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ABSTRACT

Carbon-coated catalysts doped with tungsten and vanadia oxides with different V and W loadings have
been prepared by the ionic exchange method and characterized. The surface, structure and composition
have been investigated by XPS, Raman, N, sorption at 77 K, TPD-NH3 and reactivity tests for the SCR of
NO with NH3 at low temperatures. Under reaction conditions, NO conversions were found to go through
a maximum with vanadia surface coverage at approximately half a monolayer. The observed decrease
in the SCR activity at higher vanadia loadings can be attributed to either a loss of dispersion or loss of
textural properties. Maximum NO conversion is ascribed to the higher Brénsted proton acidity (V4*) of
the centres that decreases with increasing vanadia loadings up to 3 wt% loading due to the increase of
V4 [V5* ratio.

Large amounts of tungsten (5%, w/w) upon or before addition of vanadia do not provide an enhancement
of activity. The results indicate that W addition increases surface acidity leading to stronger Bronsted or

even Lewis acid centre creation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The proven technological options available to abate NOy emis-
sions from combustion gasses from current engines are essentially
two. In the case of lean burn engines, three-way catalysts are not
effective due to the excess of air [1] and consequently a new tech-
nology should be developed. These emissions have a high presence
of oxygen that is similar to NOyx emissions from stationary sources.
Consequently, the developed technology used in stationary sources
can be successfully adapted to on-board applications. To deal with
NOy emissions from stationary sources in the presence of an excess
of oxygen, the reduction with ammonia using V,05/TiO, or metal-
zeolites [2] is the route of choice.

In the recent past, SCR of NO by urea has become a point of
interest for automotive applications due to the high activity of
V,05/TiO, catalyst for NO reduction in lean conditions such as
diesel exhausted gas [3]. However, these catalysts present two criti-
cal problems due to the differences between the catalyst and diesel
engine operation conditions, which should be solved before their
application: the temperature range and the deactivation by SO,.
Moreover, not only is V,05 the active reaction site for the reduction
of NOy, but also for the oxidation of SO, to SOs3. Promoters including
tungsten and molybdenum have been added to V,05/TiO, catalysts
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to improve the thermal stability due to the retardation of anatase to
rutile phase transition and reducing the activity of SO, oxidation.

Tungsten is usually added in high amounts (around 10 wt%)
comparing to V,0s5 (around 1 wt%). Several studies [4,5] have shown
that the catalytic properties as well as the chemical and physical
structure of such products are markedly influenced by parameters,
such as the method of preparation, the concentration of the active
component and the nature of the supports. According to them, tung-
sten addition to V,05/TiO, under monolayer coverage is able to
reduce its activity for SO, oxidation [6], to widen the tempera-
ture window, to enhance poison resistance towards alkali oxides,
to lower the ammonia oxidation activity of the catalysts and finally
not only to generate new acid sites but also to increase the Bronsted
acidity.

The formation of new acid sites when two oxides are mixed
has been discussed in detail in the literature; and, in fact, mod-
els have been proposed for predicting these new acid sites [7]. The
generation of new acid sites by mixing two oxides on the surface
phase (on a support) has been discussed elsewhere [8]. The acid site
formation by the combination of TiO, and WOs3, in particular, was
studied by Yamaguchi et al. [9] and explained by a model in which
an excess of positive charge from tungsten in the mixed oxide struc-
ture would produce Lewis acid sites. Water molecules (either from
the SCR product or the reactant gas) can be chemisorbed on the
Lewis acid sites to produce Bronsted acid sites that are active sites
and enhance SCR activity [10]. Therefore the role of WO3 in the
commercial catalysts is the stabilization the Bronsted acidity.
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Table 1
Description of the carbon-based catalysts prepared.

Carbon-based catalyst Short description

Support
NH4VOs3 (1%V)
NH4VOs3 (3%V)
NH4VOs3 (5%V)
V505 (1%V)
V505 (3%V)
V,0s5 (5%V)

Oxidized HNOs (1N) for 24 h carbon-coated monolith
Support doped with 1 wt% V from NH4VO3;

Support doped with 3 wt% V from NH4VO3

Support doped with 5wt% V from NH4VO3;

Support doped with 1 wt% V from V,05

Support doped with 3 wt% V from V,05

Support doped with 5wt% V from V,05

5% W Support doped with 5wt% W from (NHg4 )sW19036-xH,0

3% V-5% W
5% W-3%V
3% V-5% W simultaneously

Support doped firstly with 3% V from NH4VO3 and subsequently with 5 wt% W from (NH4)sW19036-XH20
Support doped firstly with 5 wt% W from (NH4)s W19036-xH2 0 and subsequently with 3% V from NH4VO3
Support doped simultaneously with 3% V from NH4VO3; and 5 wt% W from (NH4)sW19036-XH20

One type of catalysts that fulfils the two above commented
requirements for on-board installation is the carbonaceous cata-
lysts. Carbonaceous catalysts are known to be stable under basic
and acid conditions, have a good performance for the SCR-NH3 at
lower temperatures, a good resistance to SO, and a good adhesion of
carbon coating to the cordierite to withstand attrition phenomena
[11-18,29-32]. These characteristics are an advantage in compari-
son to commercial catalysts mostly based on metallic oxide [33].

In this work, carbon-based cordierite monoliths have been pre-
pared and tested in the SCR-NH3 reduction simulating on-board
diesel conditions. Carbon supports can be modulated reaching dif-
ferent surface chemistry and textural properties depending on
the preparation process and especially on both the oxidation and
activation process as reported in detail somewhere else [12]. The
influence of vanadium and tungsten loading will be investigated
herein. As previously commented, tungsten is a popular promoter
of commercial catalysts; however, there are not systematic studies
above its effect on carbon-based catalysts since the study of vana-
dia loading in carbon-based catalytic activity for the SCR reaction
has been poorly investigated. Garcia-Bordejé et al. [30] reported
the SCR activity increases as long as vanadia loading increase to
a certain extent. Once monolayer coverage is reached, the high-
est vanadia loadings produce crystallites decreasing total vanadia
area exposed to reaction gasses and consequently decreasing SCR
activity.

2. Experimental
2.1. Catalyst preparation

Cordierite monoliths were coated with a carbon layer by means
of the dip-coating method as described in detail elsewhere [13].
Briefly, it consists in dipping the cordierite monolith (400 cpsi,
1 cm diameter and 5 cm length) into a liquid polymer that is sub-
sequently cross-linked and carbonised. To coat the monoliths two
carbon precursors were used polyethylene-glycol 6000 mol wt
(Sigma-Aldrich) (PEG) and Furan resin (Huttenes-Albertus). The
first is in liquid state and the latter is solid ground in a mill and
sieved to diameter lower than 100 m. The dip-coating was car-
ried out with mixtures of Furan resin, PEG, acetone and HNOs as
polymerisation catalysts, after withdrawing the monoliths from the
blend; they were flushed with pressurized air to remove the excess
ofliquid in the channels. The polymer-coated monoliths were cured
atroom temperature overnight and for 12 h at 108 °C. Carbonisation
of the coated monoliths was carried out in a stainless steel reactor
for4h at 700°Cin a flow of Argon. Afterwards, they were activated
with CO, at 900 °C for 4 h and treated for 24 h with HNO3 1N at room
temperature to created oxygen superficial groups. These conditions
have been established in a previous work [14].

The as-prepared carbon-coated monoliths were loaded with
vanadium 1, 3 or 5wt% and in some cases with tungsten 5wt% of

carbon coatings. The impregnation was carried out by ion-exchange
with a solution of either NH4VO3 or V,05 or (NH4)eW19036-xH,0
The amount of precursor in the suspension in distilled water was
calculated as the stoichiometric amount to get the desired vana-
dium or tungsten loading on carbon as described in [14]. The
solution was stirred for 18 h and after this process the monoliths
were rinsed with distilled water in the same setup. After drying
the monoliths first at room temperature overnight and later 2 h
at 110°C, the catalyst was calcined in Ar at 350°C. The order of
vanadia and tungsten impregnation was altered to be aware of the
influence of the preparation method on the activity. Although real
concentrations of the as-prepared catalysts were not measured in
this work, real concentrations of catalysts prepared in the same way
were measured and reported previously in [14,30,34] and of similar
carbon-based catalysts in [35]. According to these data the real and
nominal concentration of the catalyst is really close and therefore
we have the assumption that the as-prepared catalysts have close
values of real and nominal concentrations of active phase. Table 1
shows a short description of the as-prepared catalysts.

2.2. Catalytic activity

The activity tests were carried out in a quartz reactor with a gas
containing of 1000 ppmv NO, 1000 ppmv NH3 and 10% O; (v/v) an
Argon to balance at 150, 250 and 350°C and a space velocity of
around 34,000 h~1. The gases were dosed by means of mass flow
meters and fed to the cylindrical quartz reactor heated by an elec-
tric oven. The concentrations of NO, NH3, O3, N5 and N0 in the
outlet gases were continuously measured in a mass spectrome-
ter (Balzers 422) connected on-line. The mass spectrometer was
calibrated using cylinders of known concentration. The percentage
of NO reduction and the selectivity towards N, were calculated as
follows:

1
%NO conversion = 100 x M (1)

CNO
Cn, — CI'-\IZ

%Selectivity toward N = 100 x . -
[(Cx, — Cit,) + (Cryo — Ci o)l

(2)

where Ci,, q\h and CI}IZ o are the measured initial concentrations of
NO, N, and N, 0, respectively, and Cno, Cn, , Cn, 0 the concentrations
of those gases once the steady state is reached.

Runs have been repeated in a random order. Results presented
in the graphics correspond to the average NO conversion under
each operation conditions. Statistical parameters (standard diver-
sion varianza and confidence level) have also been calculated for
each experimental set. The lowest confidence value obtained in
the experimental runs is 85% although most of the series shown
a confidence value around 90%.
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2.3. Catalyst characterization

Doped catalysts were physically and chemically characterized
by means of different techniques and methods:

- Nitrogen adsorption isotherms at 77K were obtained in a
Micromeritics ASAP 2020 unit. Prior to tests, the samples were
out gassed at 200°C up to a steady vacuum of 1 x 106 Torr was
achieved. The specific surface area (SSA) was calculated applying
the Brunauer-Emmett-Teller (BET) equation to these isotherms.
Empirical t-plot method was used for the calculation of micro-
pore volume. Mesopore volume was calculated by means of BJH
method.

- Temperature-programmed adsorption was performed using 0.6 g
of sample place inside quartz U-tube, under a stream of NHs3
flowing through at 30 ml/min. The sample was heated up by an
electric oven to a temperature of 1050°C, at a heating rate of
10°C/min. The gases evolved with each increase of 100°C were
stored in special bags and further analyzed by gas chromatogra-
phy (Porapack Q and molecular sieve 13 x columns) to determine
the amounts of CO and CO, desorbed. This method has become
rather popular among the different techniques used to character-
ize the functional groups on carbon surface [15,16]. The surface
chemistry of a carbon material is basically determinate by the
acidic and basic character of its functionalities such as carboxyls,
lactones and phenols while pyrones, chromenes, ethers and car-
bonyls are responsible for basic properties on carbon surfaces
[17,18]. Although there is not a total agreement in literature with
respect to the TPD peaks assignment to specific surface groups,
some general trends can be established: CO, peaks results from
carboxylic acids at low temperatures or lactones at higher tem-
peratures, carboxylic anhydrides originate both CO and CO,, and
phenols, ethers, carbonyls and quinones evolve mainly as CO.

- Ammonia chemisorption was carried out in a Micormeritics Pulse
Chemisorb 2700 apparatus. The samples of 200-300 mg were
dried before carrying out the chemisorptions at the same tem-
perature around 20 min. Prior to the TPD-NH3 runs, samples were
subjected for 30 min to a flow of 30 ml/min of He at 150°C.
Chemisorptions were performed injecting pulses of 108 w1 of pure
ammonia, and measuring the amount of ammonia consumed by
means of a thermal conductivity detector. Ammonia is a basic
molecule that is desorbed either on Bronsted acid sites through
the formation of NH4* ion or in Lewis acid sites through coordi-
native complexation.

Raman spectra were recorded on a Bruker-Senterra Raman imag-

ine microscope with the 532 nm Nd-YAg laser and a CCD detector.

Raman frequency was calibrated by a silicon slide. The laser was

focused on the solid samples which were dispersed on micro-

scope slides. Each spectrum was collected at room temperature
under 10 mW of laser power. The experiments were performed in

a dark environment to avoid interference from light and cosmic

radiation.

Transmission Electron Microscopy (TEM) images were taken with

a Philips CM200 (200kV) microscope equipped with an EDX

(Energy Dispersive X-ray) detector on powder sample deposited

onto a cooper mesh grid with a carbon film.

- Finally, X-ray Spectroscopy (XPS) for the internal plates of mono-
lith were acquired with a Physical Electronic 5700 spectrometer
equipped with a hemispherical electron analyser and Mg Ko X-ray
exciting source (1253.6eV, 15kV, 300 W). Samples were placed
under vacuum (10-9 Torr) and time of irradiation was minimized
to avoid the metals reduction. It has been used as an internal
patron for calibration Al 2p (73.9eV) considering a deviation
+0.2eV. As a consequence of the asymmetry presented by the
signals, the bands are the result of the contribution of more than
one species and the relative population have been determined by
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Fig. 1. NO conversion (%) depending on the vanadium loaded and precursor nature.

deconvolution. A strategy was developed for the mathematical
deconvolution; in all cases the signal was adjusted to a mathemat-
ical response consistent of a Gaussian-Lorenztian distribution
(80-20%, respectively) with a minimal x2 deviation.

3. Results and discussion
3.1. Effect of vanadia loading

The activity of carbon-based catalysts of variable vanadia load-
ing was determined at three temperatures. Experiments were
conducted in the presence of equimolar amounts of NO and NH3
and excess of O,. Each catalyst was tested under 150°C, with the
results reported in Fig. 1 and under 150, 200, 250, 300 and 350°C
with the results reported in Fig. 2.

The results in Fig. 1 shows that activity increases with the vana-
dia loading, reaches a maximum and then decreases at higher
vanadia loadings. Previous studies of the activity of vanadia doped
carbon-based catalysts, conducted at lower temperatures, have also
shown an increase in the rate of the SCR reaction with vanadia load-
ings [19]. NO conversion at 150°C in the presence of no V loading
catalysts reaches a value lower than 8% [36].

Among possible causes, this increase could be due to the change
in the V oxidation, textural and chemistry properties of the cat-
alysts. Similarly this increase of SCR activity as long as vanadia
loading increases to a certain extent has also been observed in
metal-oxide based catalysts. In 1996 Amaridis [20] reported the
turnover frequency of the V,05/TiO, catalysts reached a maximum
at a coverage corresponding to approximately half a monolayer,
and then decreases at higher coverages. Such an increase has
been attributed to a higher specific activity of the polymeric vana-
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Fig. 2. Activity of 3 and 5% of vanadia loaded catalysts from two different precursors.
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Table 2
Textural characterization of carbon-based catalysts with different vanadia loadings.

Active phase precursor and loading Textural characterization

SBET (mZ/g) Vmicropore <0.7nm (cc/g) Vmicroporemedia (cc/g) Vmicroporetotal (cc/g) VBHJ (cc/g) Dp (A)
Support 651 0.0120 0.0052 0.0172 0.0330 65
NH4VO3 (1%V) 559 0.0185 0.0071 0.0255 0.0165 78
NH4VO3 (3%V) 570 0.0088 0.0039 0.0128 0.0263 87
NH4VO3 (5%V) 486 0.0039 0.0031 0.0070 0.0272 99
V,0s5 (1%V) 513 0.0050 0.0094 0.0144 0.0528 63
V505 (3%V) 445 0.0090 0.0058 0.0148 0.0460 83
V,05 (5%V) 490 0.0087 0.0069 0.0157 0.0494 78

date species [21], or the accompanying increase of Bronsted acid
sites with vanadia surface coverage [22]. The lower turnover fre-
quency observed at coverages exceeding one monolayer are due
to the presence of microcrystalline V,05 particles which are not
100% dispersed as assumed in the turnover frequency calculations.
The observed maximum, and the subsequent decrease of the SCR
turnover frequency at coverages between half and one monolayer
can be attributed to the loss of strong acid sites at high vanadia
surface coverages. Acid sites are expected to be involved in the
adsorption and subsequent activation of NH3 for the SCR reaction.

Moreover, Fig. 2 shows the activity of 3 and 5% of vanadia loading
catalysts from different precursors in the whole range of stud-
ied temperature (150-350°C). As seen, 3% doped catalysts show
a higher activity, especially at medium temperatures. This fact can
be related to the vanadia morphology.

There are several techniques to characterize the presence of
vanadia on the surface catalysts. Those that are available in our
laboratories have been used in this work. In this work textural
and chemistry characterization has been carried out. To investi-
gate the effect of V loading on textural and catalytic properties of
the catalyst, three different loadings of V from two different active
phase precursors have been prepared. Table 2 shows the surface
area (Sggr), the pore volume (V)) and the mean pore diameter (Dp)
obtained from the experimental pore size distribution.

The surface area decreases after vanadia impregnation in all
cases. The mean pore diameter increases and the pore volume
decreases as long as vanadia loading increases. For non-doped
carbon-based support a surface area of 650 m?/g is exhibited while
after impregnation surface area is reduced around 32 and 12%
depending on vanadia loadings. The increase of the mean diameter
pore after impregnation is also noticeable. The higher the vanadia
loading is, the higher the mean diameter is. Both facts point out that
vanadia deposition occurs on the entrance of small pores blocking
them.

The vanadia surface coverage has been calculated taking into
account that the nominal VO surface density at monolayer cov-
erage of our carbon is 1.16Vnm~2 and therefore resulting at
monolayer coverage a value of 1.19 mmol/g (around 6 wt% V of car-
bon coating) [30]. Although the maximum vanadia loading used
in this work does not reach this theoretical value, vanadia seems
to be present as V,05 crystallines particles because of the activity

Table 3
V4*|V5* ratio for carbon-based catalysts detected by XPS.

Vanadia loading (NH4VO3) Deconvolution of V,, peak

BE (eV) VA V5*

1wt 515.5 1.42
517.2

3wit% 515.9 3.42
517.4

5wt% 516.0 0.28
517.2

tests and previous characterization. Previous studies have shown
that depending on the vanadia loading, two surface vanadia species
and microcystalline phase V5,05 particles can be present on the
surface of V,05/AC catalyst [23]. In brief, at low vanadia loadings
vanadia exists on the carbon surface primarily as an isolated, tetra-
hedrally coordinated, surface vanadyl species, with a valence of
V4. At higher vanadia loadings, the surface vanadyl species poly-
merise on the carbon surface. At coverage exceeding a monolayer,
microcrystalline V,05 particles are formed as a separate phase on
the two-dimensional surface vanadia over layer, vanadia valence
corresponds to V°*,

XPS runs were carried out to determine the valence state of vana-
dia depending on vanadia loadings. Table 3 shows V#*/V>* ratios
obtained showing a maximum of V#* concentration when vana-
dia loading reached 3 wt%. Moreover, the valence state of vanadia
depends on the functionalities present on carbon surface and con-
sequently the study of C;5 peak can provide valuable information
(see Table 4). Vanadia loading of 3 wt% has the maximum graphitic
content. According to these tables, the oxidation state of vanadia
apparently not only depends on the vanadia loading but also on the
functionalization of carbon.

Catalyst activity research is still in progress. Actually, stability of
catalyst under higher temperatures and longer operation times is
been investigated showing that they are stable up to 400 °C with a
stable NO conversion. Further results are expected to be reported
in following works.

3.2. Effect of tungsten loading

The influence of a second active phase presence on the SCR cat-
alytic activity was tested by the impregnation with tungsten. W
impregnation was carried out with 5 wt% by ionic exchange impreg-
nation in the same holder as vanadia impregnation. Results are
reported in Fig. 3.

As reported in literature [24], it has been observed that the
reactivity of commercial catalysts, mostly based on metal oxides,
in the SCR reaction is increased by either increasing vanadia or

Table 4
Deconvolution of C;s peak from XPS data of vanadia doped carbon-based catalysts.

Vanadia loading BE (eV) Relative amount (%) Carbon assignation

(NH4VO3)

1wt% 284.7 69 C-graphitic
286.4 18 C-phenolic-ether
288.5 8 C-carbonylic
290.7 5 C-carboxylic

3wtk 284.8 73 C-graphitic
286.4 16 C-phenolic-ether
288.7 7 C-carbonylic
290.8 4 C-carboxylic

5wt% 284.7 61 C-graphitic
286.3 22 C-phenolic-ether
288.7 11 C-carbonylic
290.8 6 C-carboxylic
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Fig. 3. Activity of tungsten loaded catalysts.

tungsten loadings, because of higher NO conversions achieved at
lower temperatures. This fact is due to the decrease of both the
temperature of the onset of the SCR reaction (Tscg) and the catalyst
reoxidation temperature (Tpx ) thanks to either by increasing the V
and/or W loading [25]. The temperature decrease could be due to
an increase of the redox properties of the catalyst samples, being
Tscr and Tpy indicative of the catalyst reduction processes, respec-
tively. Another factor that can affect SCR activity when W is doped
as a second active phase in commercial catalysts is the formation
of new Bronsted acid sites [26], because of the requirement of a
dual-site mechanism for the SCR reaction [27] or an acid and redox
catalyst function [28].

However, those carbon-based catalysts impregnated with W
after, before or simultaneously as V impregnation do not shown
any enhancement of catalytic activity. More in detail, catalysts
firstly impregnated with V and subsequently with W present a
higher activity that those with the impregnation order in the
other way round or even those which have been simultaneously
impregnated. This fact could be explained by invoking different
factors.

According to other authors [4,5], and as commented previously,
tungsten addition provides a higher acid site density. Consequently,
carbon-based catalyst impregnation with W can provide the cre-
ation of new Lewis acid sites that avoid a proper distribution and
anchoring of V on catalysts surface. Although a moderate increase of
surface acidity improves NH3 adsorption, a too high acidification of

surface does not allowed NH3 desorption and consequently avoids
it to take part in the SCR reaction. TPD-NH3 runs were carried out
in all cases to determine the total acidity and point out roughly the
amount and type of new acid sites created after impregnation. NH3
desorption is not a quantitative technique but it can give a roughly
impression of the acid side distribution on catalysts surface. Table 5
reports the data. As shown the presence of Bronsted sites are only
observed in just vanadia loaded catalysts or simultaneous vanadia
and tungsten loaded catalysts. In addition, the impregnation with W
shifts NH3 desorption from lower temperatures that are mainly cor-
responding to Bronsted acid centres towards higher temperatures
indicating a higher strength of the bond.

TPD-NH3 could be related to the catalytic activity since just
vanadia loaded catalysts present the highest activity in the whole
range of temperatures and just tungsten loaded catalysts the low-
est activity what nicely agrees to other authors who suggest that
Bronsted sites promote SCR activity [4,5].

Another factor for the lower NO activity is that tungsten impreg-
nation can reduce textural properties of supports in a similar way
to that observed for vanadia impregnation making difficult a good
dispersion of vanadia on the surface in the following step. Textu-
ral characterization was carried out by means of N, isotherms at
—196 °C and results are reported in Table 6.

As observed all catalysts show a similar textural characteriza-
tion. Surface area, volume pore and mean diameter of just vanadia
doped catalyst and any other catalysts are really close. This fact
points out that the decrease in activity is not due to a pore block-
ing. Taking into account the characterization previously exposed we
can suggest that the decrease of activity is mainly due to a change
in the chemistry surface.

It has been proposed that V and W species on commercial cat-
alysts are primarily in the form of surface vandyls and wolframyls
with one short V=0 and W=0 bond, respectively, and that their
primary interaction is with the TiO, support [26]. So, the active
phaseisV,although Vand W centres can interact electronically each
other through the TiO, semiconductor support. NO consumption is
principally ascribed to the presence of vanadium only, whereas Ti-
sites as well as V- and W-oxide species act as adsorption sites for
ammonia. Accordingly these species act as ammonia “reservoir” or
“storage”. This NH3 storage can be involved in the SCRreaction upon
“migration” to near-by reactive V-sites where NH3 is consumed by
gas-phase NO [5]. As carbon is not a semiconductor material, it is
really unlikely that this interaction between V- and W-oxide species

Table 5
TPD-NH3 of binary carbon-based catalysts.
Catalysts Qnh,; (mmol/g) Bronsted sites Lewis sites
T(°C) Qu, (mmol/g) T(°C) Quu; (mmol/g)

NH4VO; (3% V) 0.2306 176 0.0028 563 0.2278
5% W 0.0370 571 0.0370
3% V-5% W 0.0625 485 0.0625
5% W-3%V 0.1002 519 0.1002
3% V-5% W simultaneously 0.0993 206 0.0053 600 0.0940
Table 6
Textural characterization of carbon-based catalysts with different vanadia loadings.
Active phase Textural characterization
precursor and
loading

SBET (mz /g) Vmicropore <0.7nm (CC/g) Vmicropore media (Cc/g) lecmpore total (CC/E) VBH] (CC/g) Dp (A)
NH4VO; (3% V) 407 0.0151 0.0050 0.0202 0.0276 68
5% W 451 0.0150 0.0044 0.0214 0.0218 65
3% V-5% W 486 0.0157 0.0046 0.0223 0.0233 60
5% W-3%V 503 0.0150 0.0069 0.0218 0.0225 59
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Fig. 4. Raman spectra (2x magnified) of vanadia-tungsten loaded catalysts in the 100-2000cm~" region.

can take place in. Moreover, the reactivity of V being roughly 6 times
higher than that of W makes binary impregnation to get poor active
catalysts.

These results agree to those presented by Zhu et al. [29] and
Garcia-Bordejé et al. [30]. Zhu et al. observed a decrease of SCR
activity of carbon-based catalysts doped with vanadia and tung-
sten almost negligible in the range of low temperatures that was
ascribed to higher acidity of Bronsted centres that avoiding a proper
NH3 desorption.

Fig. 4 shows the Raman spectra in the area of the
100-2000cm~!. Main crystal lattice vibration of cordierite (128,
260, 555, 578, 973, 1011, 1382 cm™!) are presented in all spectra.

Besides, the two typical signals of the carbon structure at 1340
and 1592 cm~! are detected. The first signal is assigned to defect
mode, Ajg (signal D) and the second is associated with graphite,
mode Epg (signal G). The integrated intensity ratio of these two
signals, D and G, in the Raman spectrum is related to graphite
crystallite size (Ly) according to [31]:

Ly (nm) = 44 whereR = Ip 3)
R Ig

Considering that both signals have similar extinction coeffi-
cients, it is possible to get the graphitic fraction according to:
I 1
¢S lc+lp 1+R

(4)

The values of the graphitic fraction (Xg) for these catalysts
obtained in our studies are between 0.23 and 0.38. In Table 7 is
resumed all these parameters.

Table 7

Resume of carbon coating characterization parameters from Raman.

Active phase precursor and loading In/lc Ly (nm) Xg
Support 1.63 2.69 0.38
NH4VO3 (3% V) 138 3.18 0.24
5% W 132 3.33 0.23
3% V-5% W 173 2.54 0.28
5% W-3%V 1.67 2.63 0.27

As shown in Raman spectrums, there is a clear presence of
graphite and carbon as non-graphitic material. In order to go deeper
in the distribution of these carbon materials and also how vana-
dium and tungsten are distributed over them, TEM runs have been
performed.

Fig. 5 shows that only for the 5wt% vanadium doped catalyst,
the vanadium under V5,05 can be seen, confirmed with EDX. This
fact means that the dispersion of vanadium as well as that of tung-
sten is really good. Unfortunately this technique does not relevant
further information about the distribution of these metals onto the
matrix. For this reason, catalyst characterization with MEV and LIBS
techniques is proposed for following works.

Table 8
Resume of XPS data for carbon-based V-W loaded catalysts.
Peak area 5W3V 3V5W 5W 3V
Cis 72.3 49.6 28.1 88.4
Al 52 1.1 5.7 0.5
Sizp 9.7 16.0 16.5 1.6
O1s 12.8 23.2 49.7 9.5
Wy <0.5 <0.5 <0.5
Vap <0.5 <0.5 - <0.5
Si/Al 1.8 14 2.9 3.1
c/o 5.6 1.8 0.6 9.3
VA [vyo* 0.3 0.4 - 34
Table 9
V4 |V5* ratio for carbon-based V-W loaded catalysts detected by XPS.
Catalyst Deconvolution of V,, peak

BE (eV) V4 [+
5W3V 514.8 0.3

516.8
3V5W 515.0 0.4

517.1
3V 515.9 34

517.2
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Fig. 5. TEM images of the 5% V doped catalyst.

In order to obtain a deeper knowledge of the surface properties
of the as-prepared catalysts, XPS runs were performed and resumed
inTables 8 and 9. Alyp, Sizp and O¢s peaks are obtained with an aver-
age shift of around 4 eV, while C and metals deposited on it remain
centred at their usual BE. This fact can point out that carbon is not
a conductor material and consequently it avoids the appropriated
transmission of the electronic beam. Moreover, it agrees with the
proposal of other authors [24-26] that suggesting the avoidable
electronic transmission between V and W atoms through the car-
bon coating and therefore the poor activity of this kind of bimetallic
doped carbon-coated catalysts.

Going into further details, it must be said that although carbon
coatings are really homogenous as reported previously in [32], it
is observed a higher ratio Si/Al for the sample doped with just 5%
of W, suggesting the possibility of having a XPS run from an area
with a really thin carbon coating in comparison to the other XPS
results. In addition the deconvolution of C;5 peak provides shifted
peaks towards higher BE values, what confirms the interaction of
ceramic material. The differences in coating thickness have to taken
into account in the following comments as not all data are provided
in the same conditions. Just on the contrary, sample doped with 5%
of W and 3% of V provides a high C/O ratio which indicates the
existence of a thicker carbon coating in this area.

According to W and V signals and their relation to Cand O ones, it
is observed that doping firstly with W and subsequently with V, the
lowest V4*/V5* ratio is achieved. This fact agrees with the activity
results reported above. What is remarkable about this fact is that
doping firstly with W an important shift of V,, peak takes place.
This shift towards lower BE values indicates a lower V oxidation
state approaching the BE that corresponds to V3* and V#* instead
of V4* and V°". The shift of V,, peak towards lower BE values can
agree (as well with the higher acidity character of these samples in
comparison to V doped ones) with certain electronic density vari-
ation associated with metallic centres as well as disruption caused
by the L, values of graphitic species.

It is worth noting that the amount of W (for all catalysts, W is as
W+6) is almost depleted in all samples. This fact suggests the high
dispersion of this metal through the surface since the total amount
is much higher than that of V.

4. Conclusions

Combined chemical-physical and reactivity techniques have
been used to test the characteristics of vanadia and tungsten loaded

carbon-based catalysts in the SCR reaction. The results presented
above show that the state of vanadia is strongly dependent on
loading and carbon funtionalizations. Vanadia content strongly
influences the catalytic behaviour: increasing vanadia loading leads
to higher NO conversions to a certain extent and NO maximum
conversions were observed at 3wt% V.

Indeed the maximum in NO conversion seems to be related to
the well dispersed and isolated vanadium oxide species detected
as V4*, Catalysts loaded with 3wt% V shown the highest V4*/V>*
whereas higher or lower vanadia loadings correspond to lower
V4*[V3* ratios. Also the acidity of catalysts is changed due to the
different V loading used. This fact could be pointed out as one of
the reasons for increasing the NO conversion. Moreover, it has also
been observed that crystallites of V,05 are likely formed when its
concentrations are greater than 5 wt% V. Although vanadia impreg-
nation always causes a decrease of textural properties, vanadia
loadings from 5 wt% on show a remarkable porosity loss, especially
in micropore volume pointing out the existence of crystallines at
the pore entrance.

Tungsten impregnation was carried out after, before and simul-
taneously to vanadia impregnation. On the contrary to commercial
SCR catalysts, there were no signs of catalytic enhancement due to
the presence of tungsten onto catalyst surface. This fact can be due
to either an acidification of surface that does not allow a proper
NH3 desorption avoiding it to take part in the SCR reaction or a
poor electronic interaction between carbon and V and W oxides
that does not improve the redox properties resulting in both cases
in a decrease of SCR activity.
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