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A  series  of V2O5–ZrO2–SO4
2−–sepiolite  mixtures  were  extruded,  calcined  and  characterised.  NH3-SCR

activity  was  found  to  be  related  to  the  content  of  the  active  VOX–ZrO2–SO4
2− phase  (VSZ).  The distribu-

tion  of  sepiolite  and  VSZ  at the  surface  of the  mechanical  mixtures  was  studied  by  the  electrophoretic
migration  technique.  The  samples  were  further  characterised  by  nitrogen  adsorption,  NH3-TPD,  XRD  and
scanning  electron  micrography  techniques.  The  electrophoretic  migration  results  showed  that  the  addi-
tion of  sepiolite  to VSZ,  by  kneading  in  water,  had  a dramatic  effect  on the quantity  of VOX–ZrO2–SO4

2−
rO2–SO4
2−

epiolite
CR
anadium

present  at  the  support’s  surface,  both  strongly  decreasing  the  molar  fraction  of  zirconia  at  the  surface,
and  altering  the  electrophoretic  properties  of  the  mixtures.

The  SEM  micrographs,  XRD  patterns  and  activity  measurements  of  the  water-kneaded  samples  sup-
ported  the electrophoretic  migration  results.  Furthermore,  it was  verified  by  electrophoretic  migration

l  a  co 2−

tly  ne

hase distribution
eta potential

experiments  that  up  unti
particles.  This  has  a sligh

. Introduction

The SCR process was invented and patented in USA in 1959 [1]
nd is used world-wide to control NOx emissions from stationary
ources. Until now it has mostly been implemented in Japan and
urope but the application is increasing in the USA and Asia [1,2].
he process makes use of a V2O5/TiO2–based catalyst, using NH3 as
eductant to selectively reduce NO to N2 and H2O by the following
eaction:

2 + 4NO + 4NH3 → 4N2 + 6H2O (1)

The catalysed reaction involves two cycles, an acid cycle and a
edox cycle [3–11]. For the redox cycle, the redox capacity of V(V)
nd V(IV) is of key importance while for the acid cycle the key con-
ition is to have sufficient acidic surface sites in order to chemisorb
nd administer NH3 for the SCR reaction. The amount of vanadium

xide is very small in modern catalysts [12–14].  V2O5 represents
ess than monolayer loading on the TiO2-anatase support. A rea-
on for the activity is a good dispersion that leads to isolated or
olymerized vanadyl species [15]. The SCR activity is improved

∗ Corresponding author. Fax: +34 915 85 4873.
E-mail address: sbrasmussen@icp.csic.es (S.B. Rasmussen).
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mposition  of 75%  VOX–ZrO2–SO4 , the  sepiolite  fibers  coats  the  zirconia
gative  influence  on  the  overall  SCR  activity  of fresh  catalysts.

© 2011 Elsevier B.V. All rights reserved.

by increasing the external geometric surface area of the catalyst
[16].

In attempts to comply with the Kyoto protocol, substitution of
fossil fuel with biomass constitutes a practical, economical and
environmental viable solution, since biomass (in the form of straw,
wood chips, saw dust, etc.) retains its carbon from the air during
photo synthesis. Thus, biomass can in this sense be regarded as a
CO2 neutral fuel, and attempts to increase the biomass content in
energy production up to 20% are currently being implemented in
Denmark by DONG Energy A/S and Vattenfall A.B. and is a declared
goal for the whole EU by 2020.

Though biomass combustion technology is relatively easy to
implement in coal and oil fired power plants, there are some draw-
backs. On one hand, potassium fly ash particles are aggressive at
high temperatures, and induce material problems such as corro-
sion and deterioration of ceramic tiles in the burner [17]. On the
other hand, they are also extremely poisonous for the aforemen-
tioned SCR reaction [18], due to the potassium content in the fly
ash [19]. Thus, new NH3-SCR catalysts resistant to deactivation
by alkali salts are needed. One possible way is to increase cata-
lyst resistance by the use of supports with super-acidic properties,
which would interact more strongly with potassium than vana-
dium species. Potassium oxide affects the Brønsted acid sites of the

catalyst to a much larger extent than Lewis sites. Therefore, another
possible solution for NO removal in biomass-related applications is
the use of other metal oxides as active components, which posses
mainly Lewis acidity [20,21].

dx.doi.org/10.1016/j.cattod.2011.05.002
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:sbrasmussen@icp.csic.es
dx.doi.org/10.1016/j.cattod.2011.05.002
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In this work we have synthesised and studied VOX–ZrO2–SO4
2−

atalysts mixed with sepiolite clay with respect to the perfor-
ance of NH3-SCR for eventual use in biomass fired boiler units.

he expected role of sepiolite is two-fold: the SiMgOx clay has
 fibrous morphology, which works as an excellent agglomerant
uring extrusion of metal oxide based catalysts. Furthermore, the
bers tend to cover the metal oxide support particles, which we

n future works envision could provide a shielding effect, protect-
ng the active phase from the potassium aerosols. Thus, we study
he effects of mixing sepiolite clay with VOX–ZrO2–SO4

2− catalyst
articles.

. Experimental

.1. Sample preparation

Melcat Zr(OH)4 with a particle size d50 = 15 �m was used as
he zirconia source and the ammonium sulfate was  from Panreac
>99%). The sulfated zirconia was prepared by impregnating 101.6 g
f the zirconia hydroxide with 8.3 g (NH4)2SO4 by the incipient wet-
ess method. After digestion/drying in ambient conditions for 2 h
he samples were dried at 150 ◦C for 3 h. Calcination of the samples
t 500 ◦C for 4 h in air was then performed by placing the material
irectly into a pre-heated furnace, in order to facilitate the preferred
ormation of metastable tetragonal phases. The catalysts were pre-
ared by wet impregnation of VOSO4 onto the sulfated zirconia (in
mounts always corresponding to 3.9% V/ZrO2), to produce a slurry
hat was allowed to settle for an hour under stirring. Thereafter
epiolite, �-sepiolite Pansil 100 supplied by Tolsa S.A., and water
ere added in the desired amounts to obtain a homogeneous paste
ith an adequate viscosity for extrusion from a 20 ml  syringe with

 2 mm orifice. The extrudates were allowed to dry slowly, sealed in
 wet atmosphere for 48 h then dried overnight at 150 ◦C in air. Cal-
ination was carried out at 500 ◦C for 4 h in air. Finally the extruded
aterial was broken into 3–5 mm cylindrical pellets.

.2. Catalytic activity (NO SCR with ammonia)

The SCR activity measurements were carried out on crushed
amples sieved to obtain fractions of 0.18–0.300 mm.  These mea-
urements were carried out in a fixed-bed reactor, with about 10 mg
f the catalyst loaded between two layers of inert quartz wool. The
eactant gas composition was 1000 ppm NO, 1100 ppm NH3, 3.5%
2, 2.7% H2O and He balance. The total flow rate was 300 ml/min

ambient conditions), with a continuous monitoring of the NO con-
entration with a Thermo Electron model 17C chemiluminescent
O-NOx gas analyser. The catalytic activity, represented as a first-
rder rate constant (k), can be calculated from the NO conversion,
, as Eq. (2):

 = − F0

[NO]0Vcat
ln(1 − X) (2)

here F0 is the molar inflow of NO, [NO]0 is the initial molar con-
entration of NO, and Vcat is the catalyst bed volume.

.3. Electrophoretic migration

The zero point charges (z.p.c.) of the composite materials
ere determined by measuring the zeta potential as a function

f the solution pH. The zeta potentials were obtained using the
elmholtz–Smoluchowski equation: V̄ = (1/4)ε�/��,  measuring

he electrophoretic migration rate in a Zeta-Meter Inc. Instru-

ent model 3.0+, provided with an automatic sample transfer

nit (peristaltic pump and special electric pinch clamp) to avoid
ample sedimentation problems [22]. In this equation V̄ is the elec-
rophoretic mobility, ε the permittivity, � the zeta-potential and
Fig. 1. X-ray diffraction of VOX–ZrO2–SO4
2−–sepiolite composites after extrusion,

drying and calcination at 500 ◦C. Phase labels: calcium sulfate (CS), quartz (Q), VZrOX

(VZ), monoclinic zirconia (MZ), sepiolite (S), cubic zirconia (CZ).

� the dynamic viscosity [23]. Experiments were carried out using
20 mg of <2 �m powder samples suspended in 200 ml  of 10−3 M
KCl, adjusting the pH with 0.2 M KOH and HCl solutions. Not more
than one type of particle was detected in any sample, except for
the one containing 12.5% sepiolite. Each curve was recorded at least
thrice to ensure the reproducibility of the results.

2.4. Scanning electron microscopy (SEM)

The morphology and particle size of the catalysts were investi-
gated by SEM using a FEI Inspect ‘S’ with tungsten filament. Images
were obtained with acceleration voltages of 5–10 kV. The spec-
imens were prepared by dry dispersing the catalyst powder on
carbon tape and following carbon coated.

2.5. Temperature programmed desorption of ammonia
(NH3-TPD)

The surface acidity of the catalysts was measured on a
Micromeritics AutoChem II 2920.

Approximately 100 mg  of sample was initially pretreated at
200 ◦C in helium for 30 min  and subsequently saturated with
50 ml/min 1% NH3/He at 100 ◦C for 60 min. Loosely bound ammonia
was hereafter removed by purging with 50 ml/min He for 60 min,
before performing temperature programmed desorption (TPD) at a
heating rate of 10 ◦C/min in the range 100–1100 ◦C in a He flow of
25 ml/min.

2.6. X-ray diffraction

Powder X-ray diffraction was  recorded with a Huber G670
Guinier camera diffractometer from 3 to 100◦ 2� in steps of 0.005◦,
exposed for 120 min  at room temperature, � = 1.54051 Å.

3. Results and discussion

The X-ray diffractograms of the VOX–ZrO2–SO4
2−–sepiolite

composites after extrusion, drying and calcination at 500 ◦C are
depicted in Fig. 1. At 2� = 28–32◦ the diffraction pattern from ZrO2
is seen. The samples exhibit some formation of the monoclinic, but
the most dominant was found to be the cubic phase. The crys-
tal phase of the latter resembles very much that of tetragonal
ZrO2 (2�  = 31.586◦) which has been suggested to be necessary for

the generation of high acidity in sulfated zirconia [24,25]. There-
fore, this reflex is very often assigned to this phase. However, by
a preliminary Rietveld analysis it was  concluded that the reflex
in fact corresponds to the cubic phase, which probably exhibits
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ig. 2. Zeta potential at 295.7 K as a function of the suspension pH for samples of
epiolite, VOX–ZrO2–SO4

2− and their mixtures, kneaded in H2O and treated at 773 K
or  4 h in air.

imilar properties. Furthermore, with increasing sepiolite content
he appearance of sepiolite, CaCO3, SiO2 and CaSO4 (Ca2+ from the
epiolite phase reacting with sulfate from the zirconia phase) is
bserved. The formation of CaSO4 might suggest that acidity of the
irconia phase might be diminished, and thus extra sulfate should
ave been added to compensate for this effect. This observation
ight be important for the catalytic activity of the catalyst, but it

oes not alter the scope of this work, since we here focus on the
hase distribution between VOX–ZrO2–SO4

2− and sepiolite.

Fig. 2 shows the zeta potential vs. pH curves of VOX–ZrO2–SO4

2−,
epiolite and their mixtures kneaded in water, after calcination at
73 K for 4 h. The z.p.c.s. of the sepiolite clay, VOX–ZrO2–SO4

2−

nd their mixtures are shown listed in Fig. 2, and the i.e.p.s. col-

Fig. 3. SEM images of selected V2O5–ZrO2–
Today 172 (2011) 73– 77 75

lected in Table 1. These values were calculated by interpolation
of the zeta potential curve to the point of zero charge. The z.p.c.
of VOX–ZrO2–SO4

2−, 5.8, is a function of the pure zirconia phase
[26], V2O5, and the effect of the sulfate. The z.p.c. of sepiolite, 2.2,
has previously been reported by extrapolation [27]. The z.p.c. of
the composites reached a value very close to that of pure sepi-
olite with only 25% (w/w)  present in the bulk composition. This
means, as according to Gil-Llambías and Escudey-Castro [22], that
the percentage of VSZ at the surface was  greatly decreased by
the addition of fairly small quantities of sepiolite. This strong
effect of sepiolite ‘masking’ an oxide (zirconia) at the surface
has earlier been demonstrated for titania [27], and is even more
pronounced in the case of the VOX–ZrO2–SO4

2− phase. The bulk
zirconia mass percentage necessary to reach molar fractions >50%
at the surface was more than 75%. Since the VOX–ZrO2–SO4

2−

phase is the active phase a good accessibility of this phase is
necessary. But also a partial shielding of the active sites is desir-
able in order to protect this phase from the possible alkaline
poisons in the biomass fly ash. Therefore, the goal is optimizing
the composition that could increase the life time of the catalyst,
while maintaining a decent accessibility of zirconia present at the
surface.

The mixing behavior of the two  solids can be explained from the
driving forces operating on the interaction of the two  components
and the morphology of the system during the kneading process.
This has been investigated by our group in a previous study [28]
for the case of a SCR catalyst based on titania–sepiolite. Sepiolite
treated at 500 ◦C is made up of particles with sizes ranging from
100 to 250 �m.  These particles are, in turn, composed of bundles
of fibers, ranging in size from 0.2 to 1 �m in length and 10–100 nm
in width. The titania particles (0.05–0.1 �m) form aggregates of

0.3–1 �m, in which the original particles maintain their identity.
The sepiolite fibers tend to cover the metal oxide particles, and
thus reinforce the composite matrix, which explains the behavior
observed in Fig. 2.

SO4
2−–sepiolite composite catalysts.
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Table  1
Physi-chemical properties of the V2O5–ZrO2–SO4

2−–sepiolite catalysts.a

Sample cV (w/w%) SBET (m2/g) [30] VP (cm3/g)b [30] Dmacro (nm) [30] i.e.p. (pH) cCaSO4 (w/w%)c App. EA (kJ/mol)

100% VSZ 3.9 156 0.201 911 5.8 0.0 86.8
87.5%  VSZ 2.8 145 0.195 767 5.4 0.9 80.5
75%  VSZ 2.7 146 0.215 320 2.6 1.3 81.1
62.5%  VSZ 2.4 147 0.234 248 – 1.7 83.0
50%  VSZ 1.9 148 0.260 130 2.5 1.1 48.2
37.5%  VSZ 1.5 145 0.278 82 – 8.1 23.8
25%  VSZ 1.0 140 0.291 52 2.4 11.9 –
12.5%  VSZ 0.5 136 0.305 40 – 10.4 –
0%  VSZ 0.0 130 0.325 26 2.3 3.5 –

a Column nomenclature: cv = vanadium concentration; SBET = BET surface area; Vp = pore volume; Dmacro = diameter of macro pore; i.e.p. = isoelectric point;
cCaSO4 = concentration of calcium sulfate; App. EA = apparent activation energy.

b Sum of meso and micro pore volume as found by N2 adsorption at P/P◦ = 0.96.
c Fraction of total crystalline phase of the composite catalyst from Rietveld refinement

F
t
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F
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ig. 4. NH3-SCR activity measurements at in the Arrhenius regime as a function of
emperature for the VOX–ZrO2–SO4

2−–sepiolite composite catalysts.
In this work, we aim to use these phenomena to partially incor-
orate the active zirconia phase inside the sepiolite fiber bundles
nd thus protect the vanadium oxide centers from the basic potas-
ium compounds present in the flue gas after biomass combustion.

ig. 5. Left: ammonia desorption profile for the V2O5–ZrO2–SO4
2−–sepiolite catalysts. Righ

ange  100–1100 ◦C and 100–550 ◦C.
.

The physical coverage of the zirconia phase by the sepio-
lite pointed out by the zeta potential measurements has also
been confirmed by SEM analysis of the calcined catalysts (Fig. 3).
From these it can be seen that the surface of the sample with
12.5% sepiolite basically exhibits a similar morphology as the
pure VOX–ZrO2–SO4

2− sample. Some sepiolite fibers can be seen
attached to the zirconia particles, which fully explain why  the zero
point charge of the sample with 87.5% VSZ is a simple average
between the composition and the zero charge potentials of the two
phases. However, already from the 75% VSZ sample (25% sepiolite)
and onwards a dramatic morphological change is observed as well
as an increase in the average particle size from around 5–10 �m
(for 100–87.5% VSZ) to bundles with diameters around 20–50 �m.
The composite material is observed as being zirconia crystals incor-
porated in bundles of sepiolite fibers with an aspect very similar to
the pure sepiolite (sample 0% VSZ). This is in perfect accordance
with the observed z.p.c. (Fig. 2) where all samples with 0–75% VSZ
have zero point charges very close to the value of pure sepiolite.
Thus, the zirconia-based catalyst is enveloped by the clay matrix at
loadings of sepiolite surpassing 12.5%.

In Fig. 4 the NH3-SCR activities for the composite catalysts are

shown as a function of VSZ content. Since it is well known that the
VOX species distributed over oxide systems are active in NH3-SCR
catalysis, the general trend observed in Fig. 4 is logic. Generally with
more sepiolite content, a decrease in activity is observed. However,

t: the overall surface acidity of the series based on NH3 desorbed in the temperature
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he trend does not appear to completely follow a simple relation-
hip between the content of active phase (VOX–ZrO2–SO4

2−) and
ctivity. The decrease in activity seems stronger than expected
ith increasing sepiolite content. As seen in Table 1, the apparent

ctivation energies at high sepiolite contents decrease. With the
ssumption that the remaining vanadium oxide still is the active
hase, such a tendency can only be explained by increasing sepio-

ite coverage of the active phase, which induce extreme diffusion
imitations, which is to be expected considering the morphology
Figs. 2 and 3) of the samples with high sepiolite content. Another
eason could be that it is due to chemical deactivation of the active
hase by sepiolite, most likely to be explained by the formation of
he CaSO4 phases observed by XRD in Fig. 1. The concentration of
aSO4 is determined by Rietveld refinement of the diffractograms
Table 1) where it was found that more than 10 w/w%  of the crys-
alline fraction consists of CaSO4 in the catalysts with high content
f sepiolite (37.5–12.5% VSZ). However, the latter effect would only
nfluence the number of active sites pr. gram of catalyst, but not the
ctivation energy, so the first hypothesis explains best the decrease
n apparent activation energy.

Some physical and chemical properties of the catalysts are col-
ected in Table 1, such as surface area, elemental analysis and
pparent activation energy. It may  be noted that the vanadium
overage in the 100% VSZ catalyst with highest vanadium concen-
ration (cV), due to the high surface area of the catalysts, is well
elow the monolayer limit of 6.8 VOX/nm2 reported by Wachs [29].

The surface of the composite catalysts was probed with ammo-
ia to determine the accessibility and concentration of surface acid
ites. The results of the NH3-TPD profile are depicted in Fig. 5,
eft, and reveal roughly four different ammonia desorption sites,
enoted according to their acid strength: �, �, �, and �. Samples
onsisting mostly of V2O5–ZrO2–SO4

2− show a broad desorption
rofile from around 150 to 400 ◦C, whereas samples the with 100%
SZ and 87.5% VSZ exhibit a desorption peak around 435–475 ◦C.

n the light of the results from z.p.c. measurements and SEM,
he �-acid sites can thus be attributed to well known sites from
2O5–ZrO2–SO4

2−, which is predominating on the surface at these
oadings.

On the other hand, the �-acid site is only present in samples
ith more than 50% sepiolite, and can thus be ascribed to the

cid sites of the clay material. All samples desorb ammonia around
90–800 ◦C at the �-acid site, but only mixtures of sepiolite and
2O5–ZrO2–SO4

2− contain acid sites that desorb at the strongest
-site, peaking for the 50% VSZ sample. The latter site can thus be
ttributed to a composite acid site, probably formed at the interface
etween sepiolite and V2O5–ZrO2–SO4

2−. The formation of such
trong sites is remarkable, and the existence of these sites might
rove very important with respect to implementation of such cat-
lysts in a biomass fired converter. These superacid sites are not
ssociated with the active VOX phase, and will therefore serve as

 trap/shield which could avoid that poisonous basic potassium
ompounds/aerosols get in physical contact with the active phase,
hereby a chemical deactivation would be avoided.

Addressing the corresponding total surface acidity (when
ntegrating the temperature range 100–1100 ◦C) of the samples col-
ected in Fig. 5, right, where the gradual “dilution” of the composite
atalyst with sepiolite results in an almost similar overall acidity
f ca. 2000 �mol/g. However, for deNOx applications the vanadia-
ased catalyst typically operates around 400 ◦C, where it can be
ssumed that the strongest acid sites (i.e. the �–� acid sites) bind
he ammonia too strongly for it to participate in the SCR reaction.

nly accounting the acid sites desorbing ammonia below ca. 550 ◦C

as depicted in Fig. 5, right) is somewhat more representative of
he catalytic performance observed. Here a sharp decrease in sur-
ace acidity is observed when increasing the sepiolite content to

[

[
[
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above 12.5% due to the observed sudden coverage of sepiolite at
this threshold. At loadings beyond this concentration, a more mod-
erate decline in acidity is observed as the sepiolite progressively
covers the remaining V2O5–ZrO2–SO4

2− particles.

4. Conclusions

The extruded series of V2O5–ZrO4–SO4
2−–sepiolite hybrid cat-

alysts were shown to be active for NH3-SCR. The rate was  directly
related to the amount of active VOX–ZrO2–SO4

2− phase, but some
deactivation due to diffusion limitation and formation of CaSO4 was
confirmed by relating the activity measurements with the XRD. It
was verified by electrophoretic migration experiments that up to
a composition of 75% VOX–ZrO2–SO4

2−, the sepiolite fibers coat
the VOX–ZrO2–SO4

2− particles. The negative influence on overall
catalyst activity of the composite catalysts can probably be com-
pensated by addition of extra sulfate during synthesis or use of
a high purity sepiolite. The possible enhance of catalyst lifetime
due to the induced coverage effect by the sepiolite clay, combined
with the introduction of new superacid sites, is especially interest-
ing in connection to biomass fired power plants, which suffer from
deactivation by potassium containing fly ash particles.
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