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The activity of Co-zeolites with MFI, BEA, MOR and FER topologies was studied in pro-
pane oxidative dehydrogenation. The products of oxidative dehydrogenation of propane
were propene, CO, CO2 and a very small amount of ethene and methane as products of
cracking, which play only a minor role. The sequence in ODH activity of Co-zeolites is
CoH-BEA > CoH-MFI > CoH-MOR > CoH-FER. The difference in activity of various
zeolite matrices is ascribed to the differences of channel diameter and architecture of
Co-� sites in the pentasil zeolites. Rate limiting step of propene formation is not the reac-
tion of propane or adsorbed species of propane with oxygen but desorption of propene.
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Zeolites with ion exchanged cobalt ions seem to be promising catalysts for seve-
ral selective redox reactions. Recently, Li and Armor [1–5] reported a high activity of
zeolites of BEA and MFI structure with ion exchanged Co ions in ethane ammoxida-
tion, which had much higher catalytic activity than oxide-based catalysts for this re-
action (Cr-Nb-Mo-O catalyst) [6]. Mechanism of ethane ammoxidation suggested by
Li and Armor consists of ethane dehydrogenation to ethylene in the first step, which is
subsequently added to strongly adsorbed ammonia, resulting in formation of ethyl-
amine, subsequently, followed by dehydrogenation to acetonitrile [2]. This view was
confirmed by study of ethene ammoxidation over Co-MFI catalyst, which led to a
very high rate of ethene consumption and formation of acetonitrile with a high selec-
tivity. In our previous studies we dealt with ammoxidation of propane over Co-zeoli-
tes [7,8]. We reported the formation of substantial amount of propene and acetonitrile
in ammoxidation of propane over Co-zeolites. Our results indicate that ammoxida-
tion of propane proceeds via propene as a product of oxidative dehydrogenation of
propane, which takes place largely over Co-zeolites under these reaction conditions.
Formation of acetonitrile proceeds during addition of ammonia either to propene mo-
lecule (Markovnikov rule) or to ethene, which is formed as a result of cracking of pro-
pane. In virtue of these facts it seems that activity and selectivity to nitriles in
ammoxidation of light alkanes over Co-zeolites depend on activity and selectivity of
these materials in the oxidative dehydrogenation of corresponding alkanes. Therefo-
re, it is advisable to attend of catalytic activity studying of Co-zeolites in oxidative
dehydrogenation reactions as an initial step of ammoxidation.
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Numerous experimental data have been reported on oxidative dehydrogenation
of propane and they have been recently reviewed [9–12]. Catalysts tested in oxidative
dehydrogenation of propane are mainly mixed oxides, based on vanadium oxide as
the main component, which are combined with Mg or Nb. In the last decade, metal
containing zeolites or zeolite-like materials were tested in this reaction too [13–21].
The main advantage of zeolitic materials is the possibility of generated isolated oxid-
izing sites inside the catalytic inert matrices. The greatest attention was paid to the ca-
talytic behaviour of vanadium ions supported in zeolitic materials. Vanadium ions in
V-silicalite [13,21], V-MCM-41 [16,20] or VAPO-5 [19] exhibit relatively high
yields of propene. Catalytic activity of some other metal ions like Sb, Ga, In [17,18]
or Ti [15] in zeolites was investigated.

In the current study, catalytic activities of cobalt containing zeolites are compa-
red in propane oxidative dehydrogenation. CoH-BEA zeolite, which showed the best
catalytic results, was investigated in more detail, varying the concentration of re-
actants and contact time. TPD experiments of propene from CoH-BEAand CoH-FER
zeolites were performed in order to obtained information about the activation energy
of the propene displacement from zeolite.

EXPERIMENTAL

Catalysts. Na-MFI zeolite was kindly provided by the Institute of Oil and Hydrocarbon Gases,
Slovnaft, Slovakia. Na,K-FER and NH4-MOR were purchased from TOSOH Co., Japan. NH4-MFI was
prepared from Na-MFI by repeated ion exchange with 1 M NH4NO3 solution (10 g of a zeolite per 150 cm 3

of solution at 353 K stirring overnight). NH4-FER was prepared from Na,K-FER by the repeated ex-
change with 1 M NH4NO3 solution at 343 K (1000 cm3 of solution per 20 g of a zeolite). After ion ex-
change were both zeolites washed several times with distilled water, filtered and dried in air at room
temperature. NH4-BEA zeolite with Si/Al ratio 12.4 was purchased from PQ Corp., USA. Cobalt ions
were introduced into zeolites by ion exchange of the NH4-forms of MFI, BEA, MOR and FER zeolites
with cobalt(II) nitrate or cobalt(II) acetate solutions. After ion exchange, the solids were thoroughly
washed with distilled water, filtered and dried in air at RT. The chemical composition of zeolites was de-
termined by Wavelength-disperse X-Ray Fluorescence Spectroscopy (WD XRF) and by Atomic Absorp-
tion Spectrometry after zeolites’ dissolution. The method of calibration of WD XRF is described
elsewhere [22]. Conditions of preparation of zeolites and their chemical composition are given in Table 1.

Catalytic activity measurements. The reaction runs were made by using plug-flow reactor in a
steady-state at atmospheric pressure. Comparative study was performed at a total flow rate of 100
cm3/min, a catalyst weight of 0.2 g (0.25–0.5 mm particle size) mixed with 1.5 cm 3of inert silicon carbide,
and helium was used as an inert carrier gas. A feed composition was 5 vol. % of propane, 6.5 vol. % of O2

in helium. The catalysts were pretreated in a stream of mixture containing 6.5 vol. % of O2 in He at 723 K
1 h before each reaction run. The conversion and selectivity were measured in the temperature range from
653 to 773 K, using step by step increasing temperature. Steady-state conditions for each temperature
were reached within one hour. A composition of reaction products was analyzed by a gas chromatograph
CHROM 5, equipped with thermal conductivity detector and packed column (length 250 cm, 2/3
Carboxen 1000 and 1/3 Porapak Q). Blank runs showed that under the experimental conditions used, the
contribution of the homogenous reaction could be neglected. Conversions, yields and selectivity were
measured repeatedly (minimally threefold) and their values presented in the paper are arithmetic means.
Experimental error of measured data was �5 relative percents. Catalytic activities of Co-zeolites were
expressed as values of TOF factor determined at 723 K (number of propane molecules converted over
1 Co atom for 1 hour).
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Temperature programmed desorption (TPD) of propene. A 100 mg of sample was first dehydrated at
723 K for 1 h and cooled to ambient temperature in flowing helium. The catalyst was saturated with adsor-
bate at RT (1 vol. % propene in He) and then was flushed with He at adsorption temperature with the flow
rate of 150 cm3/min for 1 h. TPD experiment was carried out in the temperature range from RT to 973 K at
a variable heating rate (5–40 K/min). The concentration of desorbed species in effluent gas was monitored
by the quadrupole mass spectrometer OmniStarTM GDS 300. Mass fractions at 28, 29, 39, 40, 41, 42, and
44 were monitored simultaneously during the C3H6-TPD experiment. The intensities of the individual
mass fractions were registered every 3 s.

Table 1. Chemical composition and conditions of preparation of CoH-zeolites.

Sample

Chemical composition Ion exchange parameters

Si/Ala Co/Ala wCo
b

solution (mol�dm–3)
cm3 sol./ 1 g

zeolite
time/h T (K)

CoH-BEA 12.4 0.25 1.80 Co(CH3COO)2 0.01 66.6 8 298

CoH-MFI 12.5 0.23 1.65 Co(CH3COO)2 0.05 16 2�7 343

CoH-MOR 9.4 0.28 2.11 Co(NO3)2 0.05 50 2�3 333

CoH-FER 9.4 0.13 1.04 Co(CH3COO)2 0.10 16 5�10 333
a – atomic ratio; b – weight percentage of cobalt in hydrated zeolites.

RESULTS AND DISCUSSION

Oxidation of propane over CoH-zeolites led to formation of carbon oxides and
propene as a main product under the reaction conditions. No partially oxygenated
compounds were observed. Only a very small amount of ethene (selectivity less than
1%) was detected over zeolites MFI, BEA and MOR. CoH-FER zeolite exhibits a
considerably higher amount of ethene, accompanied by a comparable amount of met-
hane (13.9% selectivity to ethene and 13.2% selectivity to methane, see Table 2). The
amount of the cracking products slightly increases with increasing reaction tempera-
ture. The activity of the catalysts studied in oxidative dehydrogenation of propane at
723 K is presented in Table 2. All the zeolitic matrices (H-zeolites) without cobalt
exhibited a very low activity (conversion < 1%) and incorporation of Co ions into ca-
tionic sites of zeolites enhanced the activity. But the catalytic activity of CoH-zeolites
strongly depended on the zeolite structural type. CoH-FER and CoH-MOR zeolites
showed a lower activity compared to Co ions in H-MFI and H-BEA zeolites. Similar
effect of the structural type of zeolite matrices was reported for ammoxidation and
oxidation of ethane [3,7] over Co-zeolites and for total combustion of propane over
Cu-zeolites [23].

Fig. 1 shows the dependence of propene yields on propane conversion at various
temperatures for different CoH-zeolites. It is clearly seen, that CoH-BEA zeolite
exhibits the highest propene selectivity and herewith exhibits the highest catalytic ac-
tivity (see Tab. 2). The sequence in total catalytic activity of investigated zeolites is
CoH-BEA > CoH-MFI > CoH-MOR > CoH-FER and is in accordance with the sequ-
ence in ammoxidation activity of investigated catalysts, as was reported in [7]. Fig. 2
shows the dependence of propene selectivity on propane conversion. The highest pro-
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pene selectivity exhibits the CoH-BEA zeolite and the lowest selectivity the zeolite
CoH-FER. Although propene is initially formed, it is rapidly transformed into carbon
oxides in the case of all zeolites investigated, which leads to a decrease of propene se-
lectivity with increasing propane conversion. In addition, initial value of propene se-
lectivity (at zero propane conversion) does not reach 100%. It means that only a part
of propane is converted to propene and the rest of propane is directly oxidized to car-
bon oxides. Arrhenius plot was constructed from temperature dependence of propane
conversion in oxidative dehydrogenation over all investigated catalysts and the resul-
ted values are summarized in Table 2. Apparent activation energies of reaction on
CoH-zeolite catalysts change from 44 to 77 kJ/mol. Rather higher values were esti-
mated by Kubacka et al. [18] for oxidative dehydrogenation of propane over In, Ga or
Sb doped MFI and USY zeolites (88–103 kJ/mol).

Table 2. Oxidative dehydrogenation of propane over CoH-zeolites. F = 100 cm3/min, C3H8/O2/He =
5/6.5/88.5, mcat = 0.2 g, T = 723 K.

Sample
Xpropane S(propene) S(CO) S(CO2) S(ethene) Eact

a TOFb

(%) (%) (%) (%) (%) (kJ/mol) (h–1)

CoH-BEA 6.4 41.5 31.4 26.2 0.9 51.4�4 14.0

CoH-MFI 5.4 16.7 40.6 42.6 0.1 44.2�3 12.9

CoH-MOR 3.3 23.3 40.3 36.4 not detected 52.1�5 6.2

CoH-FER 1.5 18.8 33.3 20.8 13.9 76.5�7 5.7

a – apparent activation energies determined from the Arrhenius plot.
b – turn over frequency factor, it means number of propane molecules converted over Co atom at 723 K

for 1 hour.

We explain the differences in catalytic activity of Co ions in zeolites by a different
level of accessibility and the spaces around the cations, which enable or restrict the re-
actant adsorption and formation of reaction intermediates in accordance with Dìde-
èek et al. [24]. Dìdeèek et al. estimated the coordination and positions of Co ions in
pentasil ring zeolites by means of UV-Vis spectroscopy and denoted these sites as �, �

and � site [25]. In all structures, the most populated site of the Co ions is the �-type ca-
tionic site (50–70% of cobalt ions). The Co-� site in BEA structure is localized in the
very open channels, and in MFI structure it is localized at the intersection of the stra-
ight and sinusoidal channel. Localization of cobalt ions in the relatively wide pores
(7.6�6.4 Å in the case of BEAzeolite and 5.3�5.5 Å in the case of MFI zeolite) corre-
sponds to a high TOF value (see Table 2). Conversely, the Co-� sites in the mordenite
and ferrierite are localized in the narrow eight-member ring channels with diameters
3.5�4.8 Å in the case of ferrierite and 2.6�5.7 Å in the case of mordenite. In addition,
our actual studies of UV-Vis spectroscopy of CoH-zeolites with adsorbed reactant,
products or intermediates indicate that only � positions of cobalt ions interact with
probe molecules, whereas cobalt ions in � and � positions are inaccessible for the ad-
sorbed molecules.
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Figure 1. The dependence of propene yield on propane conversion over Co-zeolites obtained by varia-
tion of reaction temperature. mcat = 0.2 g, F = 100 cm3/min, molar ratios C3H8/O2/He = 5/5/90,
� – CoH-BEA, o – CoH-MFI,� – CoH-FER, � – CoH-MOR.

Figure 2. The dependence of propene selectivity on propane conversion over Co-zeolites obtained by
variation of reaction temperature. m cat = 0.2 g, F = 100 cm3/min, molar ratios C3H8/O2/He =
5/5/90,� – CoH-BEA, o – CoH-MFI,� – CoH-FER, � – CoH-MOR.



The best catalytic results in the ammoxidation and oxidative dehydrogenation re-
actions were obtained over CoH-BEA zeolite. CoH-BEA zeolite exhibits comparable
catalytic activity in propane oxidative dehydrogenation with other zeolitic catalysts
(USY and MFI zeolites with In and Ga ions reported by Kubacka et al. [18] or CoAPO
catalyst reported by Okamoto et al. [19]). Therefore, CoH-BEA zeolite was chosen as
a catalyst for investigation of the influence of reaction conditions on the conversion
of propane and the yield of products. In Fig. 3, the influence of the W/F ratio, which
was varied either by increasing amount of catalyst or by varying the total reaction gas
flow rate, keeping the concentration constant, on the conversion and selectivity is
presented. The conversion of propane increases with increasing W/F ratio, but the se-
lectivity to propene decreases. The conversion of oxygen reaches maximally 50%.
The decrease of propene selectivity and the increase in selectivity to CO and CO2

show that propene is an intermediate product and the oxidative dehydrogenation of
propane has a consecutive character. As may be seen in Fig. 3, an initial propene se-
lectivity (extrapolated to W/F ratio equal to zero) is close to 75% and the initial selec-
tivity to CO and CO2 is approximately 20% and 5% respectively. It implies that part of
the carbon oxides is formed in the parallel reaction directly from propane. The reac-
tion scheme of oxidative dehydrogenation of propane over CoH-BEAzeolite exhibits
parallel-consecutive pattern, as is shown in Fig. 4. Concentration of ethene in the re-
action mixture is rather constant at about 3% in selectivity. But, ethene was not detec-
ted at the very low value of W/F ratio, e.g. at very low conversions of propane, and
therefore it may be caused by a small amount of ethene, below the detection limit.
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Figure 3. The influence of the W/F ratio on the oxidative dehydrogenation of propane over CoH-BEA.
T = 723 K, molar ratios C3H8/O2/He = 5/5/90,� – conversion of C3H8,� – selectivity to C3H6,
� – selectivity to CO2, o – selectivity to CO, � – selectivity to C2H4.



Figure 5 shows the effect of oxygen concentration on the catalytic result at 723 K
at constant space velocity and propane concentration. The oxygen/propane molar ra-
tio was varied between 0.2 and 4. There was no complete oxygen consumption, the hi-
ghest conversion of oxygen was 74% for the lowest concentration of oxygen. The
selectivity to propene decreases with increasing oxygen concentration from 55 to
25%. Formation of ethene exhibited a very low rate in the whole range of oxygen con-
centration and reaches maximally 5% of selectivity. The conversion of propane incre-
ases only slowly from 2.5 to 10%. The calculation from a plot of the r(propane) versus pO2

indicates that the reaction order for O2 was the 0.52�0.05. It means that the dissocia-
tion of oxygen is slower than the adsorption of oxygen on the surface of the catalyst.
The same feature of propane oxidative dehydrogenation was reported on other zeoli-
tic materials with transition metal ions [20,21]. The rate of propene formation de-
pends only slightly on the concentration of oxygen, and the reaction order for oxygen
in the formation of propene is very close to zero. It means that the rate limiting step of
propene formation is not the reaction of propane or adsorbed species of propane with
oxygen, but some other reaction step.

These facts could be an indication for an insufficient amount of active sites or a
blockage of the active sites by coke, mass transport limitation or limitation in the ad-
sorption-desorption cycle. Formation of some coke was observed during the reaction.
Measurement of conversions and selectivity in dependence on time of reaction run
showed that catalytic activity of CoH-BEAzeolite is constant till 24 hours in the reac-
tion mixture. It means that the formation of small amount of coke does not affect si-
gnificantly the catalytic activity of CoH-BEA catalyst.

Oxidation of propene at the same conditions as the oxidation of propane over
CoH-BEA zeolite (it means 5 vol. % of propene and 6.5 vol. % of oxygen) leads to a
6.8% propene conversion at 723 K. This value is very close to the conversion of pro-
pane (6.4%) at the same temperature. It means that the propene blockage of active si-

Oxidative dehydrogenation of propane over pentasil ring Co-zeolites 155

Figure 4. Formal reaction scheme of conversion of propane over CoH-zeolites in the presence of oxygen.



tes and desorption of propene or the consecutive oxidation to CO and CO2 is the rate
limiting step of propane and propene oxidation. Therefore, desorption of propene
from Co-zeolites was investigated.

Desorption of propene was investigated by temperature programmed desorption
experiments (TPD). For TPD investigation BEA and FER zeolites were selected by
reason of their greatest differences in catalytic activity. Desorption of propene takes
place between 373–623 K. In order to estimate the desorption energy, series of TPD
curves at different heating rates were taken. The desorption energy of propene from
CoH-BEA and CoH-FER zeolites from series of TPD experiments was estimated by
the heating rate variation method [26] basing on Polanyi-Wigner equation. Fig. 6
shows a plot of the ln(�/Tmax

2 ) versus 1/Tmax (� means here heating rate). The desorp-
tion energies were estimated from the slope of the linear dependence. CoH-BEA ze-
olite exhibits desorption energy at about 54 kJ/mol while CoH-FER zeolite has the
desorption energy at about 76 kJ/mol. Estimated values of desorption energy from
BEA and FER catalysts correlate very good with values of apparent activation ener-
gies of oxidation of propane (see Table 2). It must be noted that the activation energies
of oxidation of propane were estimated from the linear part of the Arrhenius plot ln
Xpropane versus 1/Treaction. It can be deduced that the oxidation of propane is limited by
the desorption of propene from the surface of the zeolite catalysts.
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Figure 5. The influence of oxygen concentration on the oxidative dehydrogenation of propane over
catalyst CoH-BEA. T = 723 K, mcat = 0.2 g, F = 100 cm3/min, molar ratios C3H8/O2/He =
5/1-18/94-77,� – conversion of C3H8, � – selectivity to C3H6, � – selectivity to CO2,
o – selectivity to CO, � – selectivity to C2H4, + – yield of C3H6.
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