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Abstract: Vanadium supported on pure (Al,O3, ZrO;) or mixed zirconia-alumina (with Al/(Al + Zr)
ratio of 0.75 or 0.25) catalysts have been prepared by wet impregnation, using homemade prepared
supports. The catalysts have been characterized and tested in the oxidative dehydrogenation (ODH)
of ethane and in the methanol aerobic transformation. The catalytic performance strongly depends
on the nature of the metal oxide support. Thus, activity decreases in the order: VOx/ZrO, >
VOx/(Al,Zr-oxides) > VOx/Al,O3. On the other hand, at low and medium ethane conversions, the
selectivity to ethylene presents an opposite trend: VOx/Al,O3 > VOx/ (Al Zr-oxides) > VOx/ZrO,.
The different selectivity to ethylene at high conversion is due to the lower/higher initial ethylene
formation and to the extent of the ethylene decomposition. Interestingly, VOx/(Al,Zr-oxides) with
low Zr-loading present the lowest ethylene decomposition. The catalytic results obtained mainly
depend on the nature of the supports whereas the role of the dispersion of vanadium species is
unclear. In methanol oxidation, the catalysts tested present similar catalytic activity regardless of the
support (Al,O3, ZrO, or mixed Al,O3-ZrO,) but strong differences in the selectivity to the reaction
products. Thus, dimethyl ether was mainly observed on alumina-supported vanadium oxide catalysts
(which is associated to the presence of acidic sites on the surface of the catalyst, as determined by
TPD-NH3). Formaldehyde was the main reaction product on catalysts supported on Zr-containing
oxides (which can be related to a low presence of acid sites). In this article, the importance of the
presence of acid sites in ethane ODH, which can be estimated using the methanol transformation
reaction, is also discussed.

Keywords: ODH of ethane; ethylene; methanol transformation; formaldehyde; dimethyl ether;
vanadium,; zirconia; alumina

1. Introduction

Ethylene is, probably, the most important raw material used in petrochemistry. In fact, the crisis
of the last decade did not affect the ethane demand and the global capacity has been continuously
increasing. Currently, more than 95% of the ethylene produced around the world proceeds from the
steam cracking process, an easy, but inefficient, non-catalytic process. Steam cracking presents low
energetic efficiency and low selectivity to the desired compounds. Therefore, new alternatives to
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sort out these problems are under study. Probably, the most promising alternative is the oxidative
dehydrogenation of ethane (ODH of ethane), an exothermic reaction in which ethane is fed together
with oxygen. In this reaction, using standard catalytic systems the catalysts hardly deactivates as
a continuous re-activation of the active sites by the oxygen fed takes place. Moreover, only a few
by-products, which are easy to be separated, are formed. Unfortunately, the oxidative dehydrogenation
of ethane has not been implemented yet in industry. Nevertheless, there are promising results at the
laboratory scale that make this reaction very interesting to study.

Among the catalytic systems reported in the literature (including patents) in the
oxidative dehydrogenation of ethane, there are four groups that are especially interesting:
(i) supported vanadium oxide catalysts [1-27]; (ii) promoted and supported nickel oxide
catalysts [4,11,28-32]; (iii) MoVTe(Sb) multicomponent oxides presenting an orthorhombic bronze
structure (M1 phase) [1,2,11,33,34]; and (iv) catalysts based on non-reducible metal oxides [11,35].
In the present article we will focus on the first group.

Vanadium oxide based catalysts are well known and extensively employed in industry for the
gas phase heterogeneous oxidation and ammoxidation of hydrocarbons [1-4] and for the oxidative
dehydrogenation of short chain alkanes, including ethane [4-12]. Supported vanadium oxide
catalysts have been considered for many years the most promising catalysts in the ODH of C,—C4
alkanes [4-14], although the nature of the optimal support is different depending on the nature
of the alkane fed [5-7,14,15]. The catalytic behavior of supported vanadia catalysts can be related
to [5-7,13-27]: (i) the nature of V""-O species, i.e., coordination, aggregation and oxidation state
of V-species; (ii) the redox properties of the catalysts, i.e., the V°*/V** ratio in reaction conditions,
which are influenced by the presence of promoters and the nature of the metal oxide support; and
(iii) the acid-base character of the catalysts (and support), which strongly influences the adsorption
of reactants and the desorption of partial oxidation products and finally determines the selectivity to
olefins. Depending on the support material and the VOx concentration, supported vanadium oxide
can exist as isolated tetrahedral monovanadates, one or two-dimensional polyvanadate domains, or
bulk V;,0s crystallites [5-7,12,23].

Al>,O3 seem to be one of the most effective support for vanadium in the ODH of ethane [5-24] as it
presents relatively high acidity, which seems to be beneficial in this reaction in contrast with the ODH
of propane and n-butane [5-7,12]. It seems that the acidity of the support could favor the ethylene
desorption from the surface of the catalyst, thus, increasing the selectivity to ethylene [21].

71Oy has received considerable attention in catalysis and material science, not only as a promising
catalyst for a number of reactions, but also as a support. Thus, zirconia has bifunctional properties as
an acid and as a base, and high thermal stability. More interestingly ZrO, [25] and Al,O3-ZrO, [26,27]
are appropriate supports for the synthesis of highly dispersed VOx-species. As highly-isolated
vanadium species tend to overoxidize ethylene to a lower extent than more aggregated species [5-11]
we have thought that by modifying the alumina support through the addition of zirconia, the ethylene
decomposition could be mitigated. Moreover, the oxygen species bridging surface vanadium oxide
species to the support may play a significant role in catalyst activity. Thus, a change in the support
modifies the V-O-Support bond and consequently the catalytic performance. Thus, the reaction rate
for ethane oxidation varies in the sequence TiO; > ZrO, >> Al,O3 > NbyOs > CeO,-5i0, [13].

The selective transformation of methanol in the presence of oxygen is a very interesting reaction
that can lead to the formation of highly valuable compounds such as formaldehyde (CH,O) and/or
dimethylether (DME, CH30CH3) depending on the characteristics of catalysts and/or the reaction
conditions. However, in addition, this reaction can be also used for determining, in “in-situ” conditions,
the acid and redox nature of catalytically active sites of catalysts [3,36-38]. One advantage of methanol
compared to other molecules is its high sensitivity to the nature of the surface active sites. Thus,
when working at low methanol conversion the formaldehyde formation is associated to the presence
of redox sites (which seems to be also active in the oxidative dehydrogenation of alkanes), whereas
the dimethylether is formed by methanol dehydration that takes place in presence of Lewis and
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Brensted acid sites. Since, in our case, the catalytic performance of supported vanadium oxide catalysts
(in terms of selectivity) seems to be related to both redox and acid characteristics of catalysts, it could
be interesting to study in parallel the catalytic performance of some of the most interesting catalysts
in both ethane ODH and in the aerobic transformation of methanol. According to Tatibouet [36], the
selectivity pattern in methanol transformation and the formation rates of the reaction products can
be used to characterize both structural (dispersion), as well as chemical properties (acid-base and
redox) of supported oxide catalysts. Thus, methanol transformation can be summarized into three
principal reactions [36-39]: (i) oxidation reactions which need oxygen (molecular or supplied by the
catalyst), involving the formation of formaldehyde, formic acid and carbon oxides; (ii) dehydration
reactions, which do not need oxygen, carried out by acid catalysts which are involved in the formation
of DME; and (iii) both redox and acid reactions, involved in the formation of dimethoxymethane and
methyl formate. Several metal oxides, including supported vanadium oxides catalysts, have been
studied for methanol oxidation [4,36-39]. In addition, a comparison between catalytic performance for
oxidation of methanol [39-43] or ethanol [44] and propane ODH has been reported in the last years.
More recently, it has been reported that the use of methanol adsorption/desorption followed by in
situ DRIFTS could be of interest in order to determine the concentration of active sites in Nb-doped
nickel oxide catalysts, which are very selective in the ethane ODH [29]. Accordingly, it could be also of
interest to carry out a parallel study on both the methanol selective aerobic transformation and the
ethane ODH over supported vanadium oxide catalysts.

Alumina-supported vanadia catalysts modified with other metal oxides, such as Cr, Mo, or W,
have been studied for the oxidative transformation of methanol [45,46]. According to their results,
modifiers can cover the support acidic surface sites, without modification of the surface vanadia redox
product yield. So, the use of methanol aerobic transformation could be of interest to study (in reaction
conditions) the characteristics of the surface of catalysts in term of activity, but also selectivity when
considering the acid/redox ratio in catalysts, since the presence of acid sites (and the DME formation
in these catalysts) seems to be in a parallel behavior [47].

As alumina is one of the preferred supports of vanadium oxide for the oxidative dehydrogenation
of ethane, we have thought that a modification of VOx/Al,O3 catalysts by the partial replacement of
alumina by zirconia, oxide with redox characteristics, could lead to a positive effect as this reaction
proceeds by a redox Mars—Van Krevelen mechanism. Then, the objective of this work is to study the
catalytic performance of vanadium oxides supported on Al,O3 and/or ZrO, supports as catalysts for
the ODH of ethane. In this way, several V-contents (from 1 to 12 wt%, depending on the surface area of
support) and different metal oxides supports (i.e., Al,O3, ZrO;, and mixed Al-Zr oxides) have been
synthesized and characterized. Additionally, the selective aerobic transformation of methanol on these
catalysts has also been studied in order to evaluate, in reaction conditions, the possible role of redox
and acid sites in the ODH of ethane.

2. Results and Discussion

2.1. Characterization of Catalysts

Table 1 summarizes the main physicochemical characteristics of the catalysts synthesized. The
metal oxide supports correspond to Al,O3 (named as AC), ZrO,-Al,O3 mixed metal oxides, with a
Al/(Al + Zr) atomic ratio of 0.75 (named as BC) or 0.25 (named as CC), and ZrO, (named as DC).

X-ray Diffraction (XRD) patterns of the supports (Figure 1) suggest that the AC material present
v-Al,O3 as the only crystalline phase (broad reflections at 20 = 37.1°, 46.0° and 66°) [48]. In the case
of materials with Al/(Al + Zr) atomic ratios of 0.75 or 0.25 (i.e., BC and CC supports, respectively),
new broad reflections are also observed at 20 = 30.16° and 50.65° (their intensities increasing when
increasing the Zr-content), which indicate the appearance of ZrO; crystallites with tetragonal symmetry.
However, zirconia support (DC) is a mixture of monoclinic m-ZrO, (JCPDS file: 37-1484) and tetragonal
t-ZrO, (JCPDS file: 27-997) phases [49,50].
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Table 1. Characteristics of the vanadium supported catalysts prepared by impregnation and activated

at 550 °C/5 hin air 2.
Catalyst  Spgr Support V-Loading TPR-Experiments
2 o b 0 ¢ H,-Uptake
(m~/g) (wt% V-Atoms) TMC (°C) (mmolga/geat) @
4AC 136 AlL,O3 4 (0.53) 478 0.5
8AC 159 AlL,O3 8 (0.83) 470 0.6
12AC 115 AlL,O3 12 (1.61) 597 2.0
4BC 177 Al-Zr-O (Al/Zr = 75/25) 4(0.41) 454 0.6
8BC 143 Al-Zr-O (Al/Zr = 75/25) 8(0.93) 477 3.7
2CC 88 Al-Zr-O (Al/Zr = 25/75) 2(0.43) 461 0.5
4CC 46 Al-Zr-O (Al/Zr = 25/75) 4(1.57) 420 0.5
8CC 45 Al-Zr-O (Al/Zr = 25/75) 8(1.95) 409/602 0.5
12CC 70 Al-Zr-O (Al/Zr = 25/75) 12 (2.66) 426/605 15
1DC 34 V4(0)) 1(0.57) 392 0.2
2DC 33 V4(0)) 2(1.13) 391 0.3
4DC 24 ZrO, 4 (2.85) 379 0.8
8DC 28 ZrO, 8(4.73) 396/583 22
12DC 23 ZrO, 12 (8.11) 573 1.8

2 The metal oxide supports correspond to Al,O3 (named as AC), ZrO,-Al,O3 mixed metal oxides, with a
Al/(Al + Zr) atomic ratio of 0.75 (named as BC) or 0.25 (named as CC), and ZrO, (named as DC). b V-loading:
in wt% of V atoms and, in parenthesis, in 102 mmoly m~2; ¢© temperature of the main maximum in the
temperature-programmed reduction (TPR) profiles; d for 1 wt% V, the reduction from V5* to V3* consumes
0.2 mmolgp (gmt)‘l.
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Figure 1. X-ray Diffraction (XRD) patterns of 4 sets of catalysts prepared by wet impregnation varying
the amount of vanadium over different supports: (a) supported on Al,O3 (AC-series), with loadings of
4 (4AC), 8 (8AC), and 12 wt% of V-atoms (12AC); (b) supported on Al/Zr-mixed oxide, Al/Zr =75/25
(BC-series), with loadings of 4 (4BC), and 8 wt% of V-atoms (8BC); (c) supported Al/Zr-mixed oxide,
Al/Zr =25/75 (CC-series), with loadings of 2 (2CC), 4 (4CC), 8 (8CC), and 12 wt% of V-atoms (12CC);
and (d) supported on ZrO, (DC-series), with loading of 1 (1DC), 2 (2DC), 4 (4DC), 8 (8DC), and 12 wt%
of V-atoms (12DC). Symbols: (e) V,05 (JCPDS: 41-1426). Name of catalysts as in Table 1.
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Figure 1 shows also the XRD patterns of supported vanadium oxide catalysts with different
V-loadings. In the case of Al,O3-supported vanadium oxide catalysts, i.e., AC-series (Figure 1a),
the characteristic peaks of y-Al,O3 (broad reflections at 20 = 37.1°, 46.0° and 66.6°) can be seen for
the V-free sample and the sample with low V-loadings (i.e., Al;O3 and 4AC). In addition to these,
new peaks at 20 = 15.3°, 20.3°, 26.2°, 31.2°, 34.3°, and 47.3° are also observed for samples with high
V-loading (Figure 1a, patterns 8AC and 12AC) which can be related to the presence of orthorhombic
V105 (JCPDS: 41-1426) [51].

In the case of catalysts supported on Al,Zr-oxide with low Zr-loading (BC series) (Figure 1b), it
can be observed the presence of broad diffraction peaks at 20 = 30°, 50.7° and 61.0°, which is related to
tetragonal t-ZrO, (JCPDS file: 79-1976). However no peaks related to V,Os5 have been detected for
catalysts with V-loadings of 4 and 8 wt%, suggesting a better dispersion of vanadium atoms on this
support that in the Zr-free alumina catalysts.

A different behavior is observed for the catalysts supported on Al,Zr-oxide with high Zr-loading
(CC-series) (Figure 1c). Thus, diffraction peaks at 26 = 30°, 50.7° and 61.0° (related to tetragonal t-ZrO,
(JCPDS card No. 79-1976) [49]) are observed. Moreover, peaks related to V,Os crystallites have been
also observed in catalysts with V-loading of 8 wt% and higher.

In ZrO,-supported vanadium oxide catalysts (DC-series), it can be seen the presence of both
monoclinic and tetragonal ZrO, and V,0Os crystallites in the sample with highest V-loading, i.e., 8DC
sample (Figure 1d). Moreover, the presence of mixed Zr-V oxides, as ZrV,0Oy (JCPDS file: 16-0422),
cannot be ruled out in the case of sample 8DC [50,52].

Raman spectroscopy has been also used in order to study the presence of non-crystalline phases,
as well as the presence/absence of V,Os crystallites with low crystal sizes. Figure 2 presents the Raman
spectra of supported vanadium oxide catalysts. In the case of Al,O3-supported catalysts (Figure 2a),
all spectra show the presence of characteristics bands related to V,0s, i.e., 994, 702, 697, 527, 404, 284,
and 146 cm~! [50,51]. However, a broad band is also observed at ca. 900 cm ! related to polymeric
vanadium species. Different Raman spectra are observed in the case of samples supported on Al and
Zr oxides with low Zr-content (BC-series) (Figure 2b). Thus, in addition to bands of V,0Os, relatively
intense broad bands are also observed at ca. 900 cm~! and at 1020 cm !, related to polymeric V>*
species and isolated V°*=0 species, respectively [52,53]. Therefore, the size of crystals of V,0s must
be low (they are not observed by XRD), and most of V-species are dispersed as V°* species.

In the case of vanadium oxide supported on Al Zr-oxide with high Zr-content (CC-series,
Figure 2c), V705 is mainly observed for catalysts with V-loading higher than 2 wt%, whereas a
broad band at ca. 860 cm ™! is also observed in addition to those related to V,Os for catalysts with
V-loading of 2 wt% of V-atoms. However, only the band at 860 cm ™! is observed in the catalysts
prepared with a V-content of 1 wt% of V-atoms. The band at 860 cm~! was observed previously in
supported VOx catalysts [54] and was assigned to V-O-V vibrations in polyvanadate structures for
VOx/ZrO; catalysts.

The Raman spectra of catalysts supported on ZrO, (DC-series) (Figure 2d) presents several
bands, some of them also observed in the support (V-free). Raman spectrum of pure ZrO, shows the
presence of bands at 175, 190, and 477 cm ™! (related to m-ZrO,) and bands at 263, 330, 472, 552, and
640 cm ™! (related to t-ZrO,) [50]. These results are in good agreement to those previously reported for
V,05/ZrO; catalysts [50,54] in which the Raman spectrum of the supported 4% V,0s5/ZrO, catalyst
(with 8.1 V at./nm?) contains bands from the dehydrated surface VO, species at 1035 and ~935 cm ™!
arising from the terminal V=0 and bridging V-O-Zr bonds, respectively, as well as the presence of band
at 860 cm ! assigned to V-O-V vibrations in polyvanadate structures [52]. The Raman features at ~630,
~552, ~528, ~470, ~375, and ~330 cm~! were related to crystalline monoclinic ZrO, support [50]. Similar
surface VO, vibrational bands at ~1035 and 935/900 cm ™! are also present in the Raman spectra of the
samples supported on Al Zr-oxide (with a Al/(Al + Zr) ratio of 0.75) revealing the presence of bridging
V-O-V bonds, whereas the possible presence of broad band at ~580 and ~800 cm~! should be related
to the polymeric surface vanadia species, and in which V-O-support bond stretches at 900 cm ™~ [50].
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Figure 2. Raman spectra of four sets of catalysts prepared by wet impregnation varying the amount
of vanadium over different supports: (a) Al,O3, (AC-series); (b) Al/Zr-mixed oxide, Al/Zr =75/25
(BC-series); (c) Al/Zr-mixed oxide, Al/Zr = 25/75 (CC-series); and (d) ZrO,, (DC-series). Catalysts as in
Figure 1. For comparison, the Raman spectrum of pure V,Os crystalline phase has been also included.

Temperature-programmed reduction (TPR) experiments were carried out on the supported
catalysts as it gives us an indication of the reducibility of the catalysts. The H-TPR profiles are
presented in Figure 3 and information about the hydrogen consumption is given in Table 1. For a
comparative purpose, Figure S1 shows the TPR results of some catalysts and pure V,0s.

In general, the total Hy-uptake increases when increasing the V-loading in good agreement with
previous results reported by other authors [13-27]. This suggests that all V-atoms are involved in the
TPR experiments. However, important differences are observed depending on the support. Thus, a
single peak at ca. 450460 °C is observed in the case of AC- and BC-series (Figure 3a,b, respectively)
with V-loading lower than 8 wt%. However, a second reduction peak at ca. 600 °C is observed
for samples with higher V-loadings (Figure 3a, sample 12AC). A similar effect was observed for
VOx/ Al O3 catalysts with high V-loadings, which could be related to an incipient AIVO, phase [55],
but also to the presence of small crystals of V,0s5. We must remark that the intensity of the reduction
peaks increases with the V-loading, but the temperature of the maximum reduction is similar in both
AC- and BC-series.

On the other hand, in both CC- and DC-series (Figure 3c,d, respectively), it can be observed the
presence of two reduction peaks: (i) one peak in the 425-395 °C range, in which the intensity increases
initially with the V-loading up to a V-content of ca. 8 wt%; and (ii) a second reduction peak at ca. 600 °C,
in which the intensity increases dramatically for samples with a V-loading higher than 4 wt%. The
first reduction peak can be tentatively assigned to isolated or polymeric V-species [15,56], in which
the reducibility of V-species in ZrO,-supported catalysts are higher than those in Al,O3-supported
catalysts [56]. The second peak can be related to V,Os crystallites on the surface of the support (mainly
observed in catalysts with high V-loading), although probably with relatively low crystal size [51],
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and/or attributed to the formation of small ZrV,0y crystals [27]. In this way, the reduction of pure
V105 appears at temperatures higher than 600 °C (Figure S1).
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Figure 3. Temperature-programmed reduction (TPR-H;) patterns of supported catalysts prepared by
wet impregnation varying the amount of vanadium over different supports: (a) Al,O3, (AC-series);
(b) Al/Zr-mixed oxide, Al/Zr = 75/25 (BC-series); (¢) Al/Zr-mixed oxide, Al/Zr = 25/75 (CC-series);
and (d) ZrO,, (DC-series). Catalysts are as in Figure 1.

Some representative catalysts have been also studied by XPS. The results are summarized in
Table S1 and Figure S2. In all cases, V°* has been mainly observed, although presenting different
environments. The XPS peaks at 517.5 eV, the main peak in all cases, is assigned to V°*, whereas
the peak at 516.4 eV (as minority in the case of samples 8CC and 8DC) can be related to V**
species [57,58]. In the case of sample 4BC (Figure 52), it can be also observed a peak at ca. 518.9 eV
which is characteristic for highly dispersed V>* species in supported vanadium oxide catalysts, as
proposed previously by Hess et al. [59], which is in agreement with the XRD (Figure 1) and Raman
(Figure 2) results.

The acid characteristics of these catalysts have been estimated using temperature-programmed
desorption of NHj3, TPD-NHj3; (Figure 4). A maximum at ca. 205 °C has been observed in all cases
with two shoulders at ca. 277 and ca. 350 °C. The most intense band at 205 °C has been assigned to
weak Lewis acid sites of the VOx/Al,O3 catalysts, which mainly originate from the exposed alumina
sites [53].

Accordingly, for a given support, the amount of acid sites (area inside the curve) decreases with
the vanadium loading suggesting that vanadium sites covers the acidic sites of the supports (Figure 4a).
For fixed vanadium loading it is observed that the number of acid sites decreases when increasing the
amount of Zr in the support. Thus, the sample supported on Al,O3 shows the highest amount of acid
sites, whereas the sample supported on ZrO, presented the lower adsorption of ammonia, i.e., the
lower amount of acid sites. It is also observed that the intensity of the band at ca. 277 °C increases
in the Zr-rich Al,Zr-oxide support and that the peak at 350 °C is hardly appreciated if the support
is zirconia.
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Figure 4. Temperature-programmed desorption of NHj3 (TPD-NHj) patterns of catalysts:
(a) Al,O3-Supported catalysts with V-loadings of 4 (4AC), 8 (8AC) and 12 wt% of V-atoms (12AC);
and (b) supported catalysts with a V-loading of 8 wt% of V-atoms, using different supports: Al,O3
(sample 8AC); Al/Zr-mixed oxide, Al/Zr = 75/25 (sample 8BC); Al/Zr-mixed oxide, Al/Zr = 25/75
(sample 8CC); and ZrO, with (sample 8DC).

2.2. Catalytic Results on ODH of Ethane

In the ODH of ethane over supported vanadium oxide catalysts, ethylene, CO and CO; have
been the main reaction products although the catalytic performance highly varies depending on the
catalyst chosen. Figure 5 shows the variation of the ethane conversion with the V-loading for the
different supports.

r
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(4]
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Figure 5. Variation of the ethane conversion with the V-loading for the different series. Notes:
T =500 °C, W/F = 50 gcat h molcopg ! and molar ratio CoHg/O,/He of 4/8/88. Symbols:
(M) AC-series; (o) BC-series; (A) CC-series; (V) DC-series.

In general, the conversion of ethane increases when increasing the vanadium loading although this
effect strongly depends on the nature of the support. Thus, in the case of Al;O3 and Al-Zr-O-supported
catalysts the activity increases with the V-content, whereas if the support is pure zirconia, the catalytic
activity increases up to 4 wt% and then slightly falls. This change in catalytic activity can be related
in the last case to the formation of V-Zr-O compounds and the presence of V-species in the bulk of
the catalyst for V-loading higher than 4 wt%. This effect can be also related not only to the higher
reactivity of ZrO, with respect to Al,Os3, but also to the lower surface area of ZrO,, which favors a
lower number of dispersed V atoms on the surface of the support. Thus, the catalytic activity for
ethane ODH decreases in the following trend [59]: VOx/ZrO,> VOx/ (Al Zr-oxides) > VOx/Al,Os.

It has been previously suggested that the reactivity of the supported vanadia catalysts for alkane
ODH is also a strong function of the specific oxide supports [53,54]. This is in good agreement
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with the catalytic results presented here in which ZrO;-supported catalysts are more active than
AlyOs-supported catalysts (see Figure 5).

Figure 6 shows the variation of the selectivity to the main reaction products (ethane, CO, and
CO;) with the ethane conversion for catalysts of AC-, BC-, CC-, and DC-series. In general, no
influence of V-loading on selectivity to ethylene is observed for each specific series. In addition, the
selectivity to ethylene decreases when increasing the ethane conversion, suggesting that ethylene
is partially transformed (to carbon oxides, especially carbon monoxide) when working at higher
ethane conversion levels (Figure 6). However, according to the results of Figure 6, it can be also
concluded that the selectivity to ethylene strongly depend on the nature of metal oxide support.
Thus, the catalysts supported on alumina (AC-series, with 4, 8, and 12 wt% of V atoms) are the
most selective at low ethane conversion (selectivity to ethylene of ca. 70% is observed) (Figure 6a),
whereas those supported on zirconia (DC-series, with 2, 4, 8, and 12 wt% of V atoms) present the
lowest selectivity to ethylene (ca. 40%) (Figure 6d). In the case of vanadium catalysts supported
on Al and Zr oxides (BC-series with 4 or 8 wt% of V-atoms; and CC-series with 2, 4, 8, 10 wt% of
V-atoms) (Figure 6b,c, respectively), the selectivity to ethylene shows an intermediate behavior to
those achieved over alumina-and zirconia-supported vanadium oxide catalysts. In a similar way, the
selectivity to ethylene also changes at higher ethane conversion, depending on the type of support.
In this ways, at ethane conversion of 30%, catalysts of AC- and BC-series present the highest selectivity
to ethylene (ca. 50%) and the lowest selectivity to CO (ca. 45%), whereas those of CC- and DC-series
present the lowest selectivity to ethylene (ca. 27%) and the highest selectivity to CO (ca. 55%).
Accordingly, at isoconversion conditions, the selectivity to ethylene decreases as follow: VOx/Al,O3 >
VOx/ (Al Zr-oxides) > VOx/ZrO; (see also Figure S3, Supporting Information). This is an opposite
trend to that observed for the catalytic activity in ethane ODH of these catalysts (Figure 5).
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Figure 6. Variation of the selectivity to ethylene, CO and CO, with ethane conversion during the
ODH of ethane on supported vanadium oxide catalysts: (a) AC-series; (b) BC-series; (c) CC-series; and
(d) DC-series. Reaction conditions: T = 500-530 °C and molar ratio Co,Hg /O, /He of 4/8/88. Several
contact times (W /F) were used in order to get different ethane conversions. See also Tables S2-S5.
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We want to note that alumina-supported vanadium oxide catalysts prepared by this preparation
method presents selectivity to ethylene similar to those of vanadium prepared on commercial y-Al,O3
(see Figure 54, Supporting Information), suggesting that in both cases we likely have similar dispersion
of vanadium on the metal oxide support. On the other hand, the presence of V-free sites of support
should have a relatively low influence on selectivity to ethylene. Thus, the surface area of catalysts
seems to have little influence on the final selectivity to ethylene.

According to these catalytic results, a reaction network can be proposed (Figure 7), in which
CO is formed from both ethane and ethylene deep oxidation, and CO; is mainly formed by the deep
oxidation of ethane.

ky k.
C2H6__’ C2H4_3_> CO (COZ)
k,
CO,+CO

Figure 7. Reaction network for the oxidative dehydrogenation of ethane over supported vanadium
oxide catalysts.

2.3. Selective Aerobic Transformation of Methanol

Selective transformation of methanol tests have been focused in the catalysts with 8 wt% V.
Formaldehyde (CH,O), dimethylether (DME) and carbon oxides (CO and CO;) are the main reaction
products. In addition, dimethoxymethane (DMM), which is formed from the decomposition of
formaldehyde and methyl formate were also observed as minorities.

Figure 8 shows the variation of the conversion of methanol with reaction temperature of all
studied catalysts. The most active catalyst is that with zirconia as a support whereas the least active
one corresponds to the catalyst supported on alumina. V-catalysts on mixed Al,O3/ZrO, supports
present an intermediate catalytic activity between the pure supports. This trend is similar to that
observed in the ethane ODH although the variation of activity is lower in methanol activation.

100
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=23
o

H
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N
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Figure 8. Variation of the methanol conversion with the reaction temperature during the aerobic
methanol conversion over supported vanadium oxide catalysts. Notes: reaction conditions in text.
Symbols: () 8AC; (o) 8BC; (A) 8CC; (V) 8DC catalyst.

However, as it will be discussed later, this behavior is explained by considering that both redox
and acid sites are involved in the aerobic transformation of methanol. Accordingly, and considering
that the reactivity of acid sites is different to the reactivity of redox sites, the total conversion of
methanol should be explained by these two parameters. The different nature and relative reactivity of
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the active sites between the ODH (where redox sites are the predominant) of ethane and methanol
oxidation can account for this different performance.

Figure 9 presents the variation of the selectivity to formaldehyde (or to formaldehyde + DMM, at
low reaction temperature) and the selectivity to DME with the methanol conversion. It can be observed
that formaldehyde and DME are formed in all cases, although depending on the characteristics of
catalysts the ratio of formaldehyde and DME ratio could change. This change is indicative of the ratio
between acid and redox sites.
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Figure 9. Variation of the selectivity to formaldehyde (or formaldehyde + dimetoxymethane, i.e., FA
+ DMM) (a) and the selectivity to dimethyl ether (DME) (b) with the methanol conversion achieved
during the methanol transformation. Notes: Reaction conditions in text. Symbols: () 8AC; (o) 8BC;
(A) 8CC; (V) 8DC catalyst.

In the same way, we compared the catalytic performance of alumina-supported vanadium
oxide catalysts using commercial Alumina, i.e., V (4 wt%)/Al and V (8 wt%)/Al samples, and
home-made alumina containing catalysts (i.e., 4AC and 8AC samples). The variation of the selectivity
to formaldehyde (or to formaldehyde + dimetoxymethane at low reaction temperature) and the
selectivity to dimethyl ether (DME) with the methanol conversion are shown in Figure S5 (Supporting
Information). According to these results, the presence of more vanadium on the catalyst surface
(decreasing the alumina concentration on the catalyst surface) could favor a higher formaldehyde
formation as the redox reaction is favored and also a lower DME formation as the concentration of
acid sites decreases.

Thus, according to these results, the sample with alumina support, 8AC, presents a high
concentration of acid sites (the highest yield to DME and the lowest to formaldehyde). In an opposite
trend, the catalysts with zirconia-alumina supports present a very low concentration of acid sites
(high yield to formaldehyde and poor to DME). Finally, no DME was observed in the series with pure
zirconia as a support, suggesting the absence of acid sites.

2.4. General Remarks

According to the results observed in this work, alumina seems to be the preferred support for
vanadium to obtain efficient catalysts for the ODH of ethane. However, this is true only at low and
moderate ethane conversions, as vanadium supported on mixed Al,O3-ZrO, with low amount of
zirconia (i.e., 75A1-25Zr support) mitigates the decomposition of the olefin. Consequently, for a selected
vanadium loading, the selectivity to ethylene achieved at conversions over 30% is the highest in the
catalysts using the 75A1-25Zr support and higher than that achieved on the catalysts supported on
pure alumina. These results are not straightforward to explain but are likely related to the dispersion of
vanadium species and especially to the acid/redox characteristics of the supports/catalysts. Thus, the
incorporation of low amounts of zirconia expands the support structure, thus increasing the surface
area and then improving the dispersion of vanadium species (see characterization data). Moreover, in
view of methanol transformation results, the proportion of acid/redox sites decreases when zirconia
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is incorporated. Thus, in addition to redox sites, acid sites are also required as they favor a higher
desorption of ethylene [5-7,16]. In fact, the presence of redox sites is required since they are responsible
for the ethane to ethylene reaction. However, they are also directly involved in the combustion of
ethane. Accordingly, the presence of acid sites can decrease the concentration of ethylene adsorbed on
the catalyst surface favoring a lower degradation of ethylene.

As it has been reported in the past, acidic supports are preferred over basic ones [5-26] as supports
of vanadium oxide for the ODH of ethane; however, acidic sites themselves could be active in the
olefin decomposition and then this can be related to the fact that the replacement of a part of the
alumina by zirconia decreases the drop of the ethylene selectivity when the conversion of ethane
is increased. However, the low selectivity to ethylene and the high selectivity to carbon oxides in
catalysts with high Zr-loading has been reported to be related to the presence of dispersed V-species
(at low surface densities) and bulk ZrV,0y5. It appears to be associated with exposed unselective
V-O-Zr and Zr-O-Zr sites [60] which are especially active in the alkane combustion. In catalysts with
high Zr-loading (CC- and DC-series) the selectivity to ethylene is very low. In addition, it has also
been proposed that the rates for alkane ODH increase initially as the size of polyvanadate domains
increases (i.e., increasing VOx surface density). Thus, the rate of ODH decreases with the formation of
V105 clusters (usually at high surface densities in which the fraction of VOx species exposed at cluster
surfaces decreases). Our catalytic results indicate that the polymerization degree of the surface vanadia
species does not significantly affect the reactivity of the catalysts for ethane oxidation but the increase
in the crystallite size of V,Os crystallites leads to a decrease in the activity per V-site. In the DC-series
the ethane conversion (Figure 5) reaches a maximum at 2 wt% V and for higher V-loadings, in which
the vanadium pentoxide crystallite size increases, the activity per gram of catalyst slightly drops.

The formation of complex oxides with vanadium, zirconium and aluminum cannot be ruled out
(V-Al-Zr-O species), although we do not have conclusive evidences. Vanadium in this ternary oxide
can have different characteristics that those of vanadium supported on pure alumina or pure zirconia,
then affecting the catalytic performance.

Another parameter that could have some influence on the catalytic performance in the ODH
of ethane is the oxidation state of vanadium in the surface. Thus, in the present work, the least
selective catalysts studied are those with some V4t (samples 8CC and 8DC) whereas in the most
selective catalysts, samples 4AC and 4BC, no appreciable V4* has been observed. However, we cannot
conclusively state that the presence of V4* in the catalysts is deleterious for the ODH of ethane since in
all cases the amount of V4* has been low (<6%). The presence of dispersed V°* species in 4BC could be
related to the lower ethylene decomposition (lower fall in the selectivity to ethylene when the ethane
conversion increases) compared to other catalysts.

According to kinetic aspects of the ODH reactions [5-7,17,23,26,27,61,62] and the results obtained
in the present work a simplified reaction network can be tentatively proposed. It must be mentioned
that more catalytic data would be needed for a comprehensive kinetic analysis. A reaction network
with parallel and consecutive reactions has been proposed, Figure 7, in which ki, ky, and k3 are kinetic
constants. In this reaction network, the initial selectivity to olefin (at low conversion of alkane) will
be related to the k; /k; ratio while at high alkane conversion levels, the selectivity to olefins will be
associated to the kg /(kp + k3) ratio. However, in our case, it is possible to propose a more adequate
reaction network in which the main formation of both CO and CO; can be directly assigned to different
reaction step. In fact, the selectivity to ethylene decreases and the selectivity to CO increases when
increasing the ethane conversion. Apparently, ethylene is mainly transformed into CO when increasing
the ethane conversion. However, the selectivity to CO, remains practically constant in the ethane
conversion region studied (see Figure 6¢ for samples supported over Al,Os3, i.e., AC-series). Thus, CO,
is mainly formed by parallel reaction from ethane. However, the formation of CO occurs by both the
deep oxidation of ethane and the deep oxidation of ethylene (the ratio of both reactions depending on
the nature of catalysts). According to our results the incorporation of zirconia to alumina decreases the
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k1 /ky ratio but also the k3 /(k; + ky) ratio. Thus, at low zirconia loadings, a compromise between both
factors takes place, thus obtaining the highest selectivity to ethylene at high ethane conversions.

3. Materials and Methods

3.1. Preparation of Metal Oxide Support

Different metal support with Al/(Al + Zr) ratios of 1, 0.75, 0.25, and 0 have been synthesized. The
synthesis of supports was carried by calcination at 500 °C, during 5 h under a stream of oxygen, from
the corresponding hydroxides precursors. The aluminum and/or zirconium hydroxides, i.e., AI(OH)s,
Zr(OH)4 or Zr(OH)4-Al(OH)3, were prepared by precipitation at pH = 10, by adding a 30% NH,OH
solution to aqueous solutions of AlCl3-6H,0 and/or ZrOCl,-8H,0 (with adequate Al/Zr molar ratio).
The white gels were then washed with distilled water to remove the Cl-ions in excess, followed by
filtration and drying at 110 °C. The final metal oxide supports correspond to: (i) Al,Os, with a surface
area of 168 m? g~ ! (named as AC); (ii) ZrO,-Al,03 mixed metal oxides, with a Al/(Al + Zr) at ratio of
0.75, with a surface area of 180 m? g’l (named as BC); (iii) ZrO,-Al,O3 mixed metal oxides, with a
Zr/(Al + Zr) at ratio of 0.75, with a surface area of 99 m? g_1 (named as CC); and (iv) ZrO,, with a
surface area of 38 m? ¢g~! (named as DC).

3.2. Preparation of Catalyst

Supported vanadium oxide catalysts were prepared by wet impregnation method, using aqueous
solution of ammonium metavanadate, and rotaevaporated in vacuum at 60 °C. The paste obtained
was dried in a furnace at 100 °C overnight and calcined in static air for 6 h at 500 °C. The catalysts will
be named as nAC, nBC, nCC, nDC (in which n is the V-loading, in wt% of V-atoms), and AC, BC, CC,
and CD correspond to the home made supports mentioned above. Some physicochemical properties
of the supported vanadium oxide catalysts are shown in Table 1.

3.3. Characterization Techniques

Catalyst surface areas were determined by multi-point N, adsorption at —196 °C. The data were
treated in accordance with the BET method.

Powder X-ray diffraction (XRD) was used to identify the crystalline phases present in the
catalysts. An Enraf Nonius FR590 sealed tube diffractometer (Bruker, Delft, The Netherlands), with a
monochromatic CuKo1 source operating at 40 kV and 30 mA was used.

Raman spectra were obtained with an “in via” Renishaw spectrometer, equipped with an Olympus
microscope Renishaw, Gloucestershire, UK), using an exciting wavelength of 514 nm (from a Renishaw
HPNIR laser with a power of approximately 15 mW on the sample).

Temperature-programmed reduction (TPR) was carried out in a Micromeritics Autochem 2910
(Micromeritics, Norcross, GA, USA) equipped with a TCD detector, in which the reducing gas was 10%
H, in Ar (total flow rate of 50 mL min~!). The temperature range explored was from room temperature
to 800 °C. The heating rate was maintained at 10 °C min~1.

Experiments of temperature-programmed desorption of ammonia (TPD-NH3) were carried out
on a TPD/2900 apparatus (Micromeritics, Norcross, GA, USA). Three-hundred milligrams of sample
was pre-treated in a He stream at 450 °C for 1 h. Ammonia was then chemisorbed by pulses at 100 °C
until equilibrium was reached. Finally, the sample was fluxed with a He stream for 15 min, prior to
increasing the temperature up to 500 °C in a helium stream of 100 mL min~! and using a heating rate
of 10 °C min—1. Desorption of NH3 was monitored with a thermal conductivity detector (TCD).

The chemical characterization of the near surface of the catalysts was performed by XPS.
A Physical Electronics spectrometer (PHI 5700) (PHI, Chanhassen, MN, USA) with X-ray Mg K«
radiation (300 W, 15 kV, 1253.6 eV) as the excitation source was used for high-resolution record.
Measurements were conducted by a concentric hemispherical analyzer which operates in the constant
pass energy mode at 29.35 eV, using a 720 um diameter analysis area.
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3.4. Catalytic Studies

The catalytic tests for both ethane ODH and the aerobic transformation of methanol were carried
out at atmospheric pressure in a fixed-bed quartz tubular flow reactor [33]. The reaction temperature
has been controlled by a thermocouple placed inside the catalytic reactor at the level of the catalyst bed.

In the case of ethane ODH, the catalyst weight was varied and the total flow of
ethane/oxygen/helium with a molar ratio of 4/8/88 (maintaining a total flow of 100 mL min~!)
was used. The protocol employed for the catalytic study in the oxidative dehydrogenation of ethane
using these catalysts was as follows. Firstly we conducted a series of experiments at 500 °C and a
contact time of 50 gcat h molC, ! (this corresponds to 0.25 g of catalyst and a total flow of 50 mL min ')
with all catalysts. As the reactivity of the catalysts was different, several contact times have been
employed in order to reach conversions until ca. 30%. With the least active catalysts, i.e., 2CC, contact
times higher than 50 were used (until 250 gcat h molC, ~! which corresponds to 1.25 g of catalyst and
a flow of 50 mL min_l). In the case of the most active catalysts, i.e., DC-series, contact times lower
than 50 geat h molC, ! were used (until 10 gcat h molc; ~! which corresponds to 50 mg of catalyst
and a flow of 50 mL min~!). As the amount of sample employed largely varies depending on the
experiment, the catalysts have been diluted with silicon carbide in order to have a catalytic bed with a
constant volume.

Analysis of the reaction products was carried out on-line using gas chromatography [31,32]. Two
GC columns were employed in the analysis of the reactants and reaction products: Porapak Q and
Molecular Sieve 5A. Porapak Q (3 m long) has been used to identify hydrocarbons, mainly ethane
and ethylene, water, and carbon dioxide. As this column cannot split oxygen properly and carbon
monoxide a second column (molecular sieve 5A, 3 m long) was used to quantify O, and CO. The
temperature of the columns in the analysis was fixed in 80 °C and the total flow of the helium carrier
gas maintained in 30 mL min.

The aerobic transformation of methanol was carried out in the 250-400 °C temperature range.
50 to 250 mg of catalyst (diluted with 0.5 g CSi) and a feed consisted of a methanol/oxygen/nitrogen
mixture with a molar ratio of 6/13/81 (total flow of 100 mL min~') were used. The analysis of reactants
and products was carried out by means of gas-chromatography, using two different chromatographic
columns [47]: (i) RTU-bond (30 m, 0.53 i.d.); and (ii) molecular sieve 5A (3 m length).

Blank runs in the absence of catalysts have been carried out until 550 °C (50 °C higher than the
highest temperature used in this study) maintaining the ethane/oxygen/helium molar ratio of 4/8/88.
Ethane conversions lower than 0.2% were observed in all of the experiments conducted.

4. Conclusions

Alumina-supported vanadia catalysts are more selective to ethylene in the ODH of ethane than the
corresponding catalysts supported on Zr-containing metal oxides. The selectivity to ethylene decreases
and the selectivity to CO increases when increasing the Zr-content in the support. In a parallel way, it
has been observed that the acid characteristics of supports also decreases when increasing Zr-content
as concluded from both TPD-NHj3 and the aerobic transformation of methanol. Accordingly, the
presence of acid sites could favor a rapid desorption of ethylene favoring a higher selectivity to olefin
(and a lower ethylene degradation to CO). Overall, alumina has demonstrated to present the highest
selectivity to ethylene. However, the partial replacement of alumina by zirconia (75%Al,03 /25%ZrO),
has led to an enhanced selectivity to ethylene at high ethane conversions in the ODH of ethane.
This increase of the selectivity to ethylene is due to a lower ethylene decomposition which can be
related to a better V-dispersion and a higher proportion of redox sites, as corroborated in the methanol
oxidation tests. Thus, a compromise between acid and redox sites seems to be necessary to obtain
high selectivity to ethylene at high ethane conversion. However, if supports with high Zr-loadings are
used (i.e., high Zr/ Al ratios or pure ZrO;) a drastic decrease in the ethylene formation, but also in the
ethylene degradation (with CO formation) is observed due to their low acid character, the formation of
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unselective V-O-Zr sites and the low V-dispersion capacity as a consequence of the low surface area
of the supports.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8/4/126/s1,
Figure S1. TPR-H, results of supported catalysts. For comparison it has also been included in the results for pure
V,05. Characteristics of catalysts are shown in Table 1. Table S1. XPS results of supported catalysts. Figure S2.
V 2p3,, photoelectron spectra of catalysts with a V-loading of 4 or 8 wt% of V-atoms. Characteristics of catalysts
in Table 1, Table S2. Catalytic results during the ethane ODH over catalysts of AC-series. Table S3. Catalytic
results during the ethane ODH over catalysts of BC-series. Table S4. Catalytic results during the ethane ODH over
catalysts of CC-series. Table S5. Catalytic results during the ethane ODH over catalysts of DC-series. Figure S3.
Variation of the selectivity to ethylene with V-loading during the ODH of ethane over supported vanadium
oxide catalysts (AC, BC, CC and DC series) at an ethane conversion of: (a) 5%; and (b) 35%. Reaction conditions:
T =500 °C; ethane/oxygen/helium with a molar ratio of 4/8/88. Figure S4. Variation of the selectivity ethylene,
CO and CO,; with ethane conversion during the ODH of ethane over Al,O3-supported vanadium oxide catalysts
(V/Al series, prepared over commercial Al,O3 support). Reaction conditions: T = 500 °C; ethane/oxygen/helium
with a molar ratio of 4/8/88. Figure S5. Variation of the selectivity to formaldehyde (or formaldehyde +
DMM) left) and to DME (right) with methanol conversion during the aerobic transformation of methanol
over Al,Os-supported vanadium oxide catalysts (V/Al series: V(4 wt%)/Al and V(8 wt%)/Al), prepared over
commercial Al,O3 support). For comparison it has been also included the catalytic results for samples 4AC
and 8AC.
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