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Hydrothermally prepared Mo-V-Sb mixed oxides doped with alkali metal cations (Li*, Na®, K*, Rb™, or Cs™)
show a significantly improved catalytic behavior in the oxidative dehydrogenation of ethane (ODH) compared to
conventional alkali metal-free MoVSbO catalysts. Initial selectivity to ethylene above 95 % was held up to 20 %
of ethane conversion for all alkali metal promoted MoVSbO catalysts, as well as lower ethylene overoxidation at
higher ethane conversion, with differences depending on the alkali metal employed. Thus, from Li to K, the
enhanced catalytic performance follows a bottom-up trend as increasing the size of the cation. An intermediate

behavior is observed though for the catalyst doped with Cs cations, with the highest atomic radius. The K-doped
MoVSbO catalyst is the least prone to both ethane total oxidation and ethylene overoxidation, which enables up
to 90 % selectivity to ethylene at ethane conversion higher than 65 %.

1. Introduction

Ethylene is one of the largest building blocks in the petrochemical
industry, reaching over 164 million tons yearly production worldwide in
2018 [1]. However, ethylene is produced by steam cracking of ethane or
naphtha, one of the most energy consuming process in chemical industry
[2]. In fact, it is an endothermic process which requires operating at high
temperature, around 800 °C [3]. In addition, high energy is also required
for the separation of reaction products, so that the global process implies
a very high demand for energy (ca. 16 GJ/tOnethylene) [4]. On the other
hand, and from an environmental point of view, very high CO5 emissions
are associated with the olefins production processes (c.a. 1200
8co2/Kgethylene) [5], which meant a production of more than 200 million
tons of CO5 in 2018.

Therefore, it seems justified and necessary to develop new alterna-
tive methods to produce ethylene [6,7]. In this way, the oxidative
dehydrogenation (ODH) of ethane is an interesting alternative as a
cheaper and more eco-friendly process [7-11].

In the last decades, several catalytic systems have been proposed to
ODH of ethane, where both reaction conditions and mechanisms
strongly depend on the catalyst characteristics [7-11]. However, the
main drawback in most of catalytic systems is the relatively low
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selectivity to ethylene at high ethane conversion or, in other words, the
high COy formation by ethylene overoxidation.

Mo-V-Te-(Nb)-O mixed oxides presenting TeoM20Os; (M= Mo, V,
Nb), the so-called M1 phase, are currently the most promising systems
[12-14], since they can operate at relatively low reaction temperatures
(300-400 °C) reaching around 75 % yield of ethylene, which is higher
than results obtained by steam cracking processes (50-60 %) [7].
Recently, several studies have been reported in order to explain the
catalytic performance of M1-containing mixed metal oxides [7,12-20].
Nevertheless, the productivity to ethylene obtained with these catalysts
is an aspect to be improved. It must be indicated that these materials
were firstly reported as the most effective catalysts in propane selective
(amm)oxidation to acrylonitrile or acrylic acid [21-25].

Mo-V-Sb-(Nb)-O catalysts presenting M1 phase similar to that with
tellurium-containing ones, are also active and selective for ethane ODH
to ethylene [26-30] and for propane selective oxidation to acrylic acid
[31-35], although at the moment they are less effective in both reactions
than MoVTeNbO catalysts.

The presence of niobium in these kinds of catalysts have been related
with a decrease in the number of surface Bronsted acid sites, which has
been shown to be a key factor to obtain high selectivity to acrylic acid (in
propane oxidation) [32,36], but likely it is also for ethylene selectivity
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(in ODH of ethane) since a parallelism seems to exist between both re-
actions carried out over these kind of catalysts [37]. In fact, the lower
surface acidity inherent to the Te-containing catalysts, compared with
the corresponding Sb-containing materials [32,36,38], could explain the
higher effectiveness of the former ones in both oxidation reactions. In
this way, several works have been reported regarding the removal of
surface acidity on MoVSbO catalysts by alkali metal incorporation as a
good way to improve the catalytic behavior of these materials in pro-
pane selective oxidation to acrylic acid [36,38-40]. Thus, it would be
interesting to test if a similar effect is found for oxidative dehydroge-
nation of ethane. Accordingly, this work presents a systematic study on
the catalytic behavior of MoVSb mixed oxides catalysts impregnated
with alkali metal cations (Li, Na, K and Cs). The influence of both the
amount of alkali metal and the activation temperature of the doped
sample will be also discussed for the specific case of K, which has shown
the best catalytic performance.

2. Experimental
2.1. Catalyst preparation

The Mo-V-Sb-O mixed oxide was prepared by hydrothermal method
from an aqueous gel containing ammonium heptamolybdate, vanadyl
sulfate and antimony sulfate in a Mo/V/Sb atomic ratio of 1/0.18/0.15,
following a previously reported procedure [40]. The solid obtained was
heat-treated at 600 °C for 2 h in Ny stream, and then it was pore volume
impregnated at room temperature with an aqueous solution of the cor-
responding alkali metal carbonate employing a A/Mo atomic ratio of
0.0025 or 0.0050 [40]. The impregnated materials were finally acti-
vated at 500 °C or 600 °C for 1 h in Nj stream. The resulting catalysts
will be named as T-Ax, where T is temperature of activation, A is the
alkali metal added (i.e., Li, Na, K, or Cs) and x is 25 or 50 as the catalyst
had been doped with A/Mo atomic ratio of 0.0025 or 0.0050, respec-
tively. A non-doped MoVSbO catalyst was also prepared as reference and
named MVS.

2.2. Catalysts characterization

Chemical analyses of the catalysts were carried out by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) with a Varian
715-ES instrument.

The specific surface areas were determined by the Bru-
nauer-Emmett-Teller (BET) method from Ny adsorption isotherms at 77
K measured on a Micromeritics TriStar 3000 instrument. A desorption
treatment at 400 °C (10 °C min ! heating rate) for 1 h, at high vacuum
range conditions (10>-10~8 mbar), was conducted for every sample just
prior to the isothermal N3 adsorption analysis.

X-ray diffraction patterns (XRD) were collected using a Philips X'Pert
diffractometer equipped with a graphite monochromator, operating at
40 kV and 45 mA, and employing nickel-filtered Cu Ka radiation (1 =
0.1542 nm).

The experiments for temperature programmed desorption of
ammonia (TPD) were carried out on a TPD/2900 apparatus from
Micromeritics. Approximately 0.30 g of sample were pre-treated in a He
stream at 450 °C for 1 h. Ammonia was chemisorbed by pulses at 100 °C
until equilibrium was reached. Afterwards, a He stream was fluxed for
15 min, prior to increase the temperature up to 500 °C in a He stream of
100 ml min! (heating rate of 10 °C min~1). The NHj3 desorption was
monitored with both a thermal conductivity detector (TCD), and a mass-
spectrometer following the characteristic 15 a.m.u. of ammonia.

2.3. Catalytic tests
The catalytic experiments were carried out at atmospheric pressure,

in the 340-420 °C temperature range, using a fixed bed quartz tubular
reactor (i.d. 20 mm, length, 400 mm). Catalyst samples were introduced
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in the reactor diluted with silicon carbide, in order to keep a constant
volume in the catalytic bed. The feed consisted of a mixture of CoHg/O2/
He with a molar ratio 30/20/50. The amount of catalyst was varied from
0.2 to 2 g in order to obtain several contact times. Reactant and products
were analysed by gas chromatography using two packed columns: i)
Molecular sieve 5 A (2.5 m) and ii) Porapack Q (3 m). Blank tests showed
no ethane conversion in the temperature range studied.

3. Results
3.1. Characterization

The bulk chemical analysis of the hydrothermally crystallized
MoVSb mixed oxide, before the surface modification with alkali metal
cations, provided a Mo/V/Sb molar ratio of 1/0.27/0.15. This means a
V/Mo ratio significantly higher than the one employed in the nominal
composition of the synthesis gel (1/0.18/0.15), suggesting a preferential
incorporation of vanadium into the solid phase precipitating during the
hydrothermal synthesis. Since the alkali metal cations were incorpo-
rated by incipient wetness impregnation to the respective fraction of the
same MoVSbO solid batch (MVS sample), alkali metal/Mo ratios in the
final catalysts coincide with the nominal ones. The remaining physico-
chemical properties of the catalysts assessed in this work are summa-
rized in Table 1. Some of these features were already reported in
previous works based on equivalent catalytic materials for propane se-
lective oxidation [40]. In this sense, representative catalytic properties
obtained for propane partial oxidation using some catalysts equivalent
to the respective ones here reported are also included (supporting in-
formation). The correlation found between them and those for ODH of
ethane will be discussed further in detail.

The hydrothermally precipitated MoVSb-containing solid activated
at 600 °C in Ny stream (MVS catalyst) results in a mixture of (Sby0)
M50s6 and (Sbo0)MgO19 structures (M= Mo+V), the so-called M1 and
M2 phases, respectively (Table 1 and Fig. S1), as typically obtained in
similar syntheses [26-28,31,34,39-42]. It is known that after modifying
the surface of non-doped MoVSbO catalyst by adsorption of lithium,
potassium, or cesium cations (A/Mo molar ratio of 2.5.103) and sub-
sequent activation at 500 °C/Ny no significant changes in the
crystalline-phase distribution were observed in the resulting catalysts
(Fig. S1) [40]. However, in our case, the activation at 600 °C/N2 of
equivalent alkali metal doped materials (A/Mo= 0.0025) led to a partial
decomposition of M1 and M2 phases into SboMo;003; structure, except
for the Cs-doped catalyst (Table 1 and supporting information, Fig. S1).
In this sense, M1 and M2 partial decompositions took place in different
proportion depending on the nature of the alkali metal. Quantitative
phase analysis applying Rietveld method on the X-ray diffractograms,
for each alkali metal doped material activated at 600 °C, shows a
consistent tendency for M1 and M2 phases decomposition by decreasing
the ionic radius of the alkali metal, as it is displayed in Fig. 1.

The M1 phase experiences a higher decomposition with a linear
response for the whole alkali metal ionic radius range, while the M2
phase decomposes also linearly but until sodium, from which the
decomposition degree stabilizes. The linear response includes no
depletion of M1 and M2 phases detected for the equivalent Cs-doped
catalyst (600-Cs25). The percentage of phase decomposition has been
calculated with respect to the non-doped Mo-V-Sb mixed oxide (MVS).

Doping the MoVSb mixed oxide by a twofold increase in the alkali-
metal/Mo molar ratio (A/Mo= 5-10"%) was conducted using K™, as
representative alkali-metal cation due to its intermediate ionic radius
within the IA-group (Table 1). Consecutive activation at 600 °C/Ny led
also to partial decomposition of original M1 and M2 phases in the
resulting catalyst (600-K50). However, instead of SbyMo1003;, the new
phase forming in this case was orthorhombic molybdite (MoOs-ortho)
(Table 1 and supporting information, Fig. S1).

Surface acid properties of the Mo-V-Sb mixed oxide catalyst, and
derivative catalysts obtained by impregnation with alkali metal cations
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Table 1
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Main characteristics of the non-doped and alkali metal doped Mo-V-Sb oxide catalysts prepared.

Catalysts Sger” NH3-TPD” Ethane ODH' STY! Crystalline phases®
(pmol g 1) Tmax AHags Conv. Scana Sco Scoz (8cana h ™" kgca) (DRX)

MVS 14.0 320.6 214 139.0 33.2 87.8 8.6 3.6 204 M1, M2

600-Li25 4.9 9.8 175 128.1 22.6 93.6 3.6 2.7 148 M1, M2, SboMoo O3
600-Na25 6.8 68.0 175 128.3 32.9 93.8 4.0 2.3 216 M1, M2, SbaMoqg O31
600-K25 10.5 108.1 191 132.2 40.9 93.6 4.5 1.9 268 M1, M2, SboMojg O3;
600-Cs25 7.5 77.2 180 129.4 35.2 92.8 4.0 3.2 229 M1, M2

500-K25 10.8 91.8 190 132.9 26.8 93.7 2.9 3.4 176 M1, M2

600-K50 - - - 38.8 89.0 7.6 2.4 242 M1, M2, MoOgz-ortho

# Surface area determined by BET isotherm of N, adsorption. Non-doped MoVSbO catalyst is also included as reference.

> NH; amount per gram of catalyst (in pmol g~') adsorbed in steady state at 100 °C during TPD experiment (measured in standard conditions of pressure and
temperature). Temperature of maximum desorption rate (Tmax,, °C) during NH3-TPD experiments, and NHs adsorption enthalpy calculated (AH,gs., kJ mol 1).

© Results obtained during oxidative dehydrogenation of ethane at 400 °C and a contact time, W/F, of 40 gc. h (molcane) . Conversion of ethane (Conv., %), and

selectivity to carbon-based products (Sx, %).

4 Formation of ethene per unit mass of catalyst and per unit time, STY, at 400 °C, in gcons h™! kg
¢ Major crystalline phases detected by powder XRD: M1 = (Sby0)M200s¢; M2 = (Sbo0)MgO19 (M= Mo, V); SboMo010031 [JCPDS: 33-105]; orthorhombic o- MoO3

[JCPDS: 5-508].
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Fig. 1. Variation of the decomposition of M1 (e) and M2 (Q) phases during the
activation at 600°C/N; of the alkali metal doped MoVSb mixed oxide catalysts,
with the ionic radius of the alkali metal cation employed: Li* (0.60 ;\), Na*
(0.95, A), K* (1.33, &), Cs* (1.69, A).

and activated at 600 °C/N5 or 500 °C/N,, were investigated by tem-
perature programmed desorption of NHs (TPD-NH3) chemisorbed under
equilibrium conditions at 100 °C. From TPD-NHj results (Fig. 2, Table 1,
and supporting information, Fig. S2), it can be observed that for all alkali
metal doped catalysts the intensity of the TPD-NH3 curve decreases
drastically with respect to the non-doped Mo-V-Sb mixed oxide (MVS
catalyst). This fact implies a strong reduction in the number of surface
acid sites for the modified catalysts regardless of the alkali-metal cation
incorporated or activation temperature employed. However, some dif-
ferences were observed between both series of catalysts since the alkali
metal doped catalysts activated at 600 °C showed a tendency in the
number of acid sites per mass of sample depending on the alkali metal
used (Fig. 2 and Table 1), whereas no significant variation appears in the
ones activated at 500 °C (supporting information, Fig. S2).

Within the 600 °C activation series, the highest drop in surface acid
sites is observed for the catalyst modified with LiT (600-Li25), with 97
% less acid sites per gram compared with the MVS sample (Table 1).
While it is true that the 600-Li25 catalyst also undergoes the strongest
reduction of surface area, this is just about 3 times lower than the MVS
sample, which cannot explain by itself the more than 32 times lower
density of surface acid sites of the former one compared with the latter
one. The 600-Li25 catalyst also presents the highest decomposition
degree for M1 and M2 phases, which seems directly related to the drop

Catalysts
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Fig. 2. TPD-NH3 curves (normalized per mass unit) of alkali metal doped
MoVSb mixed oxide catalysts (A/Mo= 0.0025; A= Li, Na, K or Cs) activated at
600 °C. Comparatively, the non-doped MoVSb mixed oxide catalyst (sample
MVS) is also included. Detailed experiment conditions are in experi-
mental section.

of both its surface area and acid sites. Nevertheless, the opposite site,
with no phase decomposition detected for the 600-Cs25 catalyst, also
presents important reduction in either surface area or the number of
surface acid sites, ca. 46 % and 76 %, respectively, compared with the
non-doped Mo-V-Sb mixed oxide (MVS catalyst). Therefore, although
partial decomposition of M1 and M2 phases must be influencing, it is not
the unique factor. This is confirmed as well by the results for the cata-
lysts doped with Na or K cations, with intermediate ionic radius. Thus,
the 600-Na25 catalyst, with important M1 and M2 decomposition
(Fig. 1), shows ca. 51 % and 79 % reduction in surface area and density
of acid sites, respectively, very similar to the 600-Cs25 catalyst with no
phase decomposition. Finally, the 600-K25 catalyst, also presenting M1
and M2 phase partial decomposition, appears by far as the alkali metal
doped catalyst with the lowest decrease in surface area and density of
acid sites, ca. 25 % and 66 %, respectively (Table 1). Therefore, the
upward trend in the number of surface acid sites for the alkali metal
doped catalysts activated at 600 °C, depending on the alkali metal cation
employed, results as follows: Li > Na > Cs > K.

The 600-K25 catalyst also shows the highest temperature for the
maximum NHj desorption rate among all the alkali doped catalysts
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(Table 1 and Fig. 2). In this sense, when no activation energy is needed
for the adsorption of NH3, as it is here the case, the activation energy for
the NHj3 desorption process, which match with the adsorption enthalpy,
is directly associated to the acid strength [43,44]. Therefore, the
maximum desorption temperature is proportional to the acid strength of
the surface sites and, in all the alkali metal doped catalysts prepared,
appears significantly lower than for the non-doped Mo-V-Sb mixed oxide
(MVS catalyst), as it was expected [40,45-50]. In terms of acid strength
determined by NH3-TPD, three categories are typically distinguished:
weak, medium, and strong sites; related to the energy range for the
differential heat of NHjz adsorption, ie, 90-120, 120-150, and
> 150 kJ mol !, respectively. Thus, adsorption enthalpies were calcu-
lated from the NH3-TPD results (Table 1), and absolutely all the samples,
regardless of the variations among them, can be classified as medium
acid sites. The highest adsorption enthalpy, and so surface acid strength,
is given by the non-doped Mo-V-Sb mixed oxide (MVS catalyst), with
139 kJ mol . The acid strength immediately below corresponds to the
K-doped catalysts (500-K25 and 600-K25 samples), both with similar
NH3 adsorption energy around 132.5 kJ mol~! regardless of the tem-
perature employed during the activation treatment. The surface acid
strength for the rest of alkali metal doped catalysts appears lower,
although the small differences between them do not allow to stablish
any significant trend. Nevertheless, it can be said that, compared with
the shortest lessening in adsorption enthalpy found for the K-doped
catalysts, around 6.5 kJ mol ™!, the downward difference for the rest of
alkali metal doped catalysts is significantly longer, with net values of
10.25 + 0.65 kJ mol™* (Table 1).

3.2. Catalytic behavior in ethane ODH

The effect of the nature and amount of alkali metal on the MoVSb
mixed metal oxide, and the temperature (500 or 600 °C) for the heat-
treatment after the alkali metal impregnation, on the -catalytic
behavior of these materials for the oxidative dehydrogenation of ethane,
has been studied. The main results are summarized in Table 1. In the
case of K-doped catalysts, Fig. 3 shows the ethane conversion (at a
contact time of 40 gcat h molEle6) and the selectivity to ethylene (at
ethane iso-conversion of 40 %) obtained during ODH of ethane at 400 °C
with potassium doped catalysts (K/Mo= 0.0025) heat-treated at 500 or
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Fig. 3. Ethane conversion at a contact time, W/F, of 40 g..rh/molcope (White
bars) and selectivity to ethylene at ethane iso-conversion of 40 % (black bars)
during ODH of ethane with K-doped MoVSbO catalysts. The non-doped
MoVSbO catalyst (MVS) is also included as reference. In all cases, data stan-
dard deviation was found below 2.1 % for conversion, and below 1.3 % for
selectivity. Reaction conditions: Temperature= 400 °C; Molar ratio of CoHe/
0,/He= 30/20/50.
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600 °C/N; (500-K25 and 600-K25 samples), or with double potassium
content (K/Mo= 0.005) and heat-treated at 600 °C (600-K50 sample).
For comparison, it is also included the non-doped MoVSb mixed oxide
catalyst (sample MVS).

The selectivity to ethylene at ethane iso-conversion improves for all
K-doped catalysts, compared with the non-doped MoVSb oxide material,
regardless of the alkali metal load or activation temperature employed.
For the catalysts doped with a K/Mo molar ratio of 0.0025, even the
ethane conversion is enhanced. However, the highest content of potas-
sium (K/Mo= 0.0050) seems to have a negative influence on the cata-
lytic activity since ethane conversion for the 600-K50 catalyst is even
lower than that for the non-doped MVS catalyst. By contrast, the catalyst
doped with K/Mo of 0.0025 and heat-treated at 600 °C/N5 shows both
the highest ethane conversion and selectivity to ethylene.

To better understand the catalytic behavior of these K-doped cata-
lysts, the variation of the selectivity to ethylene with the ethane con-
version is shown in Fig. 4. From these results, it can be clearly confirmed
that, with respect to the non-doped catalyst, the selectivity to ethylene is
improved for all K-doped catalysts along all the range of the alkane
conversions studied.

At initial ethane conversion, the selectivity to ethylene tends to
values above 97 % and the differences among catalysts are small.
Nevertheless, these differences are progressively more glaring as ethane
conversion increases. The most selective catalysts in all the range of
ethane conversion studied were those activated at 600 °C. Thus, selec-
tivities to ethylene appear no lower than 90 % on 600-K50 and 600-K25
catalysts up to 50 % and 60 % ethane conversion, respectively.

The most selective K-doped MoVSb mixed oxide catalyst (600-K25),
at the highest alkane conversions, was selected to be compared with the
other alkali metal (Li, Na and Cs) doped catalysts prepared using the
equivalent conditions (alkali metal/Mo= 0.0025 and heat-treated at 600
°C/N3). The ethane conversion (at a contact time of 40 gcy¢ h molangﬁ)
and the selectivity to ethylene at alkane iso-conversion of 40 %, ob-
tained during ODH of ethane at 400 °C with these catalysts, are shown in
Fig. 5.

The selectivity to ethylene at ethane iso-conversion for all the alkali
metal doped catalysts is higher than that for the non-doped one. This
enhancement appears to follow a trend, so that the higher the atomic
number of the doping alkali metal the higher the selectivity to ethylene,
until reaching a maximum for the K-doped catalyst to fall back with Cs
doping (Fig. 5). A similar trend is observed for the ethane conversion,
although in this case, the starting point with the Li-doped catalyst
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Fig. 4. Variation of the selectivity to ethylene with ethane conversion, during
ODH of ethane over the K-doped MoVSb mixed oxide catalysts: 500-K25 (A),
600-K25 (M), and 600-K50 (M); and the non-doped MoVSb mixed oxide
catalyst (MVS) (O). Reaction conditions: Temperature = 400 °C; molar ratio of
CoHg/02/He= 30/20/50.
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Fig. 5. Ethane conversion at a contact time, W/F, of 40 g, h molcaye (white
bars), and selectivity to ethylene at ethane iso-conversion of 30 % (black bars).
during ODH of ethane with alkali metal doped MoVSb mixed oxide catalysts
(Alkali metal/Mo= 0.0025; activation at 600 °C/N,). The non-doped MoVSb
mixed oxide catalyst (MVS) is also included as reference. In all cases, data
standard deviation was found below 2.1 % for conversion, and below 1.3 % for
selectivity. Reaction conditions: Temperature= 400 °C; Molar ratio of CoHg/
03/He = 30/20/50.

appears below the conversion reached by the non-doped one. This could
be related to the low surface area presented by the Li-doped catalyst
compared with the rest of materials (Table 1). Indeed, comparing the
specific catalytic activity instead (Fig. 6), this is significantly higher
(about double) for the Li-doped catalyst, keeping up with all the other
alkali metal doped catalysts, than for the non-doped catalyst. While the
differences in ethane conversion depending on the alkali metal
employed appear within the 20-40 % range, for the specific catalytic
activity the differences among the doped catalysts are meaningless
(Fig. 6).

Fig. 7 shows the variation of the selectivity to ethylene with the
ethane conversion, obtained during ODH of ethane with the different
alkali metal doped MoVSbO catalysts activated at 600 °C. Compara-
tively, results of the non-doped MoVSbO catalyst are also included
(sample MVS). It is observed that, whatever the alkali metal
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Fig. 6. Specific catalytic activity (SCA, in mmolcope h m2) during ODH of
ethane at a contact time, W/F, of 40 ge,c h molcaye over alkali metal doped
MoVSbO catalysts (Alkali metal/Mo= 0.0025; activation at 600 °C/N,). The
non-doped MoVSbO catalyst (MVS) is also included as reference. Reaction
conditions: Temperature= 400 °C; C,Hg/O5/He molar ratio of 30/20/50.
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Fig. 7. Variation of the selectivity to ethylene with ethane conversion, obtained
during ODH of ethane over alkali metal doped MoVSb mixed oxide catalysts (Li,
Na, K or Cs) activated at 600 °C/N,. The non-doped MoVSb mixed oxide
catalyst (MVS) is also included as reference. Reaction conditions: Temper-
ature= 400 °C; C,Hg/05/He molar ratio of 30/20/50.

incorporated by impregnation, an enhanced catalytic behavior in ODH
of ethane is obtained, presenting higher selectivity to ethylene than the
non-doped MoVSbO catalyst. This takes places for the whole range of
ethane conversion studied, with the K-doped MoVSb mixed oxide as the
most effective catalyst. In general, the selectivity to ethylene is very high
in all alkali metal doped catalyst presented, with little differences among
them, especially at low ethane conversion. It is necessary to enlarge y-
axis, as displayed in Fig. 7, to clearly appreciate the differences among
the distinct catalysts, so that the selectivity to ethylene follows the up-
ward trend: MVS < 600-Li25 < 600-Na25 ~ 600-Cs25 < 600-K25.

It is important to mention that after 48 h of reaction at 400 °C; the
longest period experimentally studied in this work; no deactivation was
observed in any of the catalysts tested.

4. Discussion

MoV-based mixed oxides with M1-type structure have been generally
reported as active catalysts for partial oxidation of light alkanes (C2-C4)
[15,18,27,37,42]. The reaction mechanism for the light alkane activa-
tion in this kind of catalyst has shown to be unique regardless of the
alkane fed, being the formation of the corresponding olefin the first step,
followed by the allylic oxidation intermediate to generate the final
partial oxidation product [37]. In the case of ethane, there is no allylic
position in the resulting olefin, so the reaction stops at ethylene which
appears as the main partial oxidation product. Thus, according to the
presented results, ethylene is a primary reaction product to which these
catalysts have shown extremely high selectivity at low ethane conver-
sion. The selectivity to ethylene decreases progressively as increasing
ethane conversion, due to ethylene overoxidation into COx .

The smallest alkane giving rise to an olefine containing allylic posi-
tion, susceptible to be consecutively oxidized, is propane. In this sense,
selective oxidation of propane employing alkali metal doped MoVSbO
catalysts equivalent to those here studied has been previously reported,
yielding acrylic acid as main partial oxidation product [40]. Acrylic acid
appears as a secondary product with low initial selectivity which grows
up as increasing propane conversion. Until reaching a maximum, the
selectivity decreases for higher propane conversion due to acrylic acid
overoxidation by consecutive reactions.

Considering that the formation of acrylic acid at low propane con-
versions minimizes the presence of undesired overoxidation reactions, a
first approximation to evaluate the behavior of these catalysts would be
the study of the possible parallelism between the formation of ethylene
from ethane, and the formation of acrylic acid from propane. In this way,
the catalytic results presented here for ethane ODH have been compared
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with those previously reported on propane partial oxidation to acrylic
acid with equivalent alkali metal doped MoVSbO catalysts (supporting
information, Table S1) [40]. Fig. 8 shows the results for the selectivity to
the main reaction product for each reaction (ethylene from ethane ODH,
and acrylic acid from propane partial oxidation) at alkane
iso-conversion conditions, appearing a similar tendency for the catalyst
effectivity regardless of the nature of the main partial oxidation product
obtained in both reactions.

It must be pointed out that the alkane iso-conversion for the com-
parison (30 %) was selected within the optimum range for the acrylic
acid (a secondary product) formation, which does not match that for the
highest ethylene (a primary product) selectivity [37-40,50], due to the
different reactivity of the olefin formed in each respective process.

The parallelism found between these two products (ethylene from
ethane and acrylic acid from propane), from different oxidation re-
actions on equivalent alkali metal doped MoVSb mixed oxide catalysts,
confirm an identical alkane activation mechanism to form the corre-
sponding olefin on this kind of catalytic system; regardless of the alkane
employed [37]; and the different olefin reactivity. Thus, once the olefine
is formed, the next step in the reaction mechanism, over these
Mo-V-based mixed oxide catalyst, is the selective attack to remove an
allyl hydrogen of the corresponding olefin, avoiding vinyl hydrogens.
This is possible for propylene, but not for ethylene (without allyl
hydrogen). Therefore, the consecutive transformation of propylene
proceeds to give rise the corresponding allylic oxidation intermediate,
precursor of the acrylic acid final product, while ethylene trans-
formation into higher partial oxidation states is irretrievably halted
[371.

In both reactions (propane and ethane oxidation) an important
enhancement to desired partial oxidation products is observed when
very low amount of alkali metal cations is directly added on the surface
of a MoVSb mixed oxide catalyst mainly containing the so-called M1
phase (Table 1, and supporting information, Table S1). The improve-
ment in selectivity to acrylic acid (for propane oxidation) by the incor-
poration of alkali metal cations has been related to the elimination of
non-selective strong acid sites on the catalyst surface, responsible for
combustion products’ formation, CO and COy [36,38,40,47]. In this
sense, a similar effect seems to exist in selectivity to ethylene during
ODH of ethane at high ethane conversion, according to the results pre-
sented in Table 1. This table includes the selectivity to all carbon-based
products detected for ethane ODH (ethylene, CO, and CO2) on the most
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Fig. 8. Selectivity to ethylene (for ODH of ethane) versus selectivity to acrylic
acid (for selective propane oxidation) obtained with the alkali metal doped
MoVSb mixed oxide catalysts (Alkali metal/Mo= 0.0025) presented in this
paper (Table 1). Both, the selectivity to acrylic acid from propane and the
selectivity to ethylene from ethane. were obtained for alkane iso-conversion of
ca. 30 %. Results for propane oxidation from ref. [40]. Catalyst symbols: MVS
(a), 600-Li25 (b), 500-K25 (c), 600-Cs25 (d), 600-Na25 (e), 600-K50 (f),
600-K25 (g).
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representative catalysts tested at the corresponding ethane conversions
obtained setting a reaction temperature of 400 °C.

As expected, the selectivity to COy for the non-doped MoVSb mixed
oxide catalyst (MVS sample) appears significantly higher than for any of
the alkali metal doped catalysts tested at equivalent or even higher
ethane conversion (Table 1). Among the carbon-based combustion
products, the strongest drop in selectivity appears especially on CO, in
favor of ethylene, for the alkali metal doped catalysts activated at 600
°C. Nevertheless, it is important to point out the exception for the most
effective catalyst, 600-K25, for which the selectivity of both CO and CO4
undergo identical 47 % degree of reduction with respect to the non-
doped MVS catalyst. CO presents higher selectivity than CO2 for the
whole range of ethane conversion obtained on the MVS sample (Fig. 9).
A meaningful linear correlation between the selectivity to either CO or
COo, and the ethane conversion, over the MVS catalyst, can be stated
from the R-squared value (above 0.8) for both fitting equations in Fig. 9.
The higher slope for the fitting line equation of CO selectivity (0.15),
compared with that for CO5 (0.09), indicates a higher dependence on
ethane conversion for CO. On the other hand, extrapolation to zero
ethane conversion for the fitting line equations of CO and CO, selec-
tivities give rise to 2.8 and 0.3 values, respectively. A trend to zero
selectivity at zero ethane conversion, observed for the CO», is indicative
of a secondary product, what in this case implies the CO; formation from
consecutive oxidation of the ethylene product. Meanwhile, the trend
significantly distinct to zero for the CO selectivity at zero ethane con-
version is characteristic of a primary product, evoking the CO formation
directly from ethane total oxidation. Nevertheless, additional CO for-
mation from ethylene overoxidation cannot be discarded. In fact, the
higher proportion of variation in the CO2 selectivity that can be attrib-
uted to the ethane conversion (R? = 0.97), compared with that for the
CO (R? = 0.85), would be in good agreement with just one contributing
reaction for CO5 formation, and more than one contribution for the CO
formation.

Therefore, since all alkali metal doped catalysts activated at 600 °C
present a stronger reduction in CO selectivity, the doping on these cat-
alysts must be especially influencing the active sites forming this pri-
mary combustion product, regardless of the additional effect on the
active sites responsible for the ethylene overoxidation into CO,. The
suppression of ethylene total oxidation is minimum for Cs (600-Cs25
catalyst), followed by Li (600-Li25 catalyst) and Na (600-Na25 catalyst)
until reaching the maximum for the K-doped catalyst (600-K25) with a
suppression of CO, formation proportional to that for the CO formation
(Table 1). On the other hand, comparing the most effective 600-K25
catalyst with the equivalent K-doped one activated at lower temperature

Selectivity (%)

Ethane Conversion (%)

Fig. 9. Variation of the selectivity to CO (e) or CO, (o) with ethane conversion,
obtained during ODH of ethane over the non-doped MoVSb mixed oxide cata-
lyst (MVS). Fitting line equations: y = 0.15x + 2.79 (? = 0.85) for CO;
y =0.09x + 0.30 (r? = 0.97) for CO,. Reaction conditions: Temperature
range= 340-400 °C; C,Hg/O, molar ratio 1.5.



F. Ivars-Barcel6 et al.

(500-K25 catalyst), the drop in the selectivity to COy, at ethane iso-
conversion of ca. 40 %, is significantly shorter for the latter one. This
is mostly due to the meaningless effect of this 500-K25 catalyst on
reducing the selectivity to CO (Table 1). Therefore, the activation tem-
perature at 600 °C appears to be key to get the suppression of the total
combustion of ethane into CO on these K-doped catalysts.

Unfortunately, there are no meaningful differences in the surface
acid properties investigated by NH3-TPD (Table 1), on these K-doped
catalysts activated at 500 °C (500-K25) or 600 °C (600-K25), that could
explain the significant distinction between them in terms of suppression
of CO formation. Therefore, this distinct behavior might be most likely
coming from changes on redox sites (number and/or properties) induced
by the partial decomposition of crystalline phases occurring for the
highest activation temperature (Table 1 and Fig. 1). Nevertheless, it
should not be forgotten that this partial decomposition in the doped
catalysts activated at 600 °C also induced important changes in their
surface acid properties. In fact, a correlation between the density of acid
sites on these catalysts and the type of alkali metal cation employed is
evidenced in Fig. 2, in contrast with no trend observed for those catalysts
activated at 500 °C (supporting information, Fig. S2). In this sense,
comparing the selectivity to ethylene (obtained at iso-conversion con-
ditions) with the density of acid sites for the doped catalysts undergoing
partial decomposition (600-Li25, 600-Na25 and 600-K25 samples), a
strong linear correlation shows up (Fig. 10). Nevertheless, the 600-Cs25
sample, the only catalyst from the same series that barely decomposes,
veers slightly away from the linearity. Similar linearity deviation applies
to the K-doped catalyst activated at 500 °C (500-K25), with no apparent
decomposition, like the 600-Cs25 sample.

It has been previously reported that surface of MoVSb mixed oxide
catalysts present both Bronsted and Lewis acid sites [32,36,38], so that,
according with catalytic and characterization results obtained, the
strongest acid sites removed by alkali metal incorporation are mainly
Bronsted sites, while some weaker Lewis acid sites remain (Fig. 2 and
Table 1). Anyway, although the decrease in the number and strength of
acid sites appears paramount for the high ethylene selectivity achieved
on the MoVSb mixed oxide catalysts doped with alkali metals, it does not
completely justify all the differences in selectivity observed among the
different doped catalysts. Therefore, other aspects should be considered.
In this way, it has been already reported [40] that no phase decompo-
sition appears when activation after alkali metal impregnation is made
at 500 °C/N, whereas activation at 600 °C/Nj leads to a partial
decomposition of original crystalline structures (M1 and M2 phases) in a
different proportion depending on the alkali metal added. Thus,
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Fig. 10. Selectivity to ethylene (at ethane isoconversion of c.a. 30 %) versus
concentration of acid sites per mass unit of alkali doped MoVSb mixed oxide
catalysts activated at 600 °C (e) and the K-doped one activated at 500 °C (O).
Accurate values for acid sites density in Table 1.
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decomposition decreases as increasing the cation size of the impreg-
nated alkali metal (Fig. 1) up to cesium for which practically no
decomposition is observed. That means, alkali metals added are not only
modifying the catalyst surface but also influencing on the structural
catalyst stability probably due to their partial incorporation into
framework hollows.

The optimal behavior in both reactions (ethane ODH and propane
selective oxidation) has been observed to be reached for the K-doped
MoVSb catalyst activated at 600 °C (600-K25 sample) where M2 phase
decomposes with the minimum decomposition of M1 active phase. At
this point, it must be indicated that M2 phase with Mo-V-Sb composition
was determined to have a negative effect on the selectivity to acrylic
acid in propane partial oxidation [34,40,50]. By contrast, the presence
of M2 phase has been proved not to influence on the selectivity to
ethylene for ethane ODH [12,52]. Nevertheless, the absence of M1 phase
is important in terms of alkane conversion [34-37,40,50], since it is
considered as the unique phase responsible for the alkane activation in
this type of catalytic systems. While M2 phase has shown not to be active
for ethane or propane activation [35,57]. In this sense, the results for
ethane conversion depending on the type of alkali metal doping the
MoVSbO catalyst (Fig. 5) are in good agreement with those obtained for
the partial decomposition of M1 phase (Fig. 1). Thus, the higher the
degree of M1 decomposition, the lower the ethane conversion.

5. Conclusions

The modification of a conventional Mo-V-Sb mixed oxide catalyst,
through a post-synthesis treatment based on the incorporation of very
low amount of alkali metal cations (Li, Na, K or Cs) by wet impregnation,
produces in all cases important changes in the catalytic properties of the
resulting materials for ODH of ethane, improving considerably the
selectivity to ethylene at high ethane conversion, with some differences
depending on the alkali metal incorporated. The amount of alkali metal,
but also the activation temperature after the alkali metal incorporation
also influences on the physicochemical and catalytic properties of the
final material. Thus, the best results are reached doping with K* using a
molar K/Mo ratio of 0.0025, and an activation temperature of 600 °C.
The resulting K-doped catalyst presents yields to ethylene around 70 %,
much higher than those reported for any other Mo-V-Sb-O catalyst [26,
28,51,52] and comparable to the yield achieved with the most effective
Mo-V-Te-Nb-O catalysts previously described [12,13,26,52-55]. This
fact has an additional value since the possibility of obtaining an effective
catalytic material for ethane ODH without containing niobium implies
an important reduction in the cost price of catalyst preparation.

According with the results achieved, it can be concluded that factors
improving catalytic behavior of alkali metal doped MoVSbO-based
catalysts for partial oxidation of propane to acrylic acid, also influence
in a similar way on their catalytic properties for ODH of ethane to
ethylene. In this way, the results show that, although M1 phase presence
is necessary to obtain high selectivity to ethylene, M2 phase decompo-
sition and surface modification of M1 phase, especially the decrease in
the number and strength of surface acid sites, are key factors to remove
and/or block active sites leading to CO and CO; formation. From a
practical point of view, yields to ethylene obtained with the optimum K-
doped catalyst (c.a. 70 %) on ethane ODH are higher than those from
steam cracking process; although productivity should be improved in
order to get an alkane-based process competitive enough [56].
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