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This paper describes the activation and catalytic performance of a multifunctional catalyst consisting of mixed
oxides of vanadium and molybdenum supported on an acidic ZSM-5 zeolite. The zeolite was wet-impregnated
with an aqueous solution containing a mixture of NH,VO5 and (NH,4)sMo,0,, precursors at a V/(Mo + V) molar
ratio of 0.6. Evolution of the phases during activation (by calcination under 20% O,/He) was followed by
synchrotron X-ray diffraction (XRD), but detection of mixed oxides of Mo,V,0, was difficult, due to the high
degree of dispersion on the zeolite surface. On the other hand, X-ray absorption spectroscopy (XAS) performed
simultaneously at the Mo and V K-edges enabled confirmation of formation of the MoV,0g phase on the acidic
ZSM-5 zeolite. The combination of the MoV,0g phase and the zeolite acid sites produced a highly active catalyst
for gas phase glycerol dehydration-oxidation coupled reactions in which acrylic acid was the main product. The
multifunctional catalyst presented only 6% of deactivation during a period of 8 h under glycerol stream, while
the activities of the bulk mixed oxide and the pure ZSM-5 zeolite decreased by almost 20 and 31%, respectively.

1. Introduction

The depletion of non-renewable energy feedstocks, together with
their environmental impacts, has motivated the search for eco-friendly
alternatives to substitute fuels produced by the petrochemical industry.
The development of green processes to obtain compounds such as ac-
rolein and acrylic acid from glycerol has attracted much attention
globally, due to the co-production of glycerol in the transesterification
reactions of vegetable oils [1-9].

Glycerol dehydration-oxidation reactions for the formation of ac-
rylic acid occur in two steps (Scheme 1). The first step involves the
double dehydration of glycerol on acid sites, with 3-hydroxypropanal
and acrolein as the first and second intermediates, respectively. In this
step, there is a relation between the Brgnsted acid sites of the catalyst
and the formation of acrolein [9], as observed for niobium catalysts by
Foo et al. [10]. Glycerol is also dehydrated to acetol at Lewis acid sites,
with a linear correlation having been observed between the con-
centration of Lewis acid sites and acetol production [10]. In another
study performed with zeolites, a cooperative effect between Brgnsted
and Lewis acid sites was suggested to provide high acrolein selectivity
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[11]. In any case, the formation of acrolein is favoured on catalysts
containing Brgnsted acid sites.

The second step is the oxidation of acrolein to acrylic acid. In order
for these reactions to occur in a single catalytic bed, it is necessary to
use bifunctional catalysts that possess acid and oxidative properties
[12-14]. For instance, vanadium oxides supported on highly acidic
zeolites, or bare mixed oxides (of Co, Fe, V, Mo, or W) possessing both
acid and oxidative sites [15-19], have been successfully used in gas
phase reactions for glycerol conversion [20-24]. In the case of W-Nb-O
catalysts, only acrolein is produced, while acrylic acid is also produced
when W-Nb-V-O catalysts are used [25]. According to Omata et al. [25],
there is a relation between the Brgnsted acid sites and the concentration
of vanadium in W-Nb-V-O catalysts that can be exploited in order to
provide high selectivity to acrylic acid, under a suitable oxidizing at-
mosphere.

The use of oxides of vanadium and molybdenum in this reaction has
been highlighted due to the versatility of the formation of crystalline or
amorphous phases in the course of the reaction, with the redox cycle of
the active sites providing effective oxidation of acrolein to acrylic acid
[15-17]. A major problem concerning the bare mixed oxides of
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Scheme 1. Coupled dehydration-oxidation of glycerol.
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vanadium and molybdenum is their low acidity, because high acidity is
essential in the first dehydration step. Zeolites are good candidates for
use in the reaction, since they possess strong Brgnsted acid sites.
However, the main drawback of pure zeolites is that there is the for-
mation of not only acrolein, but also heavier polymeric compounds
such as polyaromatics and/or polyglycols [26].

In a publication of 2015 [26], it was shown that V,05 supported on
acidic ZSM-5 zeolite provided a combination of acid and oxidizing sites
that made it possible to produce acrylic acid in a single step, without
significant formation of deactivating carbonaceous residues. The ex-
planation for the observed resistance against deactivation was based on
the proximity of the acid and redox active sites, which enabled con-
tinuous oxidation of undesired monomeric coke residues, prior to their
polymerization. Furthermore, an optimal thermal balance was provided
by coupling of the exothermic acrolein oxidation with the endothermic
dehydration.

More recently [27], it was shown that pure mixed oxides of
Mo, V,0, were 3.5 times more active than the single metal oxides V,05
and MoOs, because the structure of the mixed oxide affected the nearby
metal valence of vanadium. As a result, dynamic changes in the oxi-
dation state of the metal during the catalytic reaction created sponta-
neous oxygen vacancies that participated in the reaction by supplying
oxygen atoms for the oxidation of acrolein.

This study contributes to understanding the dehydration-oxidation
reactions of glycerol to produce acrylic acid, by exploring the combined
catalytic activity of two important catalysts for this reaction: mixed
Mo,V,0, oxides supported on acidic ZSM-5 zeolite. During the activa-
tion step, consisting of oxidative thermal treatment of the impregnated
precursors, time-resolved synchrotron radiation X-ray diffraction and X-
ray absorption measurements were performed in order to elucidate the
structures of the active species formed using the different catalysts. The
catalytic activities of the materials in the formation of acrylic acid were
evaluated, together with their long-term stabilities. Finally, the for-
mation of coke responsible for deactivation was studied for the different
spent catalysts.

2. Experimental
2.1. Preparation of catalysts

The ZSM-5 zeolite in ammonium form (NH,*-ZSM-5, with Si/Al
molar ratio of 40) was kindly provided by Zeolyst. The Mo-V-ZSM-5
catalyst was obtained by simultaneous wet impregnation in aqueous
solutions of NH4VO3; and (NH4)sMo0,054 (0.05mol/L), maintaining a
Mo/(Mo + V) molar ratio of 0.6, as described in a previous study [27].
The volumes of the solutions containing the precursors were calculated
in order to obtain a (Mo + V)/Al molar ratio of 5.5 (Al stands for zeolite
framework aluminium). The mixtures were stirred at room temperature
for 1h, followed by evaporation of the water in a rotary evaporator.
The dry material was calcined at 500 °C (with heating at 10 °C/min) for
2h, under a flow of air, resulting in the Mo,V,0,/H*-ZSM-5 catalyst
(denoted Mo-V-ZSM-5). Vanadium oxide and molybdenum oxide
supported on the zeolite (V-ZSM-5 and Mo-ZSM-5, respectively) were
also prepared using a metal/Al ratio of 5.5. Bulk unsupported Mo,V,0,
mixed oxide was prepared as described previously [27], using a
Mo/(Mo + V) molar ratio of 0.6.

2.2. Characterization of the catalysts

The crystalline phases of the calcined samples were identified from
powder X-ray diffractograms acquired using a Siemens D5000 dif-
fractometer, with Cu-Ka radiation selected by a curved graphite
monochromator. Data were collected in the 26 range from 7° to 60°,
with a scan step of 0.01° and counting time of 4 s per step.

In situ powder X-ray diffraction analysis was carried out during
heating of the Mo-V-ZSM-5 precursor under a flow of 20% O, in He, at
the XPD beamline of the Brazilian Synchrotron Light Laboratory
(LNLS). The XPD beamline had a Huber 4 + 2-circle diffractometer
equipped with an Eulerian cradle (Model 513), positioned around 13 m
from the double-bounce Si(111) monochromator (A = 0.1377 nm)
[28]. Data were collected in high resolution mode, employing a Si(111)
analyzer crystal and a Mythen detector. The thermal treatment was
performed from room temperature up to 500 °C, with a heating rate of
5°C/min, under a 60 ml/min flow O, in He. Each diffraction pattern
was obtained in the 26 range from 20 to 30°, and required 2 min. A wide
range scan from 7 to 60° should be used for a more precise phase
analysis. However, the use of a heating ramp of 5°C/min made it im-
possible to achieve sufficiently high time resolution to follow the
transitions between the crystalline phases. Previous scans of a few re-
gions indicated that the 26 range from 20 to 30° was most appropriate
for providing a satisfactory compromise between the quality of the
refinement and the number of acquired scans.

27Al NMR spectra of the zeolites were acquired using a Varian
INOVA 500 spectrometer equipped with a 7 mm probe and operated at
4.5kHz. The experiments were performed using a spinning rate of
78.2 MHz, acquisition time of 15.4 ms, pulse width of 2.4 s, and re-
cycle delay of 0.1s. The ?’Al chemical shifts were referenced to an
aqueous solution of AI(NO3)s (1 mol/L). Each spectrum was the result
of 256 scans.

X-ray absorption spectra at the vanadium (5465eV) and mo-
lybdenum (20 keV) K-edges were obtained simultaneously during cal-
cination of the catalyst precursors, using the edge jumping capability of
the Quick-EXAFS ROCK beamline at the French SOLEIL synchrotron
[29]. Si(111) and Si(220) channel-cut crystals were used alternately as
monochromators for the V and Mo K-edges, respectively. For each edge,
a frequency of 2 Hz was selected for the crystal oscillation (amplitudes
of 3.9° for the Si(111) channel-cut and 0.9° for the Si(220) channel-cut),
allowing the acquisition of two spectra, each of 0.25s (one with in-
creasing energy and the other with decreasing energy). Consecutive
spectra (obtained with decreasing energy) saved during 35s at each
edge were merged in order to improve the signal/noise ratio. The ex-
periments consisted of in situ decomposition of the supported vanadium
and molybdenum precursors during heating from room temperature to
500 °C, at 10 °C/min, under a flow of He/O, (gas ratio of 20/80). The
decomposition products formed during the calcination were also
monitored using an on-line quadrupole mass spectrometer (Cirrus,
MKS) connected to the cell by a 2m heated silicon capillary tube.
Considering the heating rate of 10 °C/min and the times for data col-
lection and for jumping from one edge to the other, the temperature
difference between successive measurements at a given edge was about
25 °C. The mass spectrometry monitoring evidenced the formation and
evolution of reaction products within a shorter temperature range, so it
was decided to repeat the quick-EXAFS monitoring at the Mo K-edge,
with no jump at the V K-edge, in order to obtain a finer description of
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the evolution of the species. The speciation of each metal was de-
termined using multivariate curve regression with alternating least
square minimization (MCR-ALS). Details about the use of the MCR-ALS
method applied to XAS can be found in recent papers [30-33] and in
the Supporting Information. The absorption spectra were analyzed
using the Athena and Artemis graphical interface software packages
[34]. For the Mo K-edge, the k3x(k) data were Fourier-transformed
between 4.6 and 14.5 A~ using a Kaiser-Bessel window with a dk of 2.
To fit the EXAFS data, the initial values of E,, used for k-scaling, and
So?, the amplitude reduction factor, were obtained by fitting the EXAFS
results for the crystalline MoO3 reference, with the number of nearest
neighbour atoms (N) and their distance (R) fixed at their expected
crystallographic values [35]. The values obtained (E, of
20015.5 + 2.7 eV and Sy2 of 0.74) were then used for modelling of the
EXAFS signals for the intermediate phase obtained during calcination of
the Mo-V-ZSM-5 catalyst. The fit quality was determined using the
EXAFS reliability factor, Rg, which measures the relative misfit with
respect to the experimental data.

The acid sites of the calcined catalysts were determined by tem-
perature-programmed desorption of ammonia (TPD-NHj3). A 200 mg
portion of each sample was previously degassed at 300 °C for 1 h, under
a 60 ml/min flow of He. The temperature was then decreased to 100 °C
and the sample was exposed for 1h to a flow of 1% ammonia in He
(60 mL/min). After surface saturation, the physisorbed ammonia was
removed at 100 °C for 1h, under a flow of He. The TPD-NH; analysis
was performed from 100 to 600 °C (at 10 °C/min), under a 60 ml/min
flow of He. The desorbed ammonia was monitored and quantified using
a Pfeiffer vacuum mass spectrometer connected to the outlet stream of
the tubular reactor.

The nature of the surface acid sites was determined by Fourier
transform infrared spectroscopy (FTIR), using a Shimadzu Prestige-21
spectrophotometer and pyridine as the probe molecule. The samples
(~20 mg) were pressed into thin disks (using a pressure force of 2 ton/
cm?) with diameters of approximately 13 mm. Before pyridine ad-
sorption, all the samples were pre-treated in an all-glass vacuum system
at 450 °C, for 60 min, under a pressure of 0.013 Pa. For the adsorption
experiments, the samples were cooled to 25 °C, under vacuum, followed
by injection of 2 puL of liquid pyridine. The spectra were obtained as the
average of 40 runs, at room temperature, after admission of pyridine,
adsorption at room temperature, and sequential evacuation at 25, 150,
and 300 °C. A resolution of 4 cm ~* was used in all the experiments. The
background spectrum was recorded under identical operating condi-
tions, without sample, and was automatically subtracted. The relative
concentrations of Brensted and Lewis acid sites were calculated from
the intensities of the PyH* and PyL bands (at around 1545 and
1450 cm ™~ *, respectively) and using the Emeis molar extinction factor
[36].

The textural properties of the supports and the impregnated cata-
lysts were determined by means of nitrogen adsorption-desorption
isotherms obtained at —196 °C with a Micromeritics ASAP 2010 in-
strument, using a relative pressure (P/Py) interval of 0.001-0.998. The
samples were previously decontaminated by degassing for 12h, at
100 °C, under a vacuum of 1 x 10~ °Pa.

Temperature-programmed reduction (TPR) experiments were per-
formed using a Micromeritics AutoChem II 2920 system equipped with
a thermal conductivity detector. The tests employed a 5% H,/Ar mix-
ture (50 mL/min), 250 mg of sample, and a heating ramp of 10 °C/min
in the temperature range 25-650 °C. Since water was formed during
sample reduction, the gas exiting from the reactor was passed through a
cold trap before entering the thermal conductivity detector.

2.3. Catalytic reaction
The glycerol dehydration-oxidation reactions were performed at

320 °C and atmospheric pressure, using 200 mg of finely divided cata-
lyst powder deposited on a fixed bed inside a glass reactor. The reaction
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temperature was monitored using a thermocouple placed in contact
with the catalytic bed. The sample was first heated to the reaction
temperature, under a mixed flow of N, and O, (at 24 and 6 mL/min,
respectively), and was kept at this temperature for 15 min. A solution
of 10 wt.% of glycerol (99%, Sigma-Aldrich) in water was continuously
introduced at 0.05 mL/min, using a syringe pump (KD Scientific), and
was vaporized to the gas line. The space velocity was 5h ™. The pro-
ducts leaving the reactor were collected in a gas-liquid separator kept at
1 °C and were analysed using a Shimadzu GC-2014 gas chromatograph
equipped with a capillary column (Rtx-1, length of 30m, ID of
0.32mm, film thickness of 1 um) and a FID detector. The gas-liquid
separator was kept at a low temperature, in order to ensure complete
condensation of the most volatile compound (acetaldehyde, b.p. 20 °C).
Before each injection, a known mass of n-butanol was added as an in-
ternal standard, in order to be able to perform a quantitative mass
balance for the condensed products. The analyses were carried out in
triplicate and the retention times were compared to those of authentic
compounds. The glycerol conversion (Xgyceror) and products selectivity
(S) were calculated according to Egs. (1) and (2):

input output

e

n
Xglyceml (%) = o I’lGli"put X 100 o
[ (< S
5 (%) = Py X 100 -
output

where ng™"“ and ng; are the molar flows of glycerol in the input
and output; n; is the molar flow of products i; and Zg = 3 and Z; re-
present the numbers of carbon atoms in the molecules of glycerol and
the products, respectively.

3. Results and discussion
3.1. Characterization of the impregnated zeolites

The powder X-ray diffraction patterns of the ZSM-5 zeolite and the
bifunctional catalysts are shown in Fig. 1. Notably, the main reflections
related to crystallographic planes (001), (200), and (051) of the zeolites
were maintained after impregnation and calcination. The calcined Mo-
ZSM-5 sample (Fig. 1c) presented a reflection additional to that of the
ZSM-5 zeolite (Fig. 1a), which is attributed to the MoO3 (040) plane.

The diffractogram for the Mo-V-ZSM-5 catalyst (Fig. 1e) did not
present clear reflections for mixed oxides such as the active MoV,Og
phase reported for unsupported Mo-V-O catalysts [20], or for simple
oxides such as MoO3 and V,0s. In an attempt to evaluate the formation
of intermediates, X-ray diffractograms were acquired in situ during heat
treatment of the impregnated sample (Fig. 1f). In the previous study of
unsupported mixed oxides of Mo and V, it was shown that several in-
termediate mixed oxides were formed during the heat treatment, with
orthorhombic MoV,0g being the most abundant structure obtained at
500 °C (61 wt.%; Table 1) [27]. The main reflections of MoV,0g cor-
responding to the (001), (021), and (600) crystallographic planes are
located in the 26 region between 21 and 28°. However, due to either a
high degree of dispersion and/or the presence of amorphous Mo-V
oxide counterparts, no diffraction peaks characteristic of the mo-
lybdenum/vanadium oxides were observed for the Mo-V-ZSM-5 cata-
lyst in the in situ XRD study. Quantitative phase analysis using the
Rietveld method applied to the full X-ray diffraction patterns of the
calcined catalysts showed only 1% of the mixed MoV,0g oxide in the
Mo-V-ZSM-5 sample (Table 1), which was within the accuracy range of
the refinement. In addition, at high temperature (500 °C), observations
of vanadium/molybdenum peaks are challenging, due to the Debye-
Waller effect.

Another feature of the X-ray diffraction analyses was the decreased
intensities of the reflections for the impregnated zeolites. The 2’Al NMR
spectra (Fig. 2) showed that in addition to the signal for the tetrahedral
aluminium atom of the zeolite framework at 54 ppm, signals for extra-
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Fig. 1. (a—e) X-ray powder diffraction patterns of the ZSM-5 zeolite, mixed Mo,V,0, oxide, and bifunctional catalysts; (f) in situ XRD monitoring performed by high

resolution X-ray diffraction during calcination of the precursor of Mo-V-ZSM-5.

Table 1
Crystalline phase speciation (wt.%) determined by quantitative phase analysis
of pristine ZSM-5, the mixed Mo,V,0, oxide, and the impregnated catalysts.

Catalyst ZSM-5 (%) V05 (%) MoOj3 (%) MoV.0g (%)
ZSM-5 100 0 0 0

V-ZSM-5 100 0 0 0

Mo-ZSM-5 76.5 0 23.5 0
Mo-V-ZSM-5 94.7 0 4.3 1.0

Mo-V-O (bulk)® 0 9.2 29.8 61.0

@ Composition of the fresh catalyst. After the use in the catalytic conversion
of glycerol, the phase composition was as follows: 5.0% V505, 24.6% MoO3,
7.5% MoV,0g, and 62.9% Mo4VOss [27].

Mo-V-ZSM-5

Mo-ZSM-5
V-ZSM-5
ZSM-5

Intensity (arb. unit)

40 0
Chemical Shift (ppm)

Fig. 2. Al NMR spectra of the ZSM-5 zeolite, before and after impregnation
with molybdenum and vanadium oxides.
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Fig. 3. Nitrogen adsorption-desorption isotherms after calcination.

framework aluminium atoms in octahedral coordination were present
in the region from 10 to —10 ppm. In the case of the parent ZSM-5
catalyst, the vast majority of the aluminium atoms are inserted in the
zeolite framework. However, due to the release of large amounts of NH;
at temperatures up to 400 °C, resulting from decomposition of the Mo
and V ammonium precursors, extra-framework aluminium is formed as
the zeolite structure becomes partially disrupted. This was reflected in
the micropore volume of the zeolites, as measured using nitrogen ad-
sorption-desorption isotherms (Fig. 3), which decreased from 0.33 cm®/
g (ZSM-5) to 0.11 cm®/g (Mo-V-ZSM-5) (Table 2). In addition, the ex-
ternal specific area was affected by the impregnation with the Mo and V
precursors. The Mo-V-ZSM-5 sample presented the highest external
specific area and the lowest micropore volume, which was related to
the fact that this sample had the highest disorder of the molybdenum-
vanadium crystal structure, as revealed by the XRD analyses (Table 1).

The X-ray absorption spectra for the vanadium and molybdenum K-
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Table 2

Micropore volumes, external areas (S.x), percentages of extra-framework aluminium (EFAl), total quantities of acid sites, Brgnsted/Lewis ratios obtained from

pyridine chemisorption, and H, consumption determined by TPR, for the different materials.
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Catalyst Micropore vol. (cm®/g) Sext (M%/g) Acid sites h/1® Brgnsted/Lewis Bronsted/Lewis EFAl (%)! H,

(umol NH3/g) molar ratio” molar ratio® (mol/g.min)
ZSM-5 0.33 87 349 5.0 4.6 7.0 1.0
V-ZSM-5 0.16 52 489 0.8 3.5 7.8 5.5 6.3x107*
Mo-ZSM-5 0.07 139 325 0.2 3.4 6.0 8.0 1.4 x107*
Mo-V-ZSM-5 0.11 77 417 0.5 2.6 4.0 15.0 9.4 x 1074
Mo-V-0 0.0 3 510 (83)° 1.4 1.0

@ Ratio between high temperature (h) and low temperature (1) peaks obtained from deconvolution of the NH3-TPD results.

> Determined by pyridine chemisorption degassing at 150 °C.

¢ Pyridine chemisorption degasssing at 300 °C.

4 Percentage of extra-framework aluminium (EFAl) determined by deconvolution of the 2’Al NMR spectrum.

The quantity of acid sites in the spent catalyst is indicated within parentheses.
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Fig. 4. Speciation obtained by MCR-ALS for (a) V-ZSM-5, (b) Mo-ZSM-5, (c) Mo-V-O vanadium K-edge, (d) Mo-V-O molybdenum K-edge, (¢) Mo-V-ZSM-5 vanadium
K-edge, and (f) Mo-V-ZSM-5 molybdenum K-edge. The continuous gray line corresponds to ammonia release (fragment with m/z = 17), monitored by mass spec-

trometry.

edges obtained during the heat treatment of the samples are shown in
Figs. S1-S6 (Supplementary Information). Fig. 4 shows the corre-
sponding speciations obtained by MCR-ALS. The ZSM-5 zeolite im-
pregnated with the vanadium salt (V-ZSM-5, Fig. 4a) was transformed
into the final phase identified as V,0Os (Fig. S7) in a stepwise process,
with an accelerated transformation at around 130 °C, followed by a
plateau between 150 and 200 °C, and a second acceleration at 200 °C.
The transformation was complete at around 350 °C. Similarly, the
zeolite treated with the molybdenum salt (Mo-ZSM-5, Fig. 4b) pre-
sented a decomposition mechanism characterized by the direct stepwise
transformation of the molybdenum salt into MoO5 (Fig. S8). A plateau
in the decomposition rate occurred between 200 and 300 °C, when
about 50% of the molybdenum salt had been converted to MoO3. The
stepwise behaviours found for the two monometallic salts impregnated
on ZSM-5 were in good agreement with the thermal decompositions of
ammonium metavanadate and ammonium heptamolybdate observed
by thermogravimetry, leading to the final formation of V,Os [37] and
MoOs3 [38], respectively. The stepwise mass losses reported in the lit-
erature were ascribed to the formation of successive ammonium poly-
vanadate and ammonium polymolybdate species, which were not re-
solved here by MCR-ALS (except for the stepwise concentration

profiles). The failure to isolate these intermediate phases using MCR-
ALS could be attributed to the poor resolution of the XAS features ob-
tained for the zeolite-supported precursors, as observed in Figs. S7 and
S8.

A 2-step decomposition of bulk Mo-V-O during the calcination was
evidenced from the speciation obtained by MCR-ALS (Fig. 4c and d), for
both the Mo and V K-edges. The MCR-ALS components determined at
both edges are shown in Fig. S9. At the V K-edge, the second MCR-ALS
component reached a maximum concentration (~85%) at around
350 °C, before being converted into the third component (Fig. 4c). The
shape of the XANES spectrum of the latter was close to that of V,O0s, but
nevertheless was not totally superimposable. Considering the phase
identification performed for the bulk Mo-V-O catalyst, the third com-
ponent could be attributed to a mixture of V,05 and MoV,0g, while the
second component was identified as NH4Mo4VO;s. It is interesting to
note that the energy positions of the rising edge of the second compo-
nent (E,/, at half absorbance = 5481.15eV) and the third component
(E1,2 at half absorbance = 5481.7 eV) [39] were consistent with va-
nadium in the +5 oxidation state, in agreement with the proposed
phases. The Mo K-edge spectrum also indicated that the decomposition
of bulk Mo-V-O during the calcination involved an intermediate species,
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before the final transformation (Fig. 4d). According to previous work Table 4

[27], the second intermediate determined by MCR-ALS could be in-
terpreted as being a mixture of the NH4;Mo,VO;s phase and
(NH4)2Mo040,3, while the third one was a mixture of MoOs; and
M0V203.

As already observed for the monometallic phases impregnated in
ZSM-5 (Fig. 4a and b), the data for both K-edges showed that the spe-
ciation during calcination of the Mo-V-ZSM-5 sample (Fig. 4e and f) was
characterized by direct transformation of the initial phase into the final
ones. The MCR-ALS components determined at both K-edges are pre-
sented in Fig. S10. Different to the monometallic and Mo-V-O bulk
samples, which evolved towards MoOs; and V,0s5 at the end of the
heating ramp to 500 °C, the thermal decomposition of the Mo-V-ZSM-5
sample resulted in formation of the MoV,Og species. For this catalyst,
the Mo K-edge EXAFS spectrum of the MCR-ALS species extracted as the
second component of the single-step transformation was successfully
simulated considering the crystallographic structure of the mixed
MoV,0g oxide [40] (Fig. 5 and Table 3). As detected by the XRD
Rietveld refinement, the MoO3 phase was also observed, but only after
2h of isothermal treatment at 500 °C. Linear combination fitting of the
EXAFS signal recorded at the end of the isothermal treatment evidenced
that ~25% of MoO3 was mixed with the MoV,0g (Fig. S11). The ex-
traction of the XAS signal for MoV,0g from the data set recorded during
the heating of Mo-V-ZSM5 was an important result, because this signal
could be used for approximate estimations of the proportions of the
phases in both bimetallic catalysts after calcination. Table 4 and Fig. 5b
provide the results of the linear combination fittings of the EXAFS
spectra recorded at RT after calcination, using the MCR-ALS EXAFS
signal characterizing MoV,Og, together with the EXAFS spectrum of
Mo-ZSM5 after calcination, as well as the MoOs signal. After calcina-
tion, the MoV,0g phase composed 72% of the Mo-V-ZSM-5 catalyst,
compared to 45% for Mo-V-O. From this in-depth characterization of
the species formed during calcination, it was clearly evident that the
dispersion of molybdenum and vanadium on the zeolite led to greater

Table 3

Structural parameters obtained from analysis of the MCR-ALS EXAFS spectrum
for the species in the data set for Mo-V-ZSM-5 measured during calcination.
Coordination numbers were fixed at the values corresponding to the MoV,0g
phase.

N R(A) (A% (1073) Eo (eV) Ry (107%)
10 1.70 + 0.01 0.6 = 0.3 —3.7 + 2.9 9.1

40 1.81 + 0.08 46 = 9

10 2.42 + 0.02 7+3

2 Mo 3.57 + 0.02 8+ 1

2V 3.54 + 0.02 8 *

Phase speciation for Mo phases determined by linear combination fitting of the
RT EXAFS signal for the mixed Mo,V,0, oxide after calcination (range for the
fit: 0 to 11.8A71).

Catalyst MoOs (%) MoV,0g (%) Re
Mo-V-ZSM-5 28 72 0.024597
Mo-V-O (bulk) 55 45 0.092107

formation of the mixed MoV,0g oxide, compared to the bulk Mo-V-O
sample, by kinetically delaying the formation of monometallic oxides
(MoOs or V,05).

3.2. Quantification and nature of acid sites

The NH;3-TPD curves for the pristine and impregnated zeolites are
provided in Fig. 6a. The ZSM-5 sample presented a typical TPD curve
profile for zeolites in acidic form. The curves showed two desorption
peaks, denoted low and high temperature events (“1” and “h”, respec-
tively). The quantification of desorbed ammonia is presented in Table 2.
The V-ZSM-5 sample showed a decrease in intensity and shift of the h-
peak to lower temperatures, probably due to covering of the strong
Brgnsted acid sites by vanadium oxide species. Increased intensity of
the 1-peak was related to the increase in the quantity of Lewis acid sites,
either by the creation of extra-framework aluminium sites (EFAI,
Table 2) or by the contribution of dispersed vanadium oxide species.
The Mo-ZSM-5 and Mo-V-ZSM5 samples showed the same behaviour,
but the changes in the h-peak were intensified, due to the more severe
dealumination of these samples after impregnation and heat treatment,
as evidenced by the Al NMR results.

Although the h/] peak intensity ratio provided an estimate of the
change in the types of acid sites, a more suitable way to evaluate the
Brgnsted and Lewis sites in zeolite catalysts is by means of pyridine
chemisorption. The nature and strength of the superficial acid sites
were determined by FTIR of pyridine chemisorbed at 25°C and se-
quential outgassing at 150 and 300 °C. The FTIR spectra of all samples
obtained after outgassing at 150 °C are shown in Fig. 6b. On ZSM-5
spectrum the split of the 1440-1460 cm ™' band in two overlapping
peaks is observed, that could be assigned to pyridine adsorbed on strong
Lewis acid sites due to Al (band at 1455 cm ') and weaker acid sites
(1445cm™Y) either terminal hydroxyl groups that do not protonate
pyridine. The characteristic band at 1545 cm ™! due to pyridinium ion
adsorbed on Brgnsted acid sites is also appreciated. In the 1600 cm™
region three bands can be distinguished at 1634, 1625 and 1612 cm ™!
that arise from pyridine adsorbed on Brgnsted, strong and weak Lewis
acid sites, respectively. The impregnation of ZSM-5 zeolite with V
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Fig. 6. (a) Temperature-programmed desorption of ammonia (TPD-NH3) curves, and (b) IR spectra of pyridine adsorbed on the catalysts after desorbing weakly

bonded species at 150 °C, for the calcined samples.

generate new weaker acid sites as it was noted in NH3-TPD profile,
which can be both Brgnsted and Lewis nature [41-43]. On V-ZSM-5
new bands at 1450 cm !, and 1608 cm™ can be noticed. These bands
have already been reported on similar material such as V/Al,03, V/
SiBEA, V/MCM41 [41-43] and have been attributed to new Lewis acid
sites. The positions of these bands (at low wavenumber) indicate that
the new Lewis acid sites are weaker than Lewis acid sites due to Al
which is consistent with the results observed by NH3-TPD. According to
Tielens and Dzwigaj, Lewis acid site is found to be a tetrahedral V site,
whereas the Brgnsted acid sites are penta-coordinated V sites having an
OH group [44].

The spectrum of Mo-ZSM-5 shows an asymmetric band at 1450
cm ™! suggesting the presence of more than one type of Lewis acid site
[45]. The same observation can be made in 1600 cm ™ 'region, where a
broad band can be deconvoluted in at least three bands at 1637 cm ™ *
(Bronsted acid sites), 1622cm ™! and 1610cm ™! (Lewis sites of dif-
ferent type and strength). In addition to acid sites due to Al, Lewis
acidity may be due to generation of anion vacancies on molybdenum.
Brgnsted sites have been also reported on oxidized Molybdena-Alumina
by Suarez et al. [45] that have been attributed to hydroxyl groups on
alumina which are near molybdena clusters since they may be more
acidic by inductive effects due to the difference in electronegativity. On
Mo-V-ZSM-5 it can be observed all bands corresponding to acid sites,
Brgnsted and Lewis of different nature and strength.

The relative contribution of Brgnsted and Lewis acid sites after
evacuation of pyridine at 150 and 300 °C was obtained then by in-
tegration of the characteristics bands centred at 1540 cm ™ 1 (PyH™") and
1440-1460 cm™ (Py-L).

After evacuation at 150 °C, the ZSM-5 sample showed the highest
Bronsted/Lewis ratio (Table 2), while the V-ZSM-5 sample had a lower
Brgnsted/Lewis ratio in agreement with the h/1 ratio of ammonia TPD
profile. The Mo-V-ZSM-5 sample showed the lowest Brgnsted/Lewis
ratio and the Mo-ZSM-5, despite the highest decrease in h-peak of the
ammonia TPD, had a Brgnsted/Lewis ratio of 3.4 due to the absence of
vanadium atoms that significantly contribute to Lewis acid sites for-
mation. The B/L ratios increased with the evacuation temperature.
After degassing at 300°C, ZSM-5 and V-ZSM-5 showed the highest
Bronsted/Lewis ratios (7.0 and 7.8 respectively), followed by Mo-ZSM-
5 (6.0) indicating that Lewis acid sites generated by the impregnation of
ZSM-5 with V or Mo are weak as suggested by the position of the IR
bands in the 1600 cm ™' region. The increment in the B/L ratio was
lower on the Mo-V-ZSM-5 sample from 2.6 (for desorption temperature
150 °C) to 4.0 (300 °C) which is probably due to sum of two effects: i)

the covering of Brgnsted acid sites of the parent zeolite by the Mo-V-O
mixed oxide and ii) the severe dealumination suffered by this sample.

3.3. Catalytic dehydration and oxidation of glycerol

Fig. 7a groups all the results of the catalytic experiments performed
with the different samples: the pristine ZSM-5 zeolite; the samples
impregnated with vanadium, molybdenum, and vanadium-mo-
lybdenum precursors; and the bulk Mo,V,0, oxide. After 1h under
reaction conditions, the main product formed with the ZSM-5 zeolite
was acrolein (~45%), as expected for a catalyst containing only acid
sites. The Mo-ZSM-5 sample showed decreased selectivity to acrolein
(16%), due to its further conversion to acrylic acid (10%), while a
slightly higher selectivity to acrylic acid (18%) was achieved with the
V-ZSM-5 sample.

In a previous study employing a series of bulk Mo,V,0, oxides [27],
it was shown that use of a Mo/(Mo + V) molar ratio of 0.6 resulted in
the highest amount of MoV,Og. In the present work, the amount of the
most active phase for oxidation of acrolein to acrylic acid, impregnated
in the ZSM-5 zeolite, was 72 wt.% (Table 4). The driving force of the
redox mechanism involving the MoV,Og phase is the formation of
oxygen vacancies in the metal oxides and the subsequent reestablish-
ment of the oxidized sites (V°* — V4t — V°%). Isolated V.05 and
MoOs are active catalysts, but production of the MoV,0g mixed oxide
led to greater formation of vacancies around the vanadium atoms, by
means of rapid changes in the oxidation state of the vanadium atoms,
known as the Mars-Van Krevelen mechanism, resulting in superior ac-
tivity. Furthermore, the simple V505 and MoO3 oxides impregnated in
ZSM-5 zeolites present low selectivity to liquid products (around 30%)
and high potential for the complete oxidation of glycerol with pro-
duction of undesirable products such as CO and CO,. During 1 h under
reaction conditions, the bulk Mo,V, 0, showed selectivity to acrylic acid
of 32%, with glycerol conversion close to 100% (Fig. 7a). However, the
process of deactivation of the bulk catalyst was very fast (Fig. 7b),
decreasing the selectivities to both acrylic acid and condensable pro-
ducts, due to phase transformation of MoV,0g to Mo4VO5s during the
course of the reaction [27]. In general, the low surface area of un-
supported bulk oxides employed in redox reactions hinders the dy-
namics of re-oxidation, hence favouring catalyst deactivation.

The pristine ZSM-5 acid catalyst showed 31% deactivation during
the same reaction period (Fig. 7c), but the reason for this was the for-
mation of coke, which occurred preferentially on the strong Brgnsted
acid sites of the zeolite and blocked the access of glycerol to the inner
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Fig. 7. (a) Glycerol conversion and product selectivity after 1h of oxidative
dehydration for the reference ZSM-5 zeolite, zeolites impregnated with V,Os,
MoOs, and Mo,V,0,, and bulk Mo,V,O,. Stability test results for (b) the parent
H*-ZSM-5, (¢) Mo-V-ZSM-5, and (d) bulk Mo,V,0,. The selectivity to con-
densable products corresponds to the total selectivity to all condensed products
(acrolein, acrylic acid, acetaldehyde, and acetic acid).

active sites. On the other hand, the multifunctional Mo-V-ZSM-5 cata-
lyst presented the most constant selectivity to both acrylic acid (18%)
and acrolein (28%) during the 8 h of reaction (Fig. 7d). The supported
MoV,0g active phase present in the Mo-V-ZSM-5 sample led to an im-
proved redox cycle and, consequently, to the formation of acrylic acid.
In assessment of the redox properties of the catalysts, H,-TPR mea-
surements (Fig. S12) revealed improved reducibility of the Mo-V-ZSM-5
catalyst, compared to the simple oxides. Moreover, as revealed pre-
viously by the acidity measurements, the most acidic Brgnsted sites of
the zeolite were suppressed after impregnation with the Mo and V
precursors. Consequently, the presence of Brgnsted acid sites of
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moderate strength helped to increase the selectivity to acrolein, at the
same time that coke formation was diminished. The combination of
these two properties enhanced the redox and acidic performance of the
Mo-V-ZSM-5 catalyst, which helped to increase the selectivity to liquid
products to almost 60% (Fig. 7a), despite minor deactivation. These
features were a consequence of the dispersion of molybdenum and
vanadium mixed oxides on the Mo-V-ZSM-5 sample, which hindered
phase transition from MoV,;0g to M0o4VOas.

The specific rate of formation of acrylic acid (in (mol acrylic acid).
(mol Mo + V sites) " 1.h 1) was estimated. For 1 h of reaction, the Mo-
V-ZSM-5 catalyst showed a specific rate of acrylic acid formation that
was ~11 times higher than for the bulk Mo,V,0, catalyst, with values
of 9.2 x 10 and 0.8 x 103, respectively. In other words, the pro-
ductivity of acrylic acid, according to the quantity of molybdenum and
vanadium active sites, was higher for the supported Mo-V-ZSM-5 cat-
alyst.

Other temperatures and O, concentrations were used in an attempt
to improve the catalytic activity for glycerol conversion and the se-
lectivity to acrylic acid. For the Mo-V-O sample, decrease of the tem-
perature to 300 °C reduced the formation of acrylic acid to less than
10% (Fig. S13). Similarly, at 350 °C, increase of the O, concentration
was not advantageous for acrylic acid selectivity of the Mo-V-O and Mo-
V-ZSM-5 samples, possibly due to an increase in the oxidation of pro-
ducts to COx.

3.4. Analysis of the spent catalysts

The thermogravimetric and differential thermal analyses of the
spent catalysts (Fig. 8a and b, respectively) showed very distinct pro-
files indicative of a combination of the decomposition of coke and the
oxidation of partially reduced active sites (such as VoOy + Oz — V505).
Considering the pristine ZSM-5 zeolite, the weight loss in the tem-
perature range from 400 to 500 °C, together with the corresponding
broad signal in the DTA measurement, were previously ascribed to the
decomposition of two families of coke, namely polyethers (decom-
position below 510 °C) and polyaromatic compounds (decomposition
above 540 °C) [26]. The polyethers are formed on the external surfaces
of the zeolites, covering the active sites and causing their deactivation.
The polyaromatics, on the other hand, can block the zeolite pores and
considerably impair the movement of molecules towards the inner ac-
tive sites. The ZSM-5 zeolite showed the highest quantity of coke
(11.5%) and the broadest DTA profile, while the Mo-ZSM-5, V-ZSM-5,
and Mo-V-ZSM-5 catalysts showed coke contents of 9.4, 8.4 and 8.4%,
respectively. These low values could be attributed to the decreased
number of strong Bregnsted acid sites, as discussed above. The DTA
curves for the latter samples presented narrower exothermic peaks at
around 540 °C, compared to the ZSM-5 sample, revealing the multiple
benefits of the impregnation of V and Mo species, which not only
converted acrolein to acrylic acid, but also minimized the formation of
coke and assisted its oxidation. Finally, no coke was observed on the
bulk Mo,V 0, catalyst; instead, the sample showed a weight gain due to
the oxidation of residual V**.

4. Conclusions

In this study, mixed Mo,V,0, oxides were impregnated on an acidic
ZSM-5 zeolite, producing a multifunctional catalyst used in the coupled
dehydration-oxidation of glycerol to acrylic acid. The evolution of the
phases during activation of the catalyst precursors was monitored using
synchrotron X-ray diffraction analyses, but crystalline Mo,V,0, oxides
were not detected, due to their high degree of dispersion. However, use
of X-ray absorption spectroscopy performed simultaneously at the Mo
and V K-edges confirmed formation of the MoV,0g active phase as the
main phase supported on the zeolite. The results of catalytic tests
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Fig. 8. (a) Thermogravimetric analyses and (b) differential thermal analyses of the spent catalysts.

indicated that use of the MoV,0g/ZSM-5 catalyst led to high formation
of acrylic acid, with very low coke deposition and maintenance of long-
term stability. The stability of the catalyst could be attributed to the
chemical environment of the highly dispersed and supported MoV,0g
mixed oxide, which did not undergo phase transition to the less active
Mo4VOa4s phase, as well as to the proximity of the acid and redox ac-
tive sites, which enabled continuous oxidation of undesired monomeric
coke residues, prior to their polymerization.
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