by the metal loading. Highly stable nitrate species including



monodentate and bidentate nitrates can be produced over the high metal-loaded catalysts [62].
Considering that the dissociation of these stable species occurs at high temperatures, direct
oxidation of propane (R2) is also accelerated at such high temperatures by high-loaded metal
catalyst. Thus, the overall NO reduction decreases over Co10/ZrSBADP2 and Co4/ZrSBADP2
at high temperatures.

The cobalt oxide species (active at T < 300 °C) are not present in the catalyst with low cobalt
content. Therefore, Co2/ZrSBADP2 possesses merely Co>" ions in tetrahedral coordination and
cobalt silicate which favors the reaction (R1) at T > 300 °C. Moreover, further decrease in the
cobalt content, from 2 wt% to 1 wt%, did not lead to any significant change in the catalytic
activity of Co2/ZrSBADP2 and Col/ZrSBADP2 atT > 400 °C. However, a slight change in the
performance at T < 400 °C can be assigned to the difference in the dispersion of the cobalt
species on the support and/or interaction with the support. The intensity of the shake-up satellite
related to Co2ps2 and 2pis2 of the Co2/ZrSBADP2 were higher than that of Col/ZrSBADP2
(Table 3). This phenomenon indicates that the interaction of the cobalt species in
Col/ZrSBADP2 with the support is stronger than that of Co2/ZrSBADP2 [43] which results in a
slight decrease in the reducibility of the cobalt species at low temperatures [58] and therefore,
lower activity of the Col/ZrSBADP2 at T < 400 °C.

Since Co2/ZrSBADP?2 exhibited better NO reduction compared to the other catalysts, a 2 wt %
cobalt loading was considered as an optimum loading ratio for further study.

3.2.2 Effect of Zr content

In order to evaluate the effect of Zr content on the catalyst performance, the supports,
ZrSBADI10, ZrSBAP2,ZrSBADP2, and SBA-15 were loaded with 2 wt % cobalt and their NOx

conversion efficiency was determined. As depicted in Figure 7, the catalyst performance was



directly proportional to the Zr content. Co2/ZrSBADP2 with the highest Zr concentration
exhibited the highest N2 yield at all temperatures, while Co2/SBA and Co2/ZrSBAD10 did not
show any considerable N2 yield. This phenomenon can be attributed to the difference in the
acidity of the supports by the Zr content, where the amount of Lewis and Bronsted acidity is
ZrSBADP2 > ZrSBAP2 > ZrSBADI10. The conversion of NO to N2 occurs via the formation of
nitrates adsorbed (NOx-ad) species through several sequential reactions on the Lewis acid sites
[35]. Subsequently, the NOx-ad species are reduced to N2 by the oxygenated hydrocarbons
(CxHyOy) [60,61]. Thus, it can be inferred that an increase in the Lewis acid density (increase in
the Zr content) will elevate the amount of the NOx ad-species, which, in turn, will increase the
overall conversion of NO to N2. Moreover, it has been reported that HC-SCR is also promoted
by Bronsted acidity of the catalysts [63—67]. Orlyk [64] showed that the catalytic efficiency of
the oxide systems is directly proportional to the concentration of Bronsted acid sites of the
catalysts surface. This can be explained by the fact that the formation of oxygenated
hydrocarbons (CxHyOy), as intermediate components in HC-SCR, and hydrocarbon activation are
promoted by Bronsted acid centers [63,67]. Through the novel DP technique, higher contents of
Lewis and Bronsted acid sites can be achieved which can highly enhance the NO to N2
conversion.

3.2.3 Effect of propane concentration

The performance of the optimum catalyst was evaluated at two concentrations of propane (500
and 1250 ppm) while other parameters were maintained constant (500 ppm of NO, 6 vol % of O2
in helium as balance with the total flow rate of 100 ml. min~1). According to Figure 8a, different
trends at two temperature regimes (T < 350°C and T = 400 °C) were observed during NO
reduction. At T < 350°C, increasing the propane concentration from 500 ppm to 1250 ppm did

not lead to any enhancement in the NO to N2 conversion. This result is in line with the amount of



CsHs conversion to COz at T < 350 °C (Table 4). CsHs conversion to CO2 was about 2 % and
15% at 300 and 350°C, respectively, with respect to that at 500°C in the presence of 1250 ppm of
propane. Nonetheless, the conversion increased to 7% and 37% in the presence of 500 ppm of
propane at the same temperatures. This phenomenon might be explained by the fact that in the
presence of high concentration of propane, some of the active centers of the catalyst are blocked
by the higher fraction of unreacted hydrocarbon species, because the temperature is not high
enough to proceed the reaction towards N2 and CO:2 formation in order to recover the active
centers.

At 400, 450 and 500°C, N2 yield increased significantly from 70% to 100 %, 60% to 98% and
36% to 68%, respectively, with increasing the propane concentration. At high temperatures,
higher concentration of reducing agent increases the formation of oxygenated hydrocarbon
intermediate species (CxHyOz) which results in a strong enhancement in the catalytic activity
towards N2 formation [36,68,69]. Moreover, at higher reducing agent concentration, the metal
sites on the catalyst are reduced more efficiently which results in higher NOx reduction [36].

3.2.4  Effect of oxygen concentration

The efficiency of Co2/ZrSBADP2 was evaluated under various concentrations of oxygen (Figure
8b). In the presence of 3 vol % of oxygen, a 23 % and 65 % N: yield was achieved at 350 and
400°C, respectively. By increasing the oxygen concentration from 3 vol % to 6 vol %, NO
conversion to N2 was favored at T < 400°C and reached 54% and 70% at 350°C and 400°C,
respectively. These results are consistent with the previous studies in which the oxidation of NO
to NO:z has been shown as one of the main steps in HC-SCR reaction in the presence of oxygen
[70,71]. In addition, the formation of partial oxidized hydrocarbon species (CxHyO:) proceeds via

the interaction with oxygen atoms and/or nitrogen containing intermediate species which leads to



the reduction of nitrogen oxide species to N2. This phenomenon can be more pronounced in the
presence of oxygen, [71-73]. On the other hand, the activity of the catalyst was slightly
suppressed when the concentration of Oz increased from 6 vol % to 10 vol % over the entire
temperature range. The maximum NO conversion to N2 decreased to 60% in the presence of 10
vol % of oxygen at 400°C. This observation is in accordance with the results reported by Lou et
al. [74] and Kotsifa et al. [75]. They have attributed this reduction to the increase in the oxidation
rate of CsHs to CO2 (R 2) at higher oxygen concentration [76], as validated in Table 4. It was
shown that the increase in oxygen concentration from 6 vol % to 10 vol % resulted in 13 %, 21
% and 16 % increase in the quantity of CO2 formation at 300, 350 and 400°C, respectively.
Moreover, it is well-recognized that the ratio of hydrocarbon to oxygen surface coverages
(Buc/6o) plays an important role in HC-SCR reaction rate [77]. In the presence of high
concentration of propane and the absence of oxygen, hydrocarbonaceous species are deposited
on the catalyst active sites which diminish the NO reduction. Nonetheless, deposited
hydrocarbonaceous species are removed with the adsorbed oxygen (O-ad) as a result of the
introduction of Oz in the feed gas. Hence, the active sites are recovered and become available for
further NO reduction. However, excessive increase in oxygen concentration leads to active site
poisoning with O-ad due to insufficient amount of propane to recover the active sites [75,77]. It
is interesting to note that the catalyst could restore its activity when the oxygen concentration
was returned to 6 vol % of the inlet concentration. These results confirm the high tolerance of

Co2/ZrSBADP2 under severe condition, such as car exhaust [14].

3.25 Effect of water vapor

Figure 8c shows the performance of the catalyst in the presence of 7 vol% water vapor, as a

typical value for a lean-burn engine exhaust [36]. The activity of the catalyst was remarkably



enhanced by the presence of water vapor in the range of 300-350°C, where the N2 yield increased
from 18 % to 34 % and from 54 % to 70 % at 300 and 350°C, respectively. This can be explained
by the fact that, in the absence of water vapor, the active surface sites of catalysts might be
covered by the carbonaceous species resulting in the suppression of the catalyst performance.
Presence of water vapor has a depression effect on the accumulation of carbonaceous species on
the catalyst surface, and thus leads to an increase in the catalytic activity [78]. This rationale can
be validated by comparing the CO2 formation in the presence and absence of the water vapor
(Table 4) as well as propane conversion (Figure 8c). In the presence of water vapor, the propane
conversion was higher than that in the dry feeding at all examined temperatures. The results
indicate that the presence of water vapor causes a significant increase in the formation of COz in
the range of 300-350°C. The formation of CO: in the presence of water vapor was about 2 and
2.5 times more than those in the absence of the steam at 300 and 350°C, respectively. These
findings are in good agreement with previous reports [7,79]. Furthermore, the formation of
organic nitroso or nitro species (R — NO, R — NO») via gas phase or surface reaction has been
evidenced as intermediate species in HC-SCR system [7,80,81]. Nitroso or nitro species are
adsorbed as NCO and CN species through several reaction steps. Ultimately, NCO and CN
species can be converted to N2, CO2 and H20 through the following reaction pathways; (i)
oxidation by NO2 gas in which the reaction rate might increase in the presence of water vapor ,
(i1) conversion to ammonia through hydrolysis by water vapor and then selective reduction of
NO by the formed NH3 [7,82]. Thus, the presence of water vapor enhances the NO reduction to
Nz irrespective to the reaction pathways.

Figure 8c also shows that the activity of the catalyst was not affected by the water vapor at

temperatures higher than 400°C. The extent of CO2 formation was not affected by the steam



atT > 400 °C (Table 4) which is accordance with the previous report [78]. This indicates that the
presence of water vapor did not change the reaction pathway or the availability of the propane
for NO reduction at high temperatures [83]. Furthermore, the competition between water ad-
species and reactants/intermediate species for the active sites are weakened at high temperatures,
because the abundance of water ad-species is considerably decreased and therefore the NO
reduction will be independent of the water vapor presence [15].

In contrast to the most developed catalysts which are deactivated by H20 [82,84,85], the high
tolerance of Co2/ZrSBADP2 towards H20 renders it suitable for practical NOx reduction
applications in lean burn HC-SCR.

3.2.6 Long-term activity

The long-term stability of the prepared catalyst in the real exhaust condition is a crucial concern
for practical applications. The activity of Co2/ZrSBADP2 was evaluated for longer reaction time
(60 h) at 400°C in the presence and absence of water vapor (Figure 9).No significant decrease in
N2 yield was observed during the prolonged reaction. The catalyst could retain a 70 % NO
conversion to N2 for 60 h regardless of the presence or absence of water vapor. This indicates the
hydrothermal stability of the catalyst structure and the cobalt active components on the support
under reaction conditions.

The efficiency of the developed catalyst was more pronounced when it was compared with
2%Ag/Al203 as a benchmark catalyst. 2%Ag/Al203 did not show any NOx reduction at

T < 350°C. Moreover, NO conversion to N2 of 8%, 20% and 28% was achieved at 400, 450 and
500°C, respectively (Figure 6). These results are in a good agreement with the literature in which
Ag/A20s3 has been used as a catalyst in HC-SCR [14,68,86,87]. Shimizu et al.[86]reported that

10% of NO was converted to N2 by 2%Ag/Al203 catalyst in the presence of 6000 ppm of



propane at 400°C. Similar result was observed by Hernandez-Teran et al. [87]. This implies that
Co/ZrSBADP?2 is more active than the benchmark catalyst, which is beneficial for the practical
application in NOx reduction and depletion of unburned HC emission (Figure S3).

4  Conclusion

Highly loaded Zr-SBA-15 mesoporous materials were prepared by a novel DP technique. Zr
content of the prepared material (32.1 wt%) was considerably higher than those prepared through
the conventional methods. Characterization of the catalysts and supports showed an ordered
mesoporous structure with high specific surface area (548m?. g~1), homogeneous dispersion of
Zr and high acidity. A cobalt-based catalyst was prepared by loading various amounts of the
cobalt into the developed support. A 70 % N2 yield was achieved over the catalyst with a cobalt
content of 2 wt% in the absence of water vapor at 400°C. Presence of water vapor not only did
not suppress the NOx conversion efficiency, but also significantly increased the N yield at
relatively low temperatures. The evaluation of the long-term stability of the catalyst at high
temperatures showed that the catalyst was able to retain its high efficiency for a prolonged period
of 60 h without any deactivation.

The promising activity of Co2/ZrSBADP2 under various extreme conditions, i.e. long-term
stability and presence of water vapor, confirms the potential applicability of the catalyst for NOx
conversion in real lean-burn gas and natural-fueled engines. Meanwhile, it is cost effective since

no noble metal was used.



Acknowledgment

We acknowledge the financial support from the Environment and Conservation Fund of Hong

Kong under the grant No. ECWW15EGO02 and the Hong Kong University of Science and

Technology under the grant No. RPC10EG24.

References

Y. Kintaichi, H. Hamada, M. Tabata, M. Sasaki, T. Ito, Catal. Letters 6 (1990) 239-244.
S.-C. Shen, S. Kawi, Catal. Today 68 (2001) 245-254.

R. Long, R.T. Yang, Catal. Letters 52 (1998) 91-96.

J.Y. Jeon, H.Y. Kim, S.I. Woo, Appl. Catal. B Environ. 44 (2003) 311-323.

J. Iglesias, J. a. Melero, L.F. Bautista, G. Morales, R. Sanchez-Vazquez, M.T. Andreola,
A. Lizarraga-Fernandez, Catal. Today 167 (2011) 46-55.

J. Jitputti, B. Kitiyanan, P. Rangsunvigit, K. Bunyakiat, L. Attanatho, P. Jenvanitpanjakul,
Chem. Eng. J. 116 (2006) 61-66.

A. Shichi, T. Hattori, A. Satsuma, Appl. Catal. B Environ. 77 (2007) 92-99.
A.Y. Stakheev, C.W. Lee, S.J. Park, P.J. Chong, Appl. Catal. B Environ. 9 (1996) 65-76.
L. Capek, J. Dédecek, B. Wichterlova, J. Catal. 227 (2004) 352-366.

J. Shibata, K. Shimizu, S. Satokawa, A. Satsuma, T. Hattori, Phys. Chem. Chem. Phys. 5
(2003) 2154-2160.

S. Satokawa, K. Yamaseki, F. Hoshi, M. yahagi, H. Yokota, H. Uchida, M. Furuyama, S.
Sumiya, K. Yoshida, Science and Technology in Catalysis 1998, Proceedings of the Third
Tokyo Conference on Advanced Catalytic Science and Technology, Elsevier, 1999.

S. Satokawa, J. Shibata, K. Shimizu, A. Satsuma, T. Hattori, Appl. Catal. B Environ. 42
(2003) 179-186.

H. Ohtsuka, T. Tabata, O. Okada, L.M.. Sabatino, G. Bellussi, Catal. Today 42 (1998) 45—
50.

K. Shimizu, A. Satsuma, Phys. Chem. Chem. Phys. 8 (2006) 2677-2695.

B. Mirkelamoglu, U.S. Ozkan, Appl. Catal. B Environ. 96 (2010) 421-433.



P. Biswas, P. Narayanasarma, C.M. Kotikalapudi, A.K. Dalai, J. Adjaye, Ind. Eng. Chem.
Res. (2011) 7882-7895.

F.S. Xiao, Top. Catal. 35 (2005) 9-24.
E. Ghedini, M. Signoretto, F. Pinna, G. Cruciani, Catal. Letters 125 (2008) 359-370.

L. Fuxiang, Y. Feng, L. Yongli, L. Ruifeng, X. Kechang, Microporous Mesoporous
Mater. 101 (2007) 250-255.

Y. Du, S. Liu, Y. Zhang, F. Nawaz, Y. Ji, F.S. Xiao, Microporous Mesoporous Mater. 121
(2009) 185-193.

X. xu Wang, J. Basset, F. Lefebvre, J. Patarin, Microporous Mesoporous Mater. 42 (2001)
269-276.

S. Wu, Y. Han, Y. Zou, J. Song, L. Zhao, Y. Di, Chem. Mater. 16 (2004) 486—492.
S. Chen, L. Jang, S. Cheng, Chem. Mater. 16 (2004) 4174-4180.
0.Y. Gutiérrez, G.A. Fuentes, C. Salcedo, T. Klimova, Catal. Today 116 (2006) 485—497.

M.D. Gracia, A.M. Balu, J.M. Campelo, R. Luque, J.M. Marinas, A. a. Romero, Appl.
Catal. A Gen. 371 (2009) 85-91.

D. Zhao, Q. Huo, J. Feng, B.F. Chmelka, G.D. Stucky, J. Am. Chem. Soc. 120 (1998)
6024-6036.

0.Y. Gutiérrez, F. Pérez, G. a. Fuentes, X. Bokhimi, T. Klimova, Catal. Today 130 (2008)
292-301.

M.J. Gracia, E. Losada, R. Luque, J.M. Campelo, D. Luna, J.M. Marinas, A. a. Romero,
Appl. Catal. A Gen. 349 (2008) 148—155.

0O.Y. Gutiérrez, E. Ayala, I. Puente, T. Klimova, Chem. Eng. Commun. 196 (2009) 1163—
1177.

M.E. Simonsen, E.G. Segaard, J. Sol-Gel Sci. Technol. 53 (2010) 485-497.

V. Degirmenci, O.F. Erdem, O. Ergun, A. Yilmaz, D. Michel, D. Uner, Top. Catal. 49
(2008) 204-208.

A. Subbiah, B.K. Cho, R.J. Blint, A. Gujar, G.L. Price, J.E. Yie, Appl. Catal. B Environ.
42 (2003) 155-178.

H. Lee, H. Rhee, Catal. Letters 61 (1999) 71-76.



[49]

[50]

[51]

W. Thitsartarn, S. Kawi, Ind. Eng. Chem. Res. 50 (2011) 7857-7865.

D. Yuan, X. Li, Q. Zhao, J. Zhao, S. Liu, M. Tadé, Appl. Catal. A Gen. 451 (2013) 176—
183.

H. a. Habib, R. Basner, R. Brandenburg, U. Armbruster, A. Martin, ACS Catal. 4 (2014)
2479-2491.

Y.-Q. Zhang, S.-J. Wang, J.-W. Wang, L.-L. Lou, C. Zhang, S. Liu, Solid State Sci. 11
(2009) 1412-1418.

K.S.. Sing, D.H. Everett, R.A. Pierotti, T. Siemieniewska, Pure& Appl.Chem. 57 (1985)
603-619.

B. Ulgut, S. Suzer, J. Phsical Chem. B 107 (2003) 2939-2943.

S. Damyanova, P. Grange, B. Delmon, S. Preparation, J. Catal. 168 (1997) 421-430.
C. Morant, J.M. Sanz, L. Galan, L. Soruano, F. Rueda, Surf. Sci. 218 (1989) 331-345.
X.Y. Chen, S.C. Shen, H.H. Chen, S. Kawi, J. Catal. 221 (2004) 137-147.

N. Wang, W. Chu, T. Zhang, X.S. Zhao, Chem. Eng. J. 170 (2011) 457-463.

J. Janas, T. Machej, J. Gurgul, R.P. Socha, M. Che, S. Dzwigaj, Appl. Catal. B Environ.
75 (2007) 239-248.

P. Boron, L. Chmielarz, S. Casale, C. Calers, J.-M. Krafft, S. Dzwigaj, Catal. Today
(2014) http://dx.doi.org/10.1016/j.cattod.2014.12.001.

D. a. Neumayer, E. Cartier, J. Appl. Phys. 90 (2001) 1801-1808.

D.M. Pickup, G. Mountjoy, G.W. Wallidge, J. Newport, M.E. Smith, Phys. Chem. Chem.
Phys. 1 (1999) 2527-2533.

G. Eimer, S. Casuscelli, G. Ghione, M. Crivello, E. Herrero, Appl. Catal. A Gen. 298
(2006) 232-242.

P. Salas, J. a. Wang, H. Armendariz, C. Angeles-Chavez, L.F. Chen, Mater. Chem. Phys.
114 (2009) 139-144.

M. Gomez-Cazalilla, J.M. Mérida-Robles, a. Gurbani, E. Rodriguez-Castellon, a.
Jiménez-Lopez, J. Solid State Chem. 180 (2007) 1130-1140.

M.S. Wong, H.C. Huang, J.Y. Ying, Chem. Mater. 14 (2002) 1961-1973.



C. Gonzalez-Arellano, L. Para-Rorigues, R. Luque, Catal. Sci. Technol. 4 (2014) 2287—
2292.

T. Nakatani, T. Watanabe, M. Takahashi, Y. Miyahara, H. Deguchi, S. Iwamoto, H.
Kanai, M. Inoue, J. Phsical Chem. A 113 (2009) 7021-7029.

R. Bartolomeu, B. Azambre, A. Westermann, A. Fernandes, R. Bértolo, H.I. Hamoud, C.
Henriques, P. Da Costa, F. Ribeiro, Appl. Catal. B Environ. 150-151 (2014) 204-217.

H.H. Ingelsten, A. Hildesson, E. Fridell, M. Skoglundh, J. Mol. Catal. A Chem. 209
(2004) 199-207.

G. Ferraris, G. Fierro, M. Lo Jacono, M. Inversi, R. Dragone, Appl. Catal. B Environ. 36
(2002) 251-260.

D. Pietrogiacomi, S. Tuti, M. Cristina, V. Indovina, Appl. Catal. B Environ. 28 (2000) 43—
54.

A. Martinez, C. Lopez, F. Marquez, 1. Diaz, J. Catal. 220 (2003) 486—499.
A. V. Boix, S.G. Aspromonte, E.E. Mir6, Appl. Catal. A Gen. 341 (2008) 26-34.

B.I. Mosqueda-Jiménez, a. Jentys, K. Seshan, J. a. Lercher, Appl. Catal. B Environ. 46
(2003) 189-202.

G. Pekridis, N. Kaklidis, V. Komvokis, C. Athanasiou, M. Konsolakis, I. V Yentekakis,
G.E. Marnellos, J. Phys. Chem. A 114 (2010) 3969-3980.

S.-J. Huang, A.B. Walters, M. a Vannice, Appl. Catal. B Environ. 26 (2000) 101-118.

E. Santillan-Jimenez, V. Miljkovi¢-Koci¢, M. Crocker, K. Wilson, Appl. Catal. B
Environ. 102 (2011) 1-8.

S.N. Orlyk, Catal. Today 191 (2012) 79-86.

R. Hernandez-Huesca, P. Braos-Garcia, J. Mérida-Robles, P. Maireles-Torres, E.
Rodriguez-Castellon, A. Jiménez-Lopez, Chemosphere 48 (2002) 467-474.

J.-Y. Yan, H.H. Kung, W.M.H. Sachtler, M.. . Kung, J. Catal. 175 (1998) 294-301.
M. Haneda, Y. Kintaichi, H. Hamada, Appl. Catal. B Environ. 31 (2001) 251-261.

E.F. Iliopoulou, a. P. Evdou, a. a. Lemonidou, I. a. Vasalos, Appl. Catal. A Gen. 274
(2004) 179-189.

R. Lanza, E. Eriksson, L.J. Pettersson, Catal. Today 147S (2009) S279-S284.



N.W. Cant, .O.Y. Liu, Catal. Today 63 (2000) 133-146.

R. Matarrese, H. Harelind Ingelsten, M. Skoglundh, J. Catal. 258 (2008) 386—392.

Y. Traa, B. Burger, J. Weitkamp, Microporous Mesoporous Mater. 30 (1999) 3—41.
J.Li, J. Hao, L. Fu, Z. Liu, X. Cui, Catal. Today 90 (2004) 215-221.

J.-C. Lou, C.-M. Hung, L.-H. Huang, Aerosol Air Qual. Res. 3 (2003) 61-73.

A. Kotsifa, D.I. Kondarides, X.E. Verykios, Appl. Catal. B Environ. 80 (2008) 260-270.
H. Gupta, L.-S. Fan, Ind. Eng. Chem. Res. 42 (2003) 2536-2543.

P. Denton, A. Giroir-Fendler, Y. Schuurman, H. Praliaud, C. Mirodatos, M. Primet, Appl.
Catal. A Gen. 220 (2001) 141-152.

A. Shichi, A. Satsuma, T. Hattori, Chem. Lett. 58 (2001) 44-45.

L. Capek, K. Novoveska, Z. Sobalik, B. Wichterlova, L. Cider, E. Jobson, Appl. Catal. B
Environ. 60 (2005) 201-210.

A.D. Cowan, N.W. Cant, B.S. Haynes, P.F. Nelson, J. Catal. 176 (1998) 329-343.
W.K.H. F. Witzel, G.A. Sill, J. Catal. 149 (1994) 229.
R. Burch, J.P. Breen, F.C. Meunier, Appl. Catal. B Environ. 39 (2002) 283-303.

K. Hadjiivanov, H. Knozinger, B. Tsyntsarski, L. Dimitrov, Catal. Letters 62 (1999) 35—
40.

F.C. Meunier, R. Ukropec, C. Stapleton, J.R.H. Ross, Appl. Catal. B Environ. 30 (2001)
163-172.

M. Tabata, H. Tsuchida, K. Miyamoto, T. Yoshinari, H. Yamazaki, H. Hamada, Y.
Kintaichi, M. Sasaki, T. Ito, Appl. Catal. B Environ. 6 (1995) 169—-183.

K. Shimizu, A. Satsuma, T. Hattori, Appl. Catal. B Environ. 25 (2000) 239-247.

M.E. Hernandez-Teran, G. a. Fuentes, Fuel 138 (2014) 91-97.



ACCEPTED MANUSCRIPT

—— SBA-15

—— ZrSBAD10
——— ZrSBAP2

—— ZrSBADP2
—— Co10/ZrSBADP2
—— ZrSBADS

i

2.0 2.5 3.0
20 (degree)

fa—
h

1.0

~ sBA-S b

—— ZrSBAD10
—_ - zrSBAP2
- MM — cmwz.s;:amz
= i
i, Yatin s
z m— 4

ertss e

10 20 30 40 50 60 70 80 90
20 (degree)

Figure 1. Low (a) and high-angle (b) XRD pattern of the supports and catalyst



Counts (A.U.)
Counts (A.U.)

110 108 106 104 102 100 98 96 110 108 106 104 102 100 98 96

Binding energy (eV) Binding energy (eV)

Counts (A.U.)
Counts (A.U.)

110 108 106 104 102 100 98 96 110 108 106 104 102 100 98 96

Binding energy (eV) Binding energy (eV)

Figure 2. XPS Si2p spectra of (a) SBA-15, (b) ZrSBADI10, (¢) ZrSBAP2, (d) ZrSBADP2
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Figure 3. XPS Ols spectra of (a) ZrSBAD10, (b) ZrSBAP2, (c) ZrSBADP2
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Figure 4. XPS Zr3d spectra of the supports
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Figure 5. XPS Co2p spectra of (a) Col/ZrSBADP2, (b) Co2/ZrSBADP2, (¢) Co4/ZrSBADP2,
(d) Co10/ZrSBADP2
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Figure 6. Effect of cobalt content on NO conversion to N2 (%). Reaction conditions: [NO] = 500
ppm, [02] = 6 vol %, [C3Hs] = 500 ppm in He, flow rate = 100 ml. min~?
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Figure 7. Effect of Zr content on NO conversion to N2 (%). Reaction conditions:[NO] = 500 ppm,

[02] = 6 vol %, [C3Hg] = 500 ppm in He, flow rate = 100 mi. min™!
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Figure 8. Effect of propane (a) oxygen (b) and water vapor concentration (¢) on NO conversion
to N2 (solid line) and propane conversion (dash line) over Co2/ZrSBADP2. Reaction conditions:
[NO] = 500 ppm, [O2] = 6 vol %, [CsHs] = 500-1250 ppm, H20= 0-7 vol% in He,

flow rate = 100 ml. min~1
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Figure 8. Effect of propane (a) oxygen (b) and water vapor concentration (c) on NO conversion
to N2 (solid line) and propane conversion (dash line) over Co2/ZrSBADP2. Reaction conditions:
[NO] = 500 ppm, [O2] = 6 vol %, [CsHs] = 500-1250 ppm, H20= 0-7 vol% in He,

flow rate = 100 ml. min~1
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Figure 8. Effect of propane (a) oxygen (b) and water vapor concentration (¢) on NO conversion
to N2 (solid line) and propane conversion (dash line) over Co2/ZrSBADP2. Reaction conditions:
[NO] = 500 ppm, [O2] = 6 vol %, [CsHs] = 500-1250 ppm, H20= 0-7 vol% in He,

flow rate = 100 ml. min~1
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Figure 9. Effect of long-term stability condition on Co02/ZrSBADP2. Reaction conditions:
[NO] = 500 ppm, [Oz2] = 6 vol %, [CsHs] = 500 ppm, H20 = 0-7 vol % in He, T= 400 °C,

flow rate = 100 ml. min~1
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Table 1. Elemental analysis of the supports and catalysts by XRF

Sample (Si/Zr)! Zr (Wt%)? Si (wt%) Co ( wt%)
ZrSBAD20 20 2.1 97.9 -
ZrSBADI10 10 5.1 94.9 -
ZrSBADS 5 30.5 69.5 -

ZrSBAP4 4.54 16.5 83.5 -
ZrSBAP2 2.27 16.7 83.3 -
ZrSBAP1.5 1.51 14.7 85.3 -
ZrSBAP1 1.13 14.5 85.5 -
ZrSBADP4 4.14 19 81 -
ZrSBADP2 2.07 32.1 67.9 -
ZrSBADPI1.5 1.38 24.8 75.2 -
ZrSBADP1 1.03 25.2 74.8 -
Col/ZrSBADP2 2.07 31.8 67.4 0.8
Co2/ZrSBADP2 2.07 31.5 66.7 1.8
Co4/ZrSBADP2 2.07 30.7 65.2 4.1
Co10/ZrSBADP2 2.07 25.7 64.5 9.8

1- Si/Zr mole ratio in initial synthesis gel
2- Zr, Si and Co content in the final materials measured by XRF
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Table 2. Physical and chemical properties of the supports and catalysts

Total acidity Bronsted acidity Lewis acidity
Sample S(m?/g) Vp (cm?/g)
(umol PY/g) (umol DMPY/g) (umol/g)
SBA-15 905 1.2 NM! NM NM
ZrSBADI10 787 1.1 128 96 32
ZrSBAP2 570 0.88 121 92 29
ZrSBADP2 548 0.7 136 99 37
Col/ZrSBADP2 510 0.7 134 97 37
Co2/ZrSBADP2 467 0.68 133 96 37
Co4/ZrSBADP2 433 0.65 129 94 35
Co10/ZrSBADP2 363 0.55 125 91 34

1-

Not measured
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Table 3. Deconvoluted XPS Co2p spectra of the catalysts

Co2psp Shake-up Co2ps. Co2pin Shake-up Co2pi2

samplos | enegy | ey | cpggy | mensty || CLGE | mensty || L | mensty | L | ey || L | ey
(eV) (eV) (eV) (eV) eV) (eV)

Co10/ZrSBADP2 781.8 4249 783.2 6534 787.3 9494 797.8 2944 799.3 2033 804.1 4406

Co4/ZrSBADP2 782 6073 783.7 1265 787.1 4769 797.2 4753 798.5 1509 803.8 2124

Co02/ZrSBADP2 782.4 2364 — — 786.8 3085 — — 798.1 1310 803.7 1226

Col/ZrSBADP2 782.3 1059 — — 787 1384 — — 798.1 707 803.9 613
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Table 4. The ratio of CO2 formation in the different reaction conditions

Temperature (°C)

250 300 350 400 450 500
co ¢
(%) 0.03 0.07 0.37 0.8 1 1
21at 500 °C
b
(%) 0.02 0.02 0.15 0.56 0.89 1
21at 500 °C
[CO,]¢
Co.T? 1 1.13 1.21 1.16 1.04 1.02
2
€0,
% 1 1.99 255 | 0.95(1.1)8 1(1) 1(1)
2

a- [C3Hg] = 500 ppm

b- [C3Hg] = 1250 ppm

c= [CO,] in the presence of 10 vol % of O,
d=[CO2] in the presence of 6 vol % of O,
e=[COs] in the presence of 7 vol % of H,O
f- [CO;] in the presence of 0.0 vol % of H,O

[C02]7 vol % of vapor

g- , without NO in the feed stream
[COZ]O.O vol% of vapor
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