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a  b  s  t  r  a  c  t

The  catalytic  performance  of  Fe-silicalite  activated  by  gas  reduction-nitridation  (GRN)  was  studied  in
the direct  ammoxidation  of  propane  with  molecular  oxygen  as  the  only  oxidizing  agent. It has  been
demonstrated  that the  presence  of  the  reducing  agent,  propane,  is  indispensable  in order  to obtain  active
catalyst.  Relatively  mild  conditions  of the  pretreatment,  temperature  540 ◦C,  short  time  of the  activation
(5  h)  and  small  flow  of  ammonia  with  propane  resulted  in the  active  and  selective  catalyst  (44%  selectivity
to  acrylonitrile  at 25%  conversion  of  propane).  Pretreated  catalyst  reached  interesting  results  also  in  the
eywords:
as reduction-nitridation
retreatment
e-silicalite
mmoxidation
crylonitrile

term of  productivity.  Moreover  it was  found  out,  that  once  nitrided  catalyst  does  not  deactivate  and
during  the  time  on  stream  the selectivity  to acrylonitrile  does  not  decline.

© 2011 Elsevier B.V. All rights reserved.
ropane

. Introduction

Acrylonitrile (ACN) is a very important intermedi-
te mainly used in acrylic fibers, for the synthesis of
crylonitrile–butadiene–styrene (ABS), styrene–acrylonitrile
SAN) plastics and nitrile–butadiene–rubber (NBR) [1].  Currently

ore than 90% of ACN is synthesized by the ammoxidation of
ropylene over Bi–Fe–Ni–Co molybdates, in the process known
lso as a SOHIO process. Although this process reaches very
ood results, the selectivity above 85% with 95% conversion of
ropylene, mainly because of the increasing difference between
he prices of propylene and propane and also because of the risk of
hortcoming of olefin, there is a great interest to substitute propy-
ene by propane. For this purpose different classes of the catalyst

ere studied, among them: (i) mixed oxide catalysts with either
cheelite (Bi, V, Mo)  [2–5] or rutile (V, Al, Sb) [6–10] structure, (ii)
upported catalytic systems [11–13],  (iii) vanadyl pyrophosphates
14,15], (iv) zeolite materials doped with different metals [16–20]
nd (v) nitrided materials (VAlON, nickel molybdenum mixed
itrides) [21,22].
Recently, different materials such as zeolites [23–29],  meso-
orous silicas [30–33] and (silico)-aluminophosphates [34–36]
ctivated by nitridation at high temperatures in the flow of ammo-

∗ Corresponding author. Tel.: +420 466 037 052; fax: +420 466 037 068.
E-mail address: katerina.raabova@upce.cz (K. Raabová).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.06.030
nia have been the object of many investigations and publications.
It has been proposed and by means of different characterization
methods (IR spectroscopy, XPS) [25–27,29] demonstrated that dur-
ing the nitridation, some of the oxygen atoms from Si–O–Si, Si–O–Al
or Al–O–P framework are replaced by nitrogen forming amido,
imido groups thus resulting in the material with increased basicity
compared to the parent material. It has been also shown that the
content of the nitrogen inserted in the catalysts can be controlled by
the temperature and the time of the nitridation [24,25,29].  Mate-
rials pretreated by the nitridation performed high activity in the
basic reactions, for example in Knoevenagel condensation of ben-
zaldehyde [23–26,28] or ethylation of ethylbenzene with ethanol
[37] and also in the reactions such as photocatalytic water split-
ting [38–42],  ammoxidation of 3-picoline [43] and as mentioned
above in ammoxidation of propane [22]. Formation of acrylonitrile
from propane in the reaction catalyzed by the zeolitic materials is,
according to the previous research, conditioned by the absence of
the strong acid sites [19]. In the literature it has been even demon-
strated that increased basicity of the catalyst is favorable for the
formation of acrylonitrile in the ammoxidation of propane over
metallic oxide catalysts [44]. Considering the enhanced alkalinity
of the nitrided catalysts, these materials could be potentially a con-
venient catalytic system for the direct ammoxidation of propane.

In this paper, we  report significant improvement of catalytic

activity of Fe-silicalite activated by gas reduction-nitridation used
for the direct ammoxidation of propane. Fe-silicalite has been
already studied [18,19] for this reaction and it was shown that
pretreatment plays crucial role in the activation of catalyst. It was

dx.doi.org/10.1016/j.cattod.2011.06.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:katerina.raabova@upce.cz
dx.doi.org/10.1016/j.cattod.2011.06.030
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emonstrated that pretreatment at the high temperature in the
ater vapor leads to the active catalytic system, especially in the
ixture of nitrous oxide and molecular oxygen used as the oxidiz-

ng agents. The catalytic activity of steamed sample in the propane
mmoxidation in the presence of only oxygen was relatively low. It
as hypothesized that the role of N2O is mainly as the promoter for

he activation of propane for the formation of propylene [19] or also
hat N2O is responsible for the changing of the oxidation state of
ctive iron sites [18]. Because performing the ammoxidation with
itrous oxide is disadvantageous from the economical point of view
e decided to further study other types of Fe-silicalites activation

or the ammoxidation reaction only in the presence of molecular
xygen.

. Experimental

Fe-silicalite catalyst with the concentration of Fe 4300 ppm
Si/Fe = 210) introduced during zeolite synthesis was  investi-
ated. Fe-silicalite was prepared by hydrothermal synthesis
rom mixture in which molar composition was as follows:
EOS:FeCl3·6H2O:NaOH:TPAOH = 0.2:0.002:0.05:0.004. The syn-
hesis was done in the autoclave with stirring at 160 ◦C for 48 h.
he resulting material was calcined in oxygen at 430 ◦C for 3 h in
rder to remove the template. The NH4 form of the zeolite was pre-
ared by ion exchange of the calcined material with 0.5 M solution
f NH4NO3 at room temperature for 1 week. The set of tests of the
irect ammoxidation of propane was carried out on the catalyst,
hich has been pretreated by GRN for various times, ranging from

 to 19 h. Each test was carried out as follows: 80 mg  of the cata-
yst has been pretreated in the flow of ammonia and propane for
he chosen time. The feed composition was 5 vol.% of ammonia and

 vol.% of propane in helium, the total flow rate was  100 cm3/min,
t the temperature of 540 ◦C. After such pretreatment, the sample
as calcined in the flow of oxygen/helium mixture (5 vol.% of O2)

or 30 min  and subsequently reaction mixture comprising 2.5 vol.%
f propane, 5 vol.% of oxygen and 5 vol.% of ammonia in helium with
otal flow rate 100 cm3/min was prepared. The reaction was mea-
ured at the temperature of 540 ◦C. Analysis of the products was
ade in TOS (time-on-stream) of 50 min  and higher (in the case

f catalytic performance stability of nitrided sample study). Prod-
ct gases were analyzed online by GC equipped with TCD and FID
etectors. Conversion, selectivity and yields were calculated on the
asis of the mass balance.

. Results and discussion

The products of the direct ammoxidation of propane were acry-
onitrile (ACN), propylene, acetonitrile (AcCN), carbon oxides and
races of methane, ethane and ethene.

The study was focused on investigation of the effect of the spe-
ial type of activation, gas reduction-nitridation, on the catalytic
erformance of Fe-silicalite. First studied aspect was the influence
f the time of the pretreatment on the catalytic activity. The results
re reported in Fig. 1. The time of nitridation of zero hour refers
o the activity of the parent catalyst, which was calcined for 1 h in
he dry oxygen at 540 ◦C. The figure shows that the activity of non-
itrided Fe-silicalite is very low; the conversion of propane is lower
han 4%. The prevalent product is propylene with the selectivity of
2%, other products being ethene, CO2 and acetonitrile. No acryloni-
rile was detected. It is known from previously published studies
hat calcination of Fe-silicalites in dry oxygen preserves Fe3+ cations

n the tetrahedral framework positions, which is connected with
resence of Broensted acid sites. This is highly disadvantageous for
ropane ammoxidation due to decomposition of acrylonitrile to
cetonitrile on these acid sites. Already after 1 h of the nitridation of
Fig. 1. Effect of the time of the pretreatment on the catalytic activity of Fe-silicalite
in  the direct ammoxidation of propane. Reaction condition: T = 540 ◦C, mcat = 80 mg,
F  = 100 cm3/min, C3H8/NH3/O2 = 2.5/5/5 vol.%, TOS = 50 min.

Fe-silicalite, the catalyst exhibits enhanced activity and, especially,
converts propylene to acrylonitrile. As the time of the pretreatment
of catalyst increases, conversion of propane increases together with
selectivity to acrylonitrile. The maximum of selectivity to acryloni-
trile is obtained after 5 h of the GRN (44%). Conversion of propane
reaches the maximum value after 7 h of the pretreatment (31%) and
with additional time of pretreatment does not change because of
the total conversion of oxygen. These results indicate that longer
times of the nitridation are not convenient for the catalyst, not
only because the performance of the catalyst is limited by the total
consumption of oxygen, but also because in these conditions the
prevalent products are carbon oxides (after 19 h of the nitridation
the selectivity to COx being 63%) at the expense of ACN. Almost
during the whole time of the pretreatment the ratio of acrylonitrile
to acetonitrile yield is systematically increasing from 4.6 obtained
after 1 h of the pretreatment to 12 reached after 17 h of the pre-
treatment. In industry, the synthesis of acetonitrile is currently
provided only as the by-product of the ammoxidation of propy-
lene. The amount of the produced acetonitrile obtained from this
process is more than sufficient to cover the demand for this solvent
and thus the excess stock of acetonitrile is disposed. Consequently,
there is an interest to maintain the ratio of yield of ACN/AcCN as
high as possible. Obtained ratio of ACN/AcCN yield in the ammox-
idation of propylene is reported to be about 25 [1].  On the other
hand, yield ratios of ACN/AcCN for the catalysts proposed for the
direct ammoxidation of propane are in the range from 0.8 to 17.
However, the major part of the catalytic systems obtains the ratio
lower than 10 [2,8,11,12,18].  From this point of view, our catalyst
reaches quite interesting results.

Redox catalytic activity of Fe-zeolites is usually associated with
presence of extra-framework Fe cations, which are generated from
ferrosilicate by extraction of iron ions from framework upon treat-
ment at higher temperatures in the presence of a strong ligand as
e.g. water. Such treatment leads to materials with substantial cat-
alytic activity, as was reported in the literature [18,19],  but their
selectivity to ACN was markedly lower than selectivity obtained
on our material. Therefore we  suppose that catalytic performance
of our material is caused by another process carried out on the
zeolite surface in the presence of ammonia by nitridation. In the
literature different kinds of zeolites, such as zeolite Y, zeolite X,
BEA, ZSM-5, IFR, SSZ-13 [23–29,45] were reported to be nitrided

only in the high flow of ammonia, in most of the cases for a long
time at high temperature (higher than 800 ◦C). Comparing these
methods of pretreatment with our method of the nitridation, it is
evident that the big advantages of our activation of the material are
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he relatively mild conditions, short time of the pretreatment (5 h),
mall flow of ammonia during the pretreatment (5 cm3/min) and
emperature being only 540 ◦C. The key parameter which allows
erforming the activation under such mild conditions is the pres-
nce of the reducing agent during the nitridation. This has been
lready demonstrated by Suehiro et al. [46] and Yamakawa et al.
47] when they studied the nitridation of Al2O3 and Al(OH)3 for the
ynthesis of AlN. They reported, that small amount of the reducing
gent, such as propane, allows carrying out the process at lower
emperature than the conventionally used one with higher extent
f the nitridation [46]. It was suggested that the role of the reducing
gent is to accelerate the rate of the nitridation process.

In order to find out if the use of the reducing agent is also impor-
ant for the activation of Fe-silicalite, we decided to carry out the
itridation of parent Fe-silicalite in the absence of propane, under
he same reaction conditions as during the previous pretreatment.
his test showed that the presence of propane during the nitri-
ation process is indispensable in order to obtain active catalytic
ystem for the reaction. As is shown in Table 1, the performance of
he catalyst which was pretreated only in the flow of ammonia for

 h was very poor, not only that the conversion was  low (4%), but
lso that the selectivity to ACN was less than 3% showing the activ-
ty very similar to the sample which was calcined for 1 h at 540 ◦C
n the flow of dry oxygen, as was reported in Fig. 1. Table 1 also
eports the “apparent” turn over frequencies reached on these two
aterials. We  prefer rather to use “apparent” TOF, because in this

ase we are not sure about the exact number of the active centers.
OF expressed in this manner refers to all iron cations presented
n the zeolite (but only the part of the iron usually contributes to
he activity of the catalyst). The difference in “apparent” TOF of the
amples activated by two different methods of nitridation, more
han six fold higher “apparent” TOF over the catalyst pretreated
y GRN, clearly indicates the high efficiency of nitridation in the
resence of the reducing agent.

These preliminary tests led to the decision to further study the
mmoxidation of propane over Fe-silicalite, which has been acti-
ated by GRN for 5 h. Under these conditions the performance of the
atalyst should not be limited by the total consumption of oxidizing
gent. Pretreated Fe-silicalite by GRN was further used for the study
f the stability of the catalyst during the time on stream and the
ependence of the catalytic activity on the reaction temperature.

First the catalytic stability will be discussed. In order to find out
f this kind of pretreatment affords the material which does not
eactivate during the reaction, we performed the long term test
f the ammoxidation of propane studying the changes in the con-
ersion of reactants and distribution of the products. The results
re reported in Fig. 2. The reaction was carried out for 5 h, then it
as stopped and catalyst was exposed to air after cooling to room

emperature overnight. The catalyst was used in the reaction again
ext day for additional 24 h on the stream. It must be noted that
atalyst was calcined in the flow of oxygen/helium mixture (5 vol.%
f oxygen) at 540 ◦C for 30 min  before starting the catalytic run. It is
learly seen from Fig. 2 that the catalyst retained its catalytic per-
ormance after break of the reaction run. This is a big advantage of
his catalytic system in comparison with other nitrided materials,
hich very often lose nitrogen from framework under air atmo-

phere [48,49].  The overall changes in the conversion of propane
ere within the limits of 5% showing that once nitrided Fe-silicalite

ehaves as a stable material and does not lose any of its catalytic
ctivity. During the 29 h of time on stream and handling in the air,
he selectivity to acrylonitrile remained about 44% with the con-
ersion about 20%. Moreover during the whole time on stream the

electivity to acetonitrile was about 6%, thus affording high yield
atio of acrylonitrile to acetonitrile (from 7 to 8).

Fig. 3 shows propane conversion and product selectivities as a
unction of reaction temperature, which is one of the key param-
Fig. 2. Stability of the catalytic performance of 5 h nitrided catalyst during
the  time on stream. Reaction condition: T = 540 ◦C, mcat = 80 mg,  F = 100 cm3/min,
C3H8/NH3/O2 = 2.5/5/5 vol.%.

eters that influence the catalytic activity. Considering the difficult
activation of alkanes, it is obvious that reaction temperature of the
ammoxidation of propane has to be higher than the temperature of
the ammoxidation of propylene. From Fig. 3 it is evident that tem-
peratures below 480 ◦C are not sufficient to activate propane. In
these conditions the conversions of propane are very low and the
primary product is propylene. With increasing temperature, the
conversion of propane monotonically increases. Selectivity to ACN
reaches the maximum values at 520 ◦C and decreases with increas-
ing temperature because of the formation of carbon oxides. This
study also shows, that at very low conversion of propane, the pri-
mary product is propylene which subsequently, as the temperature
increases, forms acrylonitrile and carbon oxides. This is in accor-
dance with the hypothesis, that the first step of the ammoxidation
of propane is the formation of propylene [50].

Although Fe-silicalite activated by GRN did not provide very high
conversion of propane compared to other catalysts studied for this
reaction, the advantage of using this material pretreated by GRN
for the direct ammoxidation of propane can be demonstrated by
expressing the activity of the catalyst by means of productivity.
Table 2 reports different catalysts studied for the ammoxidation
T (°C)

Fig. 3. Effect of the reaction temperature on the catalytic activity of 5 h nitrided cata-
lyst. Reaction condition: mcat = 80 mg,  F = 100 cm3/min, C3H8/NH3/O2 = 2.5/5/5 vol.%,
TOS  = 50 min.



76 R. Bulánek et al. / Catalysis Today 179 (2012) 73– 77

Table 1
Comparison of the catalytic activity of Fe-silicalite activated by nitridation and gas reduction-nitridation at 540 ◦C for 5 h. Reaction condition: mcat = 80 mg,  T = 540 ◦C,
F  = 100 cm3/min, C3H8/NH3/O2 = 2.5/5/5 vol.%, TOS = 50 min.

Pretreatment of Fe-silicalite Conversion (%) Selectivity (%) Y ACN/AcCN TOF (h−1)

propane ACN propylene AcCN

GRN 25.4 43.6 11 5 8.8 289
Nitridation 4.1 2.8 86 2.6 1.1 44

Table 2
Catalytic activity of the different materials studied for the direct ammoxidation of propane.

Catalyst T (◦C) Activation W/F(propane) (kg·h/mol) Ox. agent X C3H8 (%) S ACN (%) P (mol/kg·h) Ref.

Fe-silicalite HT 550 30 vol.% H2O in N2

(30 ml/min), 873 K,
5 h

0.006 N2O + O2 42 25 17.5 [18]

Fe-silicalite HT 550 30 vol.% H2O in N2

(30 ml/min), 873 K,
5 h

0.006 O2 16 30 8 [18]

Fe-silicalite GRN 540 5 vol.%
C3H8 + 5 vol.% NH3

in He (100 ml/min),
813 K, 5 h

0.012 O2 25 44 9.3 This work

GaZSM5 500 Calcination, N2,
723 K; air, 823 K

0.16 O2 48 40 1.2 [17]

VAlON 500 30 l/h NH3, 773 K,
5 h

0.008 O2 59 50 36.9 [22]

Mo1V0.33Nb0.11Te0.22On/SiO2 420 Calcination, inert
gas, 773–873 K,
1–3 h

0.37 O2 91 56 1.5 [51]

VOx/SbOx/Al2O3 440 Calcination, 673 K,
4  h

0.038 O2 70 30 5.5 [52]

CaBiMoO 490 Calcination, air, 0.012 O 15 63 4 [2]
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Our study shows that activation of Fe-silicalite by gas reduction-
itridation leads to the active and selective material for the direct
mmoxidation of propane by molecular oxygen. The enhanced
ctivity of the material can be explained by the chemical/structural
hanges of the Fe-silicalite upon the nitridation. This pretreat-
ent can (i) lead to the extraction of iron from the framework

nto extra-framework position, (ii) lead to formation of extra-
ramework Fe species with different degree of oligomeration than
lassical hydrothermal pretreatment in water vapor, (iii) cause for-
ation of different type of extra-framework Fe complexes (e.g.

xinitridic species FeOxNy or nitridic species FeNx) by interaction
f ammonia with Fe species and (iv) change the acid–base proper-
ies of support by the substitution of framework oxygen by various
itrogen species in the zeolite framework, leading to the forma-
ion of amido, imido groups and increasing the basicity of this

aterial compared to the parent one. Osipova and Sokolovskii
44] demonstrated on the series of metallic oxide systems that
ncreasing basicity of the catalyst is favorable for the formation of
crylonitrile in the ammoxidation of propane. In addition, we can-
ot exclude that the nitrogen incorporated in the zeolite framework

s directly involved in the formation of acrylonitrile. The results
btained from our study compared to other hydrothermally pre-
reated Fe-silicalite used for the ammoxidation of propane [18,19]
learly indicates that the enhanced activity of our Fe-silicalite can-
ot be ascribed only to the generation of extra-framework iron
pecies. The detailed characterization of parent, nitrided and used
atalysts by multi-spectroscopical approach is necessary for under-
tanding of the principle of the changes in the Fe-silicalite catalyst
uring the gas reduction-nitridation treatment and possible role

f the N-containing surface species in the reaction mechanism of
ropane ammoxidation. The characterization of our materials is
ow under study and should be the object of the prepared publica-
ion. [
2

4. Conclusion

Fe-silicalite prepared by hydrothermal synthesis was activated
by the gas reduction-nitridation at 540 ◦C for 5 h in the flow of
ammonia and propane and subsequently studied in the direct
ammoxidation of propane. It was found out that gas reduction-
nitridation, compared to the nitridation without the reducing
agent, is an efficient method for the catalyst activation. Nitrided
Fe-silicalite catalyst exhibited stable catalytic performance during
the long time on stream (29 h). Relatively high TOF and productiv-
ity were reached over this catalytic system showing the enhanced
activity of nitrided Fe-silicalite compared to other catalysts pro-
posed for the direct ammoxidation of propane.
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