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a  b  s  t  r  a  c  t

Replacement  of calcination  procedures  used  during  catalyst  preparation,  by  a plasma  treatment,  was  stud-
ied  over  a Co-ferrierite  (Co-FER)  catalyst.  The  catalyst  was  tested  in the  NOx selective  catalytic  reduction
reaction.

A combination  of UV–Vis  spectroscopy  and  TG analysis  revealed  the  presence  of ammonium  ions  on
the untreated  and  plasma  Co-FER  samples  but not  on the  calcined  one.  Therefore,  it can  be  concluded
that  the  plasma  treatment  was  not  able  to replace  the thermal  calcination  step.

The  evaluation  of  catalyst  behaviour  was  performed  both  under  temperature  programmed  surface
reaction  (TPSR)  and  under  steady-state  conditions  at different  temperatures.

NO  oxidation  tests  showed  that, during  TPSR  runs,  calcined  catalyst  produces  more  NO2 than  plasma

luidized bed
alcination

catalyst.  NOx consumption  during  TPSR  of  plasma  catalyst  confirms  that  precursors  used  on  the  ion-
exchange  procedure  are  still present  on  the  catalyst  even  after  the  plasma  treatment,  reacting  with  NO
to produce  R-NOx, N2O and  N2.

Concerning  deNOx tests  using  ethanol  as reducing  agent,  TPSR  tests  showed  higher  NOx conversions
over  untreated  and  plasma  catalysts  due  to  the  presence  of  ammonium  and  acetate  precursors  on  these

ma  an
catalysts.  Untreated,  plas
mal  tests.

. Introduction

In zeolite metal-containing catalysts, preparation usually
ncludes thermal activation steps that aim not only to decompose

etal precursors, in order to obtain the appropriate metal species,
ut also to stabilize those species in particular extra-framework

ocations [1].
The conventional preparation of dispersed catalysts usually

equires a combination of several unit operations, including: (i)
ntroduction of the metal precursor on the support using tech-
iques such as ion-exchange, impregnation, co-precipitation, or

eposition; (ii) drying; (iii) calcination and, if necessary, (iv) reduc-
ion with H2. However, the present state-of-the-art for catalyst
reparation is far from perfect [2].  Plasma treatment is one of
he most popular treatments of materials. This treatment affects

∗ Corresponding author. Present address: Université Pierre et Marie Curie, Paris
,  Institut Jean Le Rond d’Alembert, CNRS UMR  7190, 2 Place de la Gare de Ceinture,
8210 Saint Cyr l’école, France. Tel.: +33 1 30 85 48 62; fax: +33 1 30 85 48 99.

E-mail address: patrick.da costa@upmc.fr (P. da Costa).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.12.051
d  calcined  catalysts  present  the  same  NOx and  COx conversions  in isother-

© 2011 Elsevier B.V. All rights reserved.

only the catalyst surface without changing its bulk properties.
Besides, it can be used under oxidative, reductive or inert atmo-
sphere. The use of plasmas for catalysis is now well developed
[3–6] and some authors have used a plasma treatment in a low
pressure system to replace the thermal calcination of the catalyst
[7–9].

Depending on the operating conditions (type of the electrical
discharge, power density, duration, etc.), the plasma treatment can
be used for (i) surface cleaning and etching (O2, Ar/O2 mixtures), (ii)
surface functionalisation (N2, NH3, O2 plasmas), (iii) cross-linking
(He, Ar plasmas). However, special attention has to be paid to the
treatment of powders with diameter of a few hundreds of microm-
eters. Fluidized bed reactors can provide a uniform treatment and
an excellent gas–solid heat transfer [9,10],  leading to new catalytic
properties of the prepared materials [3].  According to the literature,
the plasma treatment is always used after catalyst preparation and

drying [11,12].

The aim of this work is to evaluate if the thermal calcination of
the Co-FER catalyst, used to decompose the precursors that remain
on the catalyst after its preparation, can be replaced by a plasma
treatment in a low pressure fluidized bed reactor.

dx.doi.org/10.1016/j.cattod.2010.12.051
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:patrick.da_costa@upmc.fr
dx.doi.org/10.1016/j.cattod.2010.12.051
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ig. 1. Experimental set-up of the fluidized bed reactor (FBR) used in the microwave
lasma surface treatment of plasma Co-FER catalyst.

The selective catalytic reduction (SCR) of nitrogen oxides with
ydrocarbons is a promising technology to control NOx emissions
oth from stationary and from mobile sources. Cobalt-based cat-
lysts were used in this work since they have shown promising
esults when ethanol is used as a reducer agent [13]. After cobalt
ntroduction, a low fluidized bed plasma reactor was used in order
o treat the Co-FER catalysts. A comparison with “classical cal-
ination” was performed in order to evaluate plasma treatment
fficiency.

. Experimental

.1. Catalyst preparation and calcination

Zeolite catalysts were prepared from an alkali form of ferrierite,
aK-FER, with a Si/Al = 9 (TOSOH Co.,  Japan).

The monometallic Co-FER (3 wt.% Co) catalyst was  obtained by
on-exchanging the NH4-FER form with a Co(CH3COO)2·H2O solu-
ion. The NH4-FER form was prepared by ion-exchange at 80 ◦C for

 h, three times, with a 4.0 M NH4NO3 solution, under strong agita-
ion. The catalyst was then washed with distilled water and dried
t 100 ◦C for 12 h. The NH4-FER powders were dipped in a 0.05 M
queous solution of Co(CH3)(COO)2·H2O and strongly agitated at
0 ◦C for 24 h. The catalyst was then filtered and washed several
imes with distilled water. Finally, the catalyst was  dried at 120 ◦C
vernight, prior to the two different processes, i.e. (i) calcination
n air at 500 ◦C for 2 h (10 ◦C/min) or (ii) plasma treatment in the
uidized bed reactor with microwaves.

.2. Plasma reactor

The powder zeolite samples were pressed in order to form large
ellets that were then crushed and sieved between 355 and 500 �m

n order to obtain a homogeneous fluidization and to avoid the loss
f powders in the pumping system.

The fluidized bed reactor (FBR) consisted of a cylindrical Pyrex
lass tube of 30 mm internal diameter and 600 mm length, as
hown in Fig. 1. The impregnated powders (density: 0.55 g cm−3,
ean diameter: 355–500 �m)  were fluidized with Ar which passed

hrough a porous glass plate. Gas flow rates were regulated by
KS  mass-flow controllers. All experiments were performed at
inimum fluidization velocity conditions which were previously
etermined from the pressure drop versus gas flow rate.
The pressure was controlled by a Pirani-type vacuum gauge and

aintained at 0.7 mbar by a two stage Pfeiffer pump. To prevent
owders from damaging the pump system, a dust trap was  also

nstalled. A magnetron (0–1000 W)  was used in order to create a
day 176 (2011) 234– 238 235

plasma microwave energy source of 500 W.  A few grams of the
catalyst (0.5 g) were placed into the reactor and the carrier gas
was  passed through the porous plate for 30 min  with a flow rate
of 300 cm3 min−1 to ensure a good fluidization of the particles in
the microwave (M.W.) plasma.

2.3. Catalyst characterisation

The catalysts chemical composition was  determined by ICP anal-
ysis.

DRS (diffuse reflectance) UV–Vis spectra were carried out on
a Varian Cary 5000 UV-VIS-NIR spectrophotometer. Spectra were
recorded at a medium speed, with a slit width of 2 nm. The spec-
tra were collected at room temperature, in air, in the range of
200–2500 nm.  Spectralon was  used as a reference.

Thermogravimetric (TG) analyses were performed in a Setaram
TG-DSC92 thermobalance under air flow (100 mL  min−1) at a heat-
ing rate of 5 ◦C min−1 up to 800 ◦C. For each analysis, about 30 mg
of sample was  put in a platinum basket.

2.4. Catalytic tests

The reduction of NO by ethanol (EtOH) in the presence of oxygen
excess was  carried out in a fixed-bed U reactor, with 110 mg  of cata-
lyst. A gas mixture containing 250 ppm NO, 1100 ppm EtOH, 7 vol.%
O2 with Argon as balance was fed at a rate of 250 mL  min−1, through
mass flow controllers (Brooks 5850). NO oxidation tests were per-
formed with 250 ppm NO and 7 vol.% O2. The corresponding GHSV
was  45,000 h−1, considering a bulk catalyst density of 0.3 g cm−3.

Reactant mixture was  allowed to stabilize in a reactor by-pass
until its composition was stable. Then, temperature programmed
surface reaction (TPSR) was  carried out at a heating rate of
10 ◦C min−1 up to 500 ◦C. After each TPSR, isothermal conversion
points were then taken between 500 ◦C and 250 ◦C, in steps of 50 ◦C.
The temperature was maintained from 45 to 120 min at each step
until gas composition was constant.

NOx concentrations were followed by an Eco Physics CLD 700
AL chemiluminescence analyser while N2O and COx concentrations
were followed by two Siemens Ultramat 6 infrared analysers. A Pfeif-
fer Vacuum GSD 301 MS  was used to follow the m/z  signal 28 (N2/CO)
during NO oxidation TPSR runs.

3. Results and discussion

3.1. Catalyst characterisation

Fig. 2 shows the DRS UV–Vis spectra (200–2500 nm)  of the
different samples: untreated, plasma-treated and calcined Co-FER
catalysts. All the samples present an intense and broad band at
about 220 nm (UV region), usually attributed to oxygen to metal
charge transfer bands. The Co-FER samples that were untreated
(spectrum (a)) or plasma-treated (spectrum (b)) show two distinct
bands at 520 (doublet, visible region) and 1250 nm (NIR region)
relative to the (d–d) transitions of hydrated Co2+ ions in an octa-
hedral environment [14]. The sharp bands also observed at about
1410 and 1910 nm originate, respectively, from overtone (2�) and
combination (� + ı) bands of adsorbed water. These two  samples
present, in addition, two other bands in the NIR region, at about
1540 and 2110 nm,  but somewhat broader: the values match well
with overtone and combination bands of N–H groups [15], thus
evidencing the presence of ammonium species in both samples,

meaning that the plasma treatment did not decompose ammonium
species present within the zeolite pores.

On the other hand, calcined catalyst (spectrum (c)) has dis-
tinct changes when compared with the other two  Co-FER catalysts.
Bands from hydrated Co2+ species seem to disappear while new
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ig. 2. DRS UV–Vis spectra at room temperature of untreated (a), plasma (b) and
alcined (c) Co-FER catalysts.

ands develop at 380 and 650 nm:  these bands are commonly
ttributed to Co oxide species with a spinel structure (Co3O4) [16].
robably the former Co2+ species are still present but are hidden by
he strong absorption of cobalt oxide species as the overall spec-
rum intensity increased. In fact, as no thermal treatment (in situ
ehydration) has been performed on the different samples, iden-
ification of dehydrated, tetrahedral Co2+ species occupying the
ifferent exchange positions of the FER structure is not possible
17]. However, it should be noted that DRS UV–Vis was  used to
valuate the presence of overtone and combination bands orig-
nated from N–H groups in the NIR region, in order to evaluate
he existence of ammonium species in the catalysts. Therefore, no
n situ treatment was done. Indeed, in the case of calcined Co-FER
atalyst, no bands corresponding to NH4

+ species are detected. In
ummary, one can say that, after thermal calcination, ammonium
pecies are removed while isolated Co species evolve to polymeric
oxide) species.

TG measurements (Fig. 3) have been performed in order to com-
are weight losses from the different catalysts. All catalysts show

 first weight loss at low temperature (100 ◦C) related to water
esorption. Calcined Co-FER catalyst does not present additional
eight loss, demonstrating the efficiency of thermal calcination
o completely remove ammonia species from the catalyst. On the
ther hand, NH4-FER material and Co-FER untreated and plasma
atalysts present a second weight loss at about 300–500 ◦C cor-
esponding to the release of NH3. Furthermore, the Co containing
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ig. 3. TG profiles of untreated (—) NH4-FER; untreated (– –), plasma (– –) and cal-
ined (—) Co-FER catalysts.
Fig. 4. TPSR profiles of NO (—), NO2 (. . ..  . .)  and NOx (—) with 250 ppm NO and 7 vol.%
O2 over plasma (a) and calcined (b) Co-FER catalysts; total flow of 250 mL  min−1.

samples show decomposition temperatures slightly lower than the
ammonium form zeolite, probably as a consequence of the pres-
ence of cationic species Co2+. Quantitative results show a higher
weight loss for NH4-FER (3.3 wt.%, dry basis) while Co-based sam-
ples present similar values (2.2 wt.%), which is not surprising as ion
exchange occurred and NH4

+ content is expected to be lower. The
similarity between untreated and plasma Co-FER catalysts seems
to demonstrate, again, the relative low effect of plasma treatment
on NH4

+ species decomposition.

3.2. TPSR and isothermal NO oxidation tests

Fig. 4 compares the NO oxidation TPSR profiles of plasma (a)
and calcined (b) catalysts. It can be seen that the calcined catalyst
exhibits two  NO2 formation peaks: a smaller peak with a maxi-
mum  of 25 ppm at about 85 ◦C and a larger peak with a maximum
of 90 ppm at about 400 ◦C. NOx concentration remains constant at
250 ppm, the NOx concentration feed into the reactor. N2O, N2, CO
and CO2 formation was  not detected on the studied temperature
range.

The plasma catalyst, on the other hand, shows almost no NO2
formation (Fig. 4a) but presents a decrease in NOx concentration
from 65 to 480 ◦C. N2O formation is detected over the plasma cat-
alyst from 250 to 480 ◦C (Fig. 5). N2 formation (m/z = 28) was also
detected with two  maxima at about 230 and 440 ◦C (Fig. 5). Regard-
ing COx, although there is no CO formation over the plasma-treated
sample, a low CO2 formation occurs above 200 ◦C (Fig. 5).

These observations, where some NO reduction occurs, with
x

the plasma-treated sample, suggest that some precursor species,
arising from the catalyst preparation, still remain on the catalyst
surface even after the plasma treatment, acting as reducing agent.
NO reacts with these precursors to form N2 and N2O,  which causes
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ig. 5. TPSR profiles of CO (—), CO2 (—), N2O (. . ..  . .)  and N2 (. . ..  . .)  with 250 ppm
O and 7 vol.% O2 over plasma Co-FER catalyst; total flow of 250 mL min−1.

 decrease in NOx through the entire test. Taking into account
he low CO2 formation seen above 200 ◦C that occurs over the
lasma-treated sample, which comes from deNOx reaction, it is
lear that not only ammonium species, identified in Section 3.1,
till remain on the catalyst surface. A possible explanation for this
O2 formation is that the acetate precursor also remained over the
atalyst after the ion-exchange procedure, acting also as a reducing
gent.

Therefore, it is clear that, during NO oxidation TPSR runs, plasma
nd calcined catalysts do not present the same ability to oxidize NO
o NO2. However, during isothermal NO oxidation tests performed

ith the same samples, NO2 formation is similar in both catalysts

or all the tested temperatures. This fact points out a change in the
lasma catalyst during TPSR that makes its NO oxidation ability
imilar to the on presented by the calcined catalyst.
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ig. 7. Isothermal NOx conversion (a) and ethanol conversion to COx (b) with 250 ppm N
–�–)  Co-FER catalysts; total flow of 250 mL  min−1.
Fig. 6. TPSR profiles of NOx and COx with 250 ppm NO, 1100 ppm EtOH and 7 vol.%
O2 over untreated (a), plasma (b) and calcined (c) Co-FER catalysts; total flow of
250 mL  min−1.

3.3. TPSR and isothermal deNOx tests

The TPSR runs of untreated, plasma and calcined catalysts (Fig. 6)
show that all catalysts are able to convert NOx while presenting
distinct NOx and COx profiles. Plasma and calcined catalysts start
NOx conversion at about the same temperature, 150 ◦C.

Unexpectedly, the untreated catalyst achieves higher NOx con-
version than the calcined catalyst between 260 and 450 ◦C. A
possible explanation for this higher catalytic activity is, as for
are still present on the surface of the untreated catalyst, which
enhances the deNOx activity. The plasma-treated sample, on the
other hand, starts its NOx conversion at a higher temperature,
260 ◦C.
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As for COx formation, untreated and calcined catalysts attain
oth a high COx formation (2000 and 2100 ppm, respectively),
hile the plasma-treated catalyst has a maximum COx formation

f 750 ppm at 500 ◦C.
Concerning the isothermal steady-state tests (Fig. 7), it can be

een that all catalysts present the same NOx conversion and COx

ormation on the studied temperature range. Even the untreated
atalyst manages to achieve the same conversion levels of cal-
ined catalyst. NOx conversion starts at 230 ◦C up to a maximum
f about 85% at 430 ◦C (Fig. 7a), while the ethanol oxidation into
Ox increases steadily on the studied temperature range up to a
aximum of 100% at 500 ◦C (Fig. 7b).
Comparing results obtained for the three catalysts tested under

sothermal conditions (Fig. 7) with TPSR profiles (Fig. 6), several
ifferences can be observed. Maximum NOx conversion of each cat-
lyst during the TPSR run is attained at different temperatures from
heir maximum isothermal NOx conversions, with the exception of
he untreated sample. Regarding COx formation, during TPSR (Fig. 6)
nd isothermal (Fig. 7b) tests it is similar for untreated and calcined
atalysts, but not for the plasma-treated catalyst: COx formation
uring TPSR is significantly lower compared with the isothermal
est.

Taking into account the striking differences between all the cata-
ysts during the TPSR runs, it is clear that during the TPSR runs there
s a modification of the surface of untreated and plasma catalysts,

hich results in a similar catalytic behaviour to calcined catalyst in
he isothermal steps.

. Conclusions

A combination of UV–Vis spectroscopy and TG analysis revealed
he presence of ammonium ions on the untreated and plasma Co-
ER catalysts but not on the calcined one. Therefore, it can be
oncluded that the plasma treatment was not able to replace the
hermal calcination step.

NO oxidation tests showed that, during TPSR runs, calcined cat-
lyst produces more NO2 than plasma catalyst. NOx conversion into
2O and N2 observed for plasma catalyst indicates that precursors

ammonia and acetate) used on the ion-exchange procedure are

till present on the catalyst even after the plasma treatment. How-
ver, under steady-state conditions, at several temperatures, these
wo catalysts evidenced similar NO oxidation abilities.

Concerning deNOx tests using ethanol as reducing agent,
PSR tests showed higher NOx conversions over untreated and

[
[

[

oday 176 (2011) 234– 238

plasma catalysts due to the presence of ammonium and acetate
precursors on these catalysts. Untreated, plasma and calcined cat-
alysts present the same NOx and COx conversions in isothermal
tests.

As such, the plasma treatment evaluated in this paper is not
equivalent to a calcination procedure and it still needs to be opti-
mized in order to be able to be a viable replacer for the more
energetic classic treatment. One possible route could be to employ
more severe plasma generating conditions in order to obtain a more
energetic plasma.
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