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Abstract

The investigation here presented studies the effect of the synthesis temperature (from 80
to 110 °C) and the time (from 1 to 4 days) employed to precipitate catalyst precursors by
reflux method, on the physic-chemical and the catalytic properties of the resulting Mo-V-
Te-Nb mixed oxide catalysts for both propane partial oxidation into acrylic acid and
ethane oxidative dehydrogenation (ODH) to ethylene. The insight obtained has allowed
an important optimization of the not commonly used reflux method to prepare Mo-V-Te-
Nb oxide materials with competitive catalytic performance. The yields achieved
overcome those from optimized catalysts prepared by conventional hydrothermal method,
and approach those reached with catalysts prepared using the “slurry method”. The
optimum rise for the synthesis temperature is found as a key factor for the reflux method.
It allows access to an increased vanadium content into the reflux precipitate, which favors
the formation of a pseudo-amorphous Mo-V-Te-Nb oxometallate. This precipitate
behaves as a precursor for the crystallization, during the solid-state activation step at high-
temperature (600 °C/N>), of the structure type (TeO)2M200s6 (M= Mo, V, Nb), key for the
selective conversion of propane. On the other hand, for the optimum temperature of
synthesis, i.e. 110 °C, higher synthesis time of the precursor leads to smaller crystal sizes
in the final catalyst (higher specific surface areas) and lowers the average oxidation state

of vanadium from V™ to V**, which significantly enhances the catalytic behavior.
g y
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1. Introduccion

Mixed metal oxides are important catalysts in partial oxidation of hydrocarbons [1-6].
One of the more important catalytic systems developed in the last two decades is the Mo-
V-Te-Nb mixed oxide system, effective catalysts for light hydrocarbons partial oxidation
reactions [1-7]. Especially relevant are their properties for the selective (amm)oxidation
of propane into acrylic acid or acrylonitrile [8-10] and the oxidative dehydrogenation of
ethane to ethylene [11, 12], both reactions addressed to substitute the corresponding
industrial processes based on olefins currently established [13-15]. The use of alkane
natural resources as raw materials, such as propane or ethane (present in LPG and NG),
instead of olefins (produced in high energy-consuming processes), intrinsically links to a

more sustainable technology [13, 15].

The preparation of the Mo-V-Te-Nb based catalysts takes place in two separated stages:
1) synthesis of the solid precursor, and 2) precursor solid-state activation at high
temperature. The so-called “slurry” [8-10, 16-21] and “hydrothermal” methods have been
commonly employed for the synthesis of the solid precursors. Also, spray-drying was
proposed for preparing catalyst precursors [22-24]. However, a final activation of
catalysts, a heat-treatment at ca. 600°C in an inert atmosphere, is needed for preparing the
actual catalysts [25, 26]. Additionally, a post-synthesis purification step can improve the
catalytic behavior of these catalysts [27]. Important changes in catalytic performance and
the nature of crystalline phases have been observed depending on the catalyst preparation
methods and/or the starting materials [8-10, 16-27]. In addition, small changes in the
physic-chemical characteristics of catalysts can be observed during the reaction [28].
Nevertheless, the use of the aforementioned synthesis methods has not brought significant
improvements to the catalytic performance of Mo-V-Te-Nb mixed oxide systems since

the first works published in the ‘90s [8-10].
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Despite their advantages, those traditional methods present restrictions that could be
limiting the development of materials with enhanced catalytic properties. Several years
ago, it was proposed the reflux synthesis as a promising alternative method to overcome
conventional methods restrictions [29]. With the reflux method, the desired atmosphere
can be established for the synthesis at temperatures above the boiling point of the solvent
(a feature shared by the hydrothermal method). Solvent loss by evaporation is prevented,
so the synthesis conditions and parameters depending on the solvent volume are always
under control. Moreover, it is possible to interact with the system at all times, monitoring
and tracking synthesis parameters (a feature shared by the slurry method). However, the
so far reported catalysts prepared by reflux require very long synthesis times (14 days)
and yet present not very competitive catalytic performance for propane selective

oxidation to acrylic acid [29].

Against this backdrop, a systematic study on the effect of key parameters for the synthesis
of Mo-V-Te-Nb oxides by reflux method, such as temperature and time of reflux to obtain
the precursor, is conducted in this work. The successful optimization of the corresponding
catalytic properties for the selective oxidative transformation of propane and ethane,

together with a drastic reduction of the synthesis times are presented as a result.

2. Materials and Methods

2.1. Preparation of metal oxides catalysts

Solid catalyst precursors were prepared by reflux at different temperatures (80, 100 or
110 °C) and synthesis times (1, 2 or 4 days), starting from aqueous solutions mixtures of
(NH4)6M07024-4H>O  (Merck), NH4VO3 (Aldrich), Te(OH)s (Aldrich), and

(NH4)2Nb2(C204)s (CBMM), keeping a constant molar ratio Mo/V/Te/Nb of



1.00/0.30/0.16/0.16 in the synthesis gel. The resulting precipitates were filtrated and
washed with distilled water, and finally dried in air at 100 °C for 12 h. Dried solids
(precursors) were thermally activated at 600 °C for 2h, in a N; stream (15 ml min™! flow),
giving rise to the final catalysts. The precursors have been named as L-t, M-t and P-t were
L, M and P correspond to samples prepared at the reflux temperature of 80, 100 and

[YTR4]
t

110°C, respectively; and “t” refers to the synthesis time (in days). The final catalysts, after
the thermal activation treatment above described, have been named with an “A” at the

end of the name used for their corresponding precursors.

2.2. Characterization of solids

The chemical analysis of the solids has been performed by inductively coupled plasma

atomic emission spectrometry (ICP-AES).

The specific surface areas have been determined by the BET method from N> adsorption
isotherms at 77 K measured in a Micromeritics TriStar 3000 instrument. A desorption
treatment at 400°C (heating rate of 10 °C min™') for 1h under a high vacuum range was

conducted for every sample just prior to the BET analysis.

X-ray diffraction (XRD) patterns of powder solids were collected with a PANalytical
CUBIX instrument equipped with a graphite monochromator, employing Cu Ka radiation
(A=0.1542 mm) and operated at 45 kV and 4 mA. Distribution of crystalline phases
forming the catalysts was calculated by Rietveld refinement of the XRD patterns

employing X Pert Highscore Plus software.

Solids imagery by field emission scanning electron microscopy (FESEM) was performed

using a JEOL JSM 6300 LINK ISIS instrument, equipped with an energy dispersive X-ray



analyzer with which chemical composition microanalyses of selected areas were

implemented.

UV-vis diffuse reflectance spectroscopy measurements of the solids were carried out

within the 200-800 nm range using a Varian spectrometer model Cary 5000.

Temperature programmed reduction (TPR) experiments were performed using a
Micromeritics Autochem 2910 instrument. The analyses were carried out with 50 ml min
! total flow of a Ho/He mixture (5% Hz) on 50 mg of catalyst, within the 100-700 °C
temperature range (heating rate of 10 °C min™!) and employing a thermal conductivity
detector (TCD). A pre-treatment flowing Ar (50 ml min™) for 30 min was conducted for

every sample.

Photoelectron spectra (XPS) were recorded on a SPECS spectrometer with a 150 MCD-
9 detector and using a nonmonochromatic Al Ko (1486.6 eV) X-ray source. Spectra were
recorded using an analyzer pass energy of 30 V, an X-ray power of 100 W, and operating
pressure of 5x107'° Torr. Spectral treatment was performed using the CASA software.

Binding energies (BE) were referenced to the C 1s peak at 284.5 eV.

2.3. Catalytic Studies

A fixed-bed tubular quartz reactor was utilized to study the catalytic properties of the
different Mo-V-Te-Nb oxide catalysts [11, 19]. The catalytic tests in both the partial
oxidation of propane and the oxidative dehydrogenation of ethane were performed within
the temperature range of 340-440 °C. A particle size range of 0.3-0.5 mm was established
for the catalysts during the catalytic tests, the mass of which was varied to obtain catalytic
results at different contact times. The reaction feed consisted of a mixture of
C3Hg/O2/H20/He (propane oxidation) or C2He/O2/He (for ethane ODH) with a molar ratio
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of 4/8/30/58 or 9/7/84, respectively, employing a total flow of 50 ml min™! [11, 19, 38].
Reactants and products were analyzed online employing a gas chromatograph equipped
with two columns (3m length Molecular Sieve 5A; and 3m length Porapak Q) and a TCD
detector. As the amount of sample employed largely varies depending on the experiment,
the catalysts have been diluted with silicon carbide to keep a constant volume for the
catalytic bed. Blank reaction experiments with no catalyst in the reactor tube showed no
conversion within the reaction temperature range 340-440 °C tested. In all cases, carbon

balances were 100 £ 4%, irrespective of the catalyst type and mass used.

3. Results and Discussion

3.1. Study of Catalyst Precursors

Powder XRD patterns of the precipitates obtained by reflux at different temperatures (80,
100 or 110 °C) and synthesis times (1, 2 or 4 days) appear very similar among them
(Figure 1), with broad and low-intensity peaks indicative of solids with short-range
periodic order. All XRD patterns display bands centered at 26 angles of 22 and 28 °, which
appear as main diffractions in some molybdates with perovskite-type derived structure
[23, 30]. Concretely, similar XRD patterns have been reported for Mo3.sVWo.5014, which
was called a semi-crystalline Mo—V based oxide [23]. By HR-TEM investigations, H.
Hibst and co-workers characterized the MosO14-type derived phase Mo3.sVW.5014 as an
intergrowth of different oxidic bronze structures with different channel sizes and without
any long-range order in the a and b planes [23]. The authors described the structural
motifs as an analog to another real structure based on ReOs-blocks intergrowths with
corner-shared NbOg octahedra, showing different block sizes and no long-range order in

a and b planes. Despite the similitude in the position of the diffraction bands between



Mo35VWo.5014 structure and our reflux precipitates, the former present a higher relative
intensity for 22 ° 20 peak, and the presence of resolved peaks within the band from 40 to
60 ° 20. Diffraction peak at 20 = 22 ° corresponds to the typical 4A distance between

consecutive [001] planes of Mo cations in oxygen octahedral coordination [17].

In general, no important difference is appreciated among the diffraction patterns of
precipitates as a function of temperature and/or time of reflux synthesis. Nevertheless, the
presence of a small low angle peak (26 = 8 °) seems to be slightly favored at increasing
synthesis times and lower temperatures. This low angle peak has been observed in
Keggin-type structure polyoxomolybdates with NH4*, H" and/or K* compensation cations
[31-33]. The diffraction peak at 26= 28° has been also observed in polyoxometalate
structures [34]. Regardless of the above, no conclusive statement can be done on the

accurate structure/s present in the reflux precipitates from XRD results.

Notwithstanding the XRD similarities among all reflux precipitates obtained, significant
differences are observed in their chemical composition (Table 1) as a function of synthesis
time and especially of reflux temperature. Thus, the maximum variation is observed when
comparing V/Mo and Te/Mo molar ratios between precipitates obtained at the lowest and
highest temperature, i.e. at 80 and 110 °C. With respect to the changes in V and Te
contents as a function of time, they are especially relevant at 80 °C, gradually becoming
less significant as increasing the reflux temperature. In general, variations in the Nb/Mo

molar ratio are less significant.

For the reflux precipitates prepared at 80 °C, the content in both V and Te appears favored
with the synthesis time, while the Nb slightly decreases. Concretely, the V/Mo molar ratio
in the reflux precipitates is almost doubled (from 0.6 to 0.11) and that of Te/Mo increased

more than 30% (from 0.16 to 0.21) as going from 24 to 96 h of synthesis at 80 °C.



Contrarily, the Nb/Mo molar ratio decreases ca. 20 % from 24 to 48 h remaining relatively

constant at higher synthesis time.

The incorporation of either V or Te in the reflux precipitate appears favored as increasing
the reflux temperature as well, although the dependence with the synthesis time at the set
temperature is gradually vanishing. Thus, in contrast with the precipitates at 80 °C,
extending the synthesis times at 110 °C induced no significant correlation nor variation
of V/Mo or Te/Mo molar ratios in the resulting precipitate (Table 1). Nevertheless,
moving from 80 to 110 °C for the same synthesis time of 1 day leads to a ca. 60 %
increment in the Te/Mo molar ratio and triples that of V/Mo in the resulting precipitate.
Regardless of the synthesis time, Te/Mo and especially V/Mo values in 110 °C

precipitates are not even achieved with the longest synthesis times at 80 °C.

These changes in the chemical composition among solids precipitated by reflux at
different temperatures and synthesis times (table 1) are reflected in relevant morphology
variations. Thus, two differentiated morphologies are present in precursors with V/Mo
molar ratio bellow 0.16: 1) micrometer-scale rod-shaped crystals, and ii) amorphous-like
conglomerate formed by aggregated nanometer-scale clusters. As a case in point, a
FESEM micrography of the precipitate for 4 days at 80 °C (sample L-4) is displayed in
Figure 2. On the other hand, only amorphous aggregates are observed in precursors with
V/Mo molar ratio > 0.16, where crystalline rod-shaped particles are hardly found, as

shown eg. in FESEM micrographs of M-4 and P-4 samples (Figure 2).

The study of the chemical composition by EDAX of selected areas in FESEM
micrographs, reveals a common enrichment of vanadium in all amorphous aggregates
(average V/Mo molar ratio of 0.17), regardless of the reflux temperature, compared with

the crystalline rod-shaped structures where vanadium is absent or hardly present (average



V/Mo molar ratio of 0.05). With respect to the Te/Mo molar ratio, it remains equivalent
between both morphologies, with variable values within the 0.16-0.21 range.
Nevertheless, a marked tendency for higher Nb content is found in the V-rich amorphous
particles (0.24 average Nb/Mo molar ratio) compared with the rod-shaped long crystals

which are poor in vanadium (0.17 average Nb/Mo molar ratio).

3.2. Characterization of Catalysts

The actual samples used as catalysts for propane partial oxidation reaction, which will be
discussed later, result from the thermal activation treatment (600 °C/2h in N; stream) of
the precipitates by reflux. In contrast with the low crystallinity observed by XRD for the
precursors (Figure 1), their thermal activation gives rise to the formation of well-defined
crystalline phases (Figure 3). The distributions of solid phases, calculated by Rietveld
refinement from the catalysts XRD patterns, are displayed in Table 1. The L-1A catalyst,
derived from the lowest both reflux temperature and synthesis time, mainly contain
crystalline phases type Ms5014 (45%) [JCPDS: 31-1437] and TeM5016 (18%) [JCPDS: 31-
0874], as well as a significant amount of amorphous solid (38%). This catalyst presents
no trace of (TeO)2M>200s6 structure [JCPDS: 18-582], the so-called M1 phase, directly
related with the selective conversion of the alkane [10, 11, 16-29]. As increasing the time
used to prepare the precursor at 80 °C reflux, the content in TeMs01¢ structure grows up
and the M1 phase starts gradually emerging in the resulting catalysts (samples L-2A and
L-4A), while M504 and especially amorphous solids recede (Table 1). Moving the reflux
temperature from 80 to 100 °C, at equivalent synthesis times, also enhances the content
of M1 phase in the final activated catalysts, even more drastically than extending the

synthesis time. Thus, the precursor precipitated for 1day reflux synthesis at 100 °C leads
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to a final activated catalyst (sample M-1A) with M1 phase amount slightly above that for
the catalyst derived from 4 times longer synthesis at 80 °C (sample L-1A). Something
similar occurs with the 110 °C synthesis, where the catalyst derived from the shortest
reflux time (sample P-1A) equals and doubles the M1 phase content of catalysts from 4
times longer synthesis at 100 and 80 °C, respectively. However, for the case of 110 °C
precursor synthesis, the time-dependent effect on the M1 phase amount in the resulting
activated catalyst (increments < 5%) is not so strong than for 80 and 100 °C syntheses.
On the other hand, no Teo33MO333 (the so-called M2 phase: M= Mo, V, Nb) has been
observed in these catalysts, regardless of the synthesis conditions. In this way, we must
indicate that this phase is usually observed in Mo-V-Te-Nb-O catalysts prepared by
coprecipitation [10, 16-18], but not frequent when the catalysts are hydrothermally

prepared [16, 19-21].

Heat-treated samples of L- and M-series (i.e. samples prepared at 80 and 100°C,
respectively) are characterized by the presence of Raman bands at ca. 936, 860, 796, 459,
340 and 240 cm’!' with shoulders at 684 and 994 cm™ (Fig. S1, in supplementary
information). Bands at, 936, 860, and 684 cm ™! have been attributed to Ms014 crystallites
(with M= Mo, V, W) [35, 36]. The shoulder at ca. 990 cm ™! can be assigned to stretching
vibrations of terminal Mo=0 and V=0 bonds [37]. In the case of P-series catalysts,
especially that from 4 days precursor precipitation (P-4A), the Raman spectra show the
main presence of bands at 872 and 478 cm™' (also observed as minority ones in M-series
catalysts) which have been related to M1 phase [38]. In this way, it has been proposed
that in the case of M1 phase, the bands at 770-880 cm™! appear in a typical regime of
asymmetric cation—O—cation bridge stretching modes, while the low-frequency band (at
ca. 470 cm™!) appears in a typical regime of the symmetric one [38]. Although Raman
spectra confirm the XRD results, still provide meaningless information about the nature
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of non-crystalline phases. Anyway, the amorphous content is a minority in the case of

catalysts mainly presenting M1 phase (i.e. P-4A).

Comparing the results from chemical composition analyses of the precursors and the
distribution of phases in the catalysts, a direct relation is found between the incorporation
of vanadium in the precursor and the formation of M1 phase upon thermal activation.
Figure 4 displays a linear correlation between the percentage of M1 phase present in the
catalysts and the V/Mo molar ratio in the corresponding precursor, with a limit apparently
established from 0.16 V/Mo values. At this point, it should be reminded that V
incorporation in the precursor (Table 1), favored for longer synthesis time and especially
for higher reflux temperature, was preferentially observed (EDAX-FESEM) in the
amorphous-like aggregates. Accordingly, the higher the V/Mo molar ratio in the precursor
the higher the presence of amorphous-like conglomerate observed by FESEM, compared
with the V-free rod-shaped crystals (Figure 2). A maximum is reached for the highest

V/Mo values > 0.16, where long crystals cannot be found by FESEM.

Although it is coherent the buffered growth of M1 phase in the catalysts derived from 110
°C precursors whose V/Mo molar ratios (within 0.16-0.17) are not gradually increasing,
the correlation in Figure 4 does not explain the even small but significant increment of
the cited active phase in these samples. Instead, XPS results of these catalysts from P-
series (i.e. those derived from 110 °C synthesis) seem to shed some light on the issue
(Table 2), since the synthesis time for the reflux synthesis at 110 °C shows to have an
important effect on the electronic configuration of the elements near the surface of the
resulting catalyst. The most relevant effect is observed for vanadium. Thus, a minority +4
oxidation state (16% V™) in the P-1 catalyst, derived from 1 day reflux precipitate, is
drastically inverted as increasing the precursor synthesis time, to become the major

oxidation state in the catalysts derived from 2 days and 4 days reflux precipitates, with
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64% and 83% V™, respectively. Regarding the Te and Nb near surface in the catalysts
derived from 110 °C reflux precipitates, they mainly appear as Te™ and Nb*>. Both
elements undergo definitive stabilization in their respective electronic configurations
near-surface of the catalyst from the 48h reflux synthesis (P-2A catalyst). Thus, the
mixed-valence Te** and Te*® present in the P-1A catalyst is completely reduced to Te™ in

the P-2A catalyst, while niobium as Nb>" was only observed (Table 2).

In Table 2 are shown also some redox features determined for the catalysts derived from
precursors prepared at 110 °C (P-series). Redox potentials were calculated from the
corresponding bandgap energy, i.e. the energy needed to promote an electron from the
valence band into the conduction band. The bandgap energies have been obtained from
the diffuse reflectance UV-vis spectra of the catalyst, representing the Kubelka-Munk
equation as a function of the UV-vis adsorption energy measured, and extrapolating to the
intersection point with the “x” axis where the given function is zero (Figure 5) [10]. Thus,
redox potentials determined for the catalysts derived from 110 °C precursors are lower as
increasing the synthesis time of the precursor, i.e. the catalyst is more reduced, so that it
has less tendency to be reduced and therefore less oxidant character. This trend is
confirmed by the results from temperature-programmed reduction with H> (H2-TPR) of
the catalysts P-1, P-2 and P-4, which present increasing temperature for the maximum of
reduction, i.e. 504, 514 and 527 °C, respectively (Table 2, and Fig. S2 in supplementary

information).

The lower vanadium oxidation state observed by XPS for the P-series solids (Table 2) as
increasing the synthesis time of the precipitate is in good agreement with the redox
potentials (Table 2, Fig. 5) and the results of H>-TPR (Table 2, Fig. S2 in supplementary

information).
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On the other hand, higher reflux temperatures and longer synthesis times give rise to final
catalysts with proportionally increased surface areas (Table 1). Although in general, the
areas are low, it is quite significant the gradual increment as increasing either temperature
or time for the precursor precipitation by reflux synthesis (Table 1). Thus, the catalyst
surface area is doubled as extending the synthesis time from 1 day to 4 days to prepare
the precursor at 110 °C (P-series). Accordingly, FESEM micrographs of these catalysts
(Fig. 6) show the averaged crystal size is significantly reduced in the catalyst derived
from the precursor prepared at 4 days (P-4 catalyst), which confirms the reliability of the

surface area results, at least in relative terms.

3.3. Catalvtic tests for propane oxidation and ethane oxidative dehydrogenation

The catalytic properties of these materials have been studied for the selective oxidation
of propane to acrylic acid and for the oxidative dehydrogenation (ODH) of ethane within

the 340-440 °C temperature range.

For propane partial oxidation, acrylic acid, propylene, acetic acid and carbon oxides are
the main oxidation products (sum > 97 % of total products) (Table S1). Acrylic acid
appears as the main reaction product at alkane conversions above 20%, in all cases. On
the contrary, lower propane conversions favor the production of propylene, as
corresponds to its primary product condition. Acetic acid and COx, products involving C-
C bond breaks, are more favored as the alkane conversion increases [14-21, 24]. The main
catalytic results for propane partial oxidation are summarized in Figure 7a, which
comparatively displays propane conversion and yield of acrylic acid for the most
representative catalysts. In general, enhancements of both catalytic activity (propane

conversion) and yield of acrylic acid are observed as increasing the reflux temperature
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and synthesis time employed to precipitate the catalyst precursor. In the case of the
catalysts derived from 80 °C reflux precipitates (with minority active phase, M1) the
catalytic activity observed is very low (< 10 %), while the catalysts from 110 °C reflux
precipitates (with the richest M1 phase contents) show the highest propane conversions
and acrylic acid yields. Thus, the improvement in the propane selective conversion into
acrylic acid over catalysts prepared at increased temperature and time of the precursor
reflux synthesis is consistent with the enrichment of M1 active phase in the catalysts.
Nevertheless, either alkane conversion or acrylic acid yield appears not proportional to
the M1 phase content in the catalysts. Indeed, the variation of propane conversion with
M1 phase content displayed in Figure 7b shows no linear correlation. Instead, the
correlation presents an asymptotic behavior, with M1 phase reaching a maximum limit
around 70%. Especially characteristic is the strong enhancement of catalytic activity
observed for the catalysts derived from 110 °C synthesis as extending the reflux time to
96h (4 days), which cannot be explained with the small increment of M1 phase around

the asymptotic limit (Figure 7b).

However, the gradual increased specific area (up to > 100%) along with the progressive
drop in the redox potential (up to ca.50%), as moving from 1 to 4 days precursor
synthesis, do appear to properly correlate with the outcoming doubled conversion and

yield for propane partial oxidation to acrylic acid.

In the case of ethane ODH, ethylene, carbon monoxide, and carbon dioxide were only
observed as reaction products, with a carbon balance of ca. 100 %. The most
representative results, related to ethane conversion and yield to ethylene, are summarized
in Figure 8a. All catalysts presented a selectivity to ethylene higher than 95% at a
conversion of ethane lower than 30%, which agrees with previous catalytic results on Mo-

V-Te-Nb-O mixed oxides reported as catalysts prepared hydrothermally [10, 11, 22] or

15



by co-precipitation [38, 39]. The presence of crystalline phases such as M504 or TeM5016
(M= Mo, V, Nb) has no influence in both ethylene formation and ethylene combustion
[38]. On the other hand, a parallelism between the propane partial oxidation and the
ethane ODH is also observed, in agreement with previous results [38, 39]. In this way,
although the key role of the M1 phase in the activity and the selectivity during both
propane and ethane partial oxidation is clear, again no linear proportionality is found
between the amount of M1 phase in the catalyst and the alkane conversion. Thus, the
variation of ethane conversion with the M1 phase content displayed in Figure 8b shows a

similar asymptotic behavior than that for propane conversion (Figure 7b).

4. Conclusions

A new synthesis method, based in reflux precipitation, is presented for developing
complex Mo-V-Te-Nb mixed oxide catalysts. From the study about the effect of
temperature and time for the synthesis of the catalyst precursor by reflux precipitation, a
direct correlation can be established between the vanadium incorporation into the reflux
precipitate and the rise of the synthesis temperature. Vanadium appears selectively
incorporated into amorphous-like aggregates, favoring their formation versus rod-shaped
crystals as increasing the vanadium content in the reflux precipitate. The higher the V/Mo
molar ratio in these precursors the larger the amount of M1 active phase in the resulting

activated catalyst.

Although vanadium incorporation into the reflux precipitate is also induced with longer
synthesis time, the access to certain V/Mo molar ratios appears strictly conditioned by the
temperature of the reflux synthesis. Thus, synthesis temperatures higher than 100 °C are

needed to obtain precursors with high enough V/Mo molar ratios leading to a major
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formation of M1 active phase (> 60%) in the final catalysts. The largest amount of M1
active phase has been obtained for an optimum reflux temperature of 110 °C. Longer
synthesis times at 110 °C give rise to smaller crystal sizes in the final catalysts (higher
surface area) and lower redox potentials mainly due to the reduction of V*° to V**, which
together result in a significant improvement of the catalytic properties, especially for the
propane selective oxidation into acrylic acid. The optimum results have been achieved
with the P-4A catalyst (i.e. from a precursor synthesis carried out at 110 °C for 4 days),
exceeding 75% selectivity to acrylic acid from 20% to 50 % propane conversion at 400°C
(Figure 9). For the first time, a competitive catalytic performance in propane selective
oxidation to acrylic acid has been achieved with catalysts prepared employing the reflux
method, thereby overcoming by far the shortfalls from our former pioneering work [29].
Thus, it is demonstrated by comparing with the best catalytic results obtained with Mo-
V-Te-Nb mixed oxide catalysts from previously reported investigations using optimized
hydrothermal- or slurry-synthesis methods, as shown in figure 9.

Accordingly, the optimum results for ethane ODH were achieved on the same P-4A
catalyst, showing a selectivity to ethylene above 95 within the 20-50 range of ethane
conversion at 400°C. In both cases there is a parallelism between the amount and optimum
physicochemical characteristics of the M1 phase and the yield to acrylic acid (from

propane) or to ethylene (from ethane).
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Table 1. Synthesis conditions and chemical composition of the reflux precipitates and characteristics of catalysts.

Precursors Heat-treated samples (catalysts)
Sample Synthesis Composition (ICP) ? Sample Surface XRD results

Conditions area

VMo Te/Mo Nb/Mo (m* g) xlise MO, TeMO,, N.C.

L-1 80°C/1 day 0.06 0.16 0.27 L-1A 0.1 <1 45 18 38
L-2 80°C/2 days 0.08 0.20 0.23 L-2A 0.7 15 21 36 27
L-4 80°C/4 days 0.11 0.21 0.22 L-4A 1.4 32 20 39 9
M-1 100°C/1 day  0.13 0.23 0.27 M-1A 0.8 38 39 10 12
M-2 100°C/2 days  0.14 0.24 0.26 M-2A 25 55 24 8 13
M-4 100°C/4 days 0.16 0.26 0.28 M-4A 4.2 64 20 6 11
P-1 110°C/1 day  0.17 0.25 0.29 P-1A 2.0 64 18 4 14
P-2 110°C/2 days 0.16 0.25 0.27 P-2A 3.6 69 7 4 20
P-4 110°C/4 days  0.17 0.22 0.24 P-4A 4.6 73 3 5 19

a) Chemical composition of solid precursors measured by AES-ICP and expressed as molar ratio normalized with respect
to Mo content. Only the significant digits without error are displayed (the measuring errors are < 2%).

b) % of amorphous (N.C.) and crystalline phases: Ms5014 (M= Mo,V,Nb) [JCPDS: 31-1437]; TeMs016 (M= Mo,V,Nb)
[JCPDS: 31-0874]; M1 phase: (TeO)2M200s6 (M= Mo, V, Nb) [JCPDS: 18-582]; determined by Rietveld refinement from
XRD patterns.
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Table 2. XPS results and redox properties of catalysts derived from 110°C reflux precipitates (P-series) at different synthesis time.

Catalyst XPS MeYMrt (XPS) P DRS-UV-vis H>-TPR

Egap Pred Tred
Mo/V/Te/Nb ? v+ Te**  Nb*s

eV)e  (1/eV)d  (C)°

P-1A 1/0.09/0.38/0.29 0.16 0.73 0.67 1.1 0.91 504
P-2A 1/0.10/0.32/0.28 0.64 1 1 1.2 0.83 514
P-4A 1/0.09/0.36/0.26 0.83 1 1 1.9 0.53 527

3 Atomic ratio; ® M““/Mr, atomic ratio between the specific metal cation and the total amount of the element in all the
oxidation states found: V(V) + V(IV), Te(VI) + Te(IV) and Nb(V); © Egap, Bandgap energy value taken as the intersection
point with the x-axis (absorption energy) of the Kubelka-Munk function for a null value of the given function
[F(Roo)hv]?=0. Kubelka-Munk equation represented as a function of the absorption energy measured in diffuse
reflectance UV-vis spectrum in Fig. 5; 9 Pyeq, redox potential, the inverse of the bandgap energy; © Treq, the temperature at
the maximum of the H>-TPR curve.
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Caption to figures

Fig. 1. Powder XRD patterns of precipitates obtained by reflux at temperatures of 80 (L-
series), 100 (M-series) or 110 °C (P-series), and time of synthesis of 1, 2 or 4 days.

Fig. 2. FESEM images of reflux precipitates obtained by 4 days reflux synthesis at: 80
°C (sample L-4), 100 °C (sample M-4) or 110 °C (sample P-4).

Fig. 3. XRD patterns of the catalysts (600 °C/N» treatment) derived from precursors
precipitated by reflux at different temperatures (80 °C, L-series; 100 °C, M-series;
110 °C, P-series) and synthesis time (1, 2 or 4 days). Key to symbols for the
majority phases present: (0) Ms014 [JCPDS: 31-1437], (A ) TeMs5016[JCPDS: 31-
08741, (*) (TeO)2M200s6 [JCPDS: 18-582]; (M: Mo, V, Nb).

Fig. 4 Correlation between the V/Mo molar ratio measured by ICP-AES in reflux
precipitates (catalyst precursors) and the content of (TeO)2M>0Os6 structure (M=
Mo, V, Nb) [JCPDS: 18-582], the so-called M1 phase, in the final activated
catalysts (determined by Rietveld refinement of XRD patterns).

Fig. 5. Kubelka-Munk equation [F(Roo)hv]"? as a function of the absorption energy
measured in the diffuse reflectance UV-vis spectra of the catalysts obtained from
precursors precipitated by reflux at 110 °C for 1, 2 or 4 days (catalysts P-1A, P-
2A, and P-4A, respectively).

Fig. 6 FESEM images of catalysts directly derived from thermal activation of precursors
precipitated by reflux synthesis at 110 °C for 1 and 4 days: P-1A and P-4A
catalysts, respectively. Comparatively, the L-4A catalyst is also included (derived
from 80 °C/4 days reflux precipitate).

Fig. 7. a) Propane conversion and yield of acrylic acid obtained during the partial
oxidation of propane over catalysts derived from precipitates at different reflux
temperatures and synthesis times. b) Variation of propane conversion with M1
phase content in the final catalyst (Table 1). Reaction conditions for propane
partial oxidation: temperature= 380 °C; contact time, W/F= 814 gc, h™! (molcsns)
1.

Fig. 8. a) Ethane conversion and yield of ethylene obtained during the ethane ODH over

catalysts derived from precipitates at different reflux temperatures and synthesis
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Fig. 9.

times. b) Variation of ethane conversion with M1 phase content in the final catalyst
(Table 1). Reaction conditions for ethane ODH: temperature= 440 °C; contact
time, W/F= 156 gcat h™! (molcsus)™!.

Variation of the selectivity to acrylic acid (AA) with the propane conversion for
the best performing catalyst from the present work: (e) sample P-4A, derived
from 110°C/4 days reflux synthesis. Comparatively, results for representative Mo-
V-Te-Nb mixed oxide catalysts with the most optimized catalytic performance
derived from previously reported investigations are included: (o) 80°C/14-days
reflux synthesis [29], (0) 175°C/2-days hydrothermal synthesis [40], (W) 80°C/2-
hours slurry synthesis using evaporation to dryness precipitation [40]. All catalysts

were tested using the same reaction system.
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