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The transformation of 1-butanol into either butenes or maleic anhydride was carried out both with and without
oxygen, using V/P/O catalysts. With vanadyl pyrophosphate prepared by coprecipitation, at temperature lower
than 240 °C and without oxygen, selectivity to butenes was higher than 90%, but a slow deactivation took place.
At temperature higher than 300 °C and in the presence of air, maleic and phthalic anhydrides were the prevailing
products, with selectivity of 60% and 14%, respectively. Catalytic performance was affected by crystallinity and
acidity. a;-VOPO4 showed a poor performance in the absence of air, with a quick deactivation due to coke

accumulation; but it displayed an excellent selectivity to butenes (close to 98%) at temperatures lower than
320 °C in the presence of air, with stable performance. At temperature higher than 360 °C, a ;-VOPO4 was
reduced to vanadyl pyrophosphate and catalyzed the direct oxidation of 1-butanol into maleic anhydride, but

with 35% selectivity.

1. Introduction

The catalytic transformation of bio-alcohols into chemicals may
represent an alternative to current industrial chemical processes based
on fossil sources; for example, the synthesis of alkenes via alcohols
dehydration might compete with steam-cracking or FCC of oil fractions
[1-4]. Ethanol and 1-butanol, which are currently the most produced
bio-alcohols worldwide, represent the most investigated reactants [5,6].

The dehydration of ethanol to ethylene is commercially available;
the reaction is carried out at 300-350 °C and 5 bar pressure [7]. There
are many efficient catalysts for ethanol dehydration, such as supported
phosphoric acid, alumina, silica-alumina, zeolites (H-ZSM5) and
SAPO-34 [8-14].

Butanols (mainly 1-butanol, but also 2-butanol, isobutanol and tert-
butanol) dehydration has been investigated by several research groups
[15-35]. Millet and co-workers deeply investigated the gas-phase
dehydration of 1-butanol with rare earth phosphates, which proved to
be very efficient catalysts for the dehydration of 1-butanol to 2-butene,
and for the dehydration of alcohols mixtures as well [15-17]. It was
reported that the reaction involves the moderately strong Brgnsted and
Lewis acid sites on catalysts surface. Lanthanum orthophosphate dis-
played the best performance [16]. Crystallinity, surface area, surface

composition and acid-base properties of La/P/O differed according to
the preparation method used, but the most important parameter influ-
encing catalytic properties was surface composition which had a direct
effect on surface acidity. Brgnsted acid sites appeared as the most effi-
cient, associated with the presence of an excess of phosphorus; the
mechanism for 1-butanol dehydration is an E1-type elimination [15].

Zeolites have also been investigated as catalysts for 1-butanol
dehydration. For example, Verberckmoes and co-workers [18-21]
studied different zeolites and alumina catalysts, comparing the reac-
tivity of 1-butanol with other alcohols (isobutanol, ethanol), also by
means of microkinetics simulation, and investigating on the effect of the
zeolite Si/Al ratio. Marin and co-workers [23-26] reported that the
consecutive scheme of 1-butanol condensation to the ether followed by
ether decomposition shows lower energy barriers as compared to the
direct dehydration of 1-butanol. In the large pore H-FAU, instead, the
weaker dispersive stabilization of the dimer makes the butene formation
by monomolecular direct dehydration via a concerted anti elimination
compete with dibutyl ether formation. With some zeolite types, the
direct transformation of 1-butanol into isobutene is also possible, as
demonstrated by Chadwick et al. [27]. The role of the different acid sites
in ZSM-5 was also investigated by Zhao et al. [28].

Other catalysts investigated for 1-butanol dehydration include
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supported Keggin-type polyoxometalates [29,30], WOs3/ZrO, [31],
Zn-Mn-Co modified y-Al,O3 [32], anatase modified with a phosphonic
acid monolayer [33], ammonium Keggin polyoxometalate salts [34],
and phosphate modified carbon nanotubes [35].

2-Butanol dehydration has also been investigated by several authors,
using various catalyst types: carbon-based catalysts also containing
phosphate groups [36], alumina [37], and WOx-ZrO, [38-40].

Ferrierites were found to catalyse isobutanol dehydration to linear
butenes [41,42].

Driven by the excellent results reported in literature for the dehy-
dration on metal phosphates by Nguyen et al. [15-17], it was decided to
study the reactivity of vanadium phosphates (V/P/0), more specifically,
of vanadyl pyrophosphate ((VO)2P207), the industrial catalyst for the
oxidation of n-butane to maleic anhydride (MA) [43], and of vanadium
phosphate (VOPO4). We previously reported that vanadyl pyrophos-
phate is active and selective also for the direct transformation of
1-butanol, obtained from bio-based sources, into MA [44]. The first step
of the mechanism is the dehydration of 1-butanol into 2-butenes and
1-butene, the quantity of isomers corresponding to the equilibrium one;
in the presence of molecular oxygen, the olefins are then transformed
into MA. Therefore, it may be expected that in the absence of molecular
oxygen the catalyst could be selective in olefins formation from
1-butanol. Moreover, vanadyl pyrophosphate is known to exhibit both
redox and acid properties, behaving as a bifunctional catalyst, able to
perform acid-catalyzed reactions both in the gas and in the liquid-phase
[45-66].

In this paper, we exploit the acid and redox properties of V/P/O
catalysts to control the transformation of 1-butanol into either olefins or
MA, by means of a proper tuning of reaction conditions, both in the
presence and in the absence of air, and by studying the transformations
of catalysts occurring during reaction.

2. Experimental
2.1. Catalyst preparation

1. DuPont Vanadyl pyrophosphate (VPP-1)

The VPP-1 catalyst was made of vanadyl pyrophosphate delivered
by DuPont, used in the oxidation of n-butane into MA in a
circulating-fluid-bed reactor. Details concerning the characteristics
of the catalysts are reported in the literature [67].

2. Vanadyl pyrophosphate, prepared by organic medium synthesis
(VPP-2)

The VPP-2 catalyst was prepared by means of the “organic
method”, according to the procedure reported in literature [48].
(VO)HPO40.5H,0, precursor of vanadyl pyrophosphate, was syn-
thesized by suspending in a stirred three necked round bottom flask
the desired amounts of V205 (99% Sigma Aldrich) and H3PO4 (98%
Sigma Aldrich) in isobutanol (99% Sigma Aldrich) in order to have a
P/V molar ratio equal to 1.1. The mixture was heated at reflux
temperature (120 °C) for 6 h. The colour varied from dark orange of
V205, to an intense light blue, which is characteristic of (VO)
HPO40.5H,0. After filtration, the obtained precipitate was dried in
static air for 12 h at 120 °C, and then thermally treated first in air and
later in nitrogen.

3. Vanadium phosphate (VPD)

VOPO42H;0 (VPD) was prepared by suspending the desired
amounts of V305 (99% Sigma Aldrich) and H3PO4 (85% Sigma
Aldrich) in water. Phosphoric acid was added in excess (P/V= 4),
since in a stoichiometric amount, it does not permit the complete
dissolution of V205 and leads to incomplete conversion of vanadium
pentoxide. The mixture was heated at reflux temperature (100 °C)
for 17 h, under vigorous stirring: the colour changed from dark or-
ange of V305 to bright yellow, indicating the formation of
VOPO42H50. The mixture was left for one day at ambient tempera-
ture, and the solid obtained was recovered by filtration and dried for
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few hours at 100 °C. Thermal treatment of the catalyst was per-
formed directly inside the laboratory-scale reactor from room tem-
perature up to 440 °C, followed by an isothermal step at 440 °C for
24 h.

The regeneration of used, deactivated catalysts was carried out ac-
cording to the following procedure: increase of temperature from room
up to 440 °C under flow of air (heating rate: 100 °C/hour; air flow: 60
mL/min); then, isothermal step at 440 °C for 12 h, under flow of air.

2.2. Laboratory-scale plant tests

Catalytic tests were carried out in a continuous-flow, fixed bed,
quartz reactor. The system permits variation of different reaction pa-
rameters: feed composition, contact time, and temperature.

Typical reaction conditions were the following: 1 g of catalyst shaped
in particles (size 0.5-1.0 mm); feed composition 0.1-1.0 mol% 1-
butanol in air (details in figures captions); temperature range: from
200 °C until 440 °C maximum (higher temperatures lead to irreversible
structural or morphology changes of the V/P/O catalysts). In experi-
ments carried out with temperature increase, the catalyst used was the
same at all temperatures.

1-Butanol was continuously fed using a KDS100 pump, inside a
stainless-steel line heated at 160 °C, in order to obtain an instant
vaporisation and a good mixing with the gas stream (air of He). The
reactants and products were analysed using a Varian CP-3380 gas
chromatograph, equipped with the following columns and detectors:

e Semicapillar CPSil-5CB column (30 m length; i.d. 0.53 mm; sta-
tionary phase for MA, by-products (phthalic anhydride, acetic acid,
acrylic acid, and other light compounds, e.g., butenes), and 1-
butanol. The detector is a FID.

e Packed Carbosieve SII column (2 m length, stationary phase of active
carbons having dimensions of 80-100 mesh). In this column, CO,
CO4, Hy0, 04, and N are separated and detected by a TCD.

2.3. Catalyst characterisation

The characterisation of catalysts was performed using XRD, BET,
TPSR and Raman techniques.

The X-ray powder diffraction (XRD) measurements were carried out
using a Philips PW 1710 apparatus, with Cu Ka (A = 1.5406 A) radiation
in the range of 5 °< 20 < 60 °, with steps of 0.05 grade, and signal
acquisition for 3 s in each step. X-ray diffraction lines attribution was
done by the Bragg law: 2d sen 6 = nA and by comparing the results
obtained with those reported in literature.

The specific surface area was determined by Ny adsorption at —
196 °C (the boiling T of nitrogen), with a Sorpty 1750 Instrument (Carlo
Erba). The sample was heated at 150 °C under vacuum, to eliminate
water and other molecules eventually adsorbed on the surface. After this
pre-treatment, the sample temperature was maintained at — 196 °C in a
liquid nitrogen bath, while gaseous N2 was adsorbed on the surface.
Using the BET equation, the volume of monolayer and finally the sample
surface area could be calculated.

Temperature programmed surface reaction (TPSR) experiments were
carried out with methanol as the probe molecule, using the Autochem II
of Micromeritcs associated to a mass spectrum detector MKS Cirrus. The
calcined sample was subjected to an initial pre-treatment, by heating at
300 °C under He, in order to clean the surface from the adsorbed mol-
ecules. The pre-treatment did not modify catalyst features; in fact, V/P/
O catalysts self-reduce spontaneously under inert atmosphere (e.g., in Ny
or He) only for temperatures higher than 430-450 °C, as confirmed by
the absence of the O signal during preliminary TPD experiments. Mo-
lecular oxygen is released when temperatures higher than 430-450 °C
are used, with concomitant reduction of V°* species, if present in the
calcined sample.
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The adsorption was carried out at 100 °C by pulsing methanol va-
pours (0.0414 mol%) in the He flow, which was repeated 50 times, for
saturating the surface with the probe molecule. Desorption was realized
by feeding He and heating the sample at 5 °C/min from 100 °C until
550 °C and the isotherm at that temperature for 30 min. A part of the
outlet gases was sent to the mass spectrum detector.

Raman analyses were carried out using a Renishaw Raman System
RM1000 instrument, equipped with a Leica DLML confocal microscope,
with 5%, 20x, and 50x objectives, video camera, CCD detector, and laser
source Argon ion (514 nm) with power 25 mW. The maximum spatial
resolution was 0.5 um, and the spectral resolution was 1 cm ™!, For each
sample, a wide number of spectra were collected by changing the focus
of the laser beam. The parameters of spectrum acquisition were selected
as follows: 5 accumulations, 10 s, 25% of laser power to prevent sample
damage, and 50x objective.

In-situ Raman experiment analyses were performed using a com-
mercial Raman cell (Linkam Instruments TS1500). Approximately 5-10
mg of the sample was used for the analysis. The air flow, fed from the
start of the experiment, was about 10 mL/min. Spectra were recorded at
room temperature, while the temperature (heating rate of 100 °C/min)
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was increased up to the desired value during the isotherm period. The
laser power used was 25%, which permits good spectrum acquisition
without damaging the sample; the other acquisition parameters were as
follows: 10 accumulations, 10 s each; 20x objective.

3. Results and discussion
3.1. Characterisation of the fresh calcined catalysts

The catalysts tested in the dehydration and oxidation of 1-butanol
were characterized before reaction by Raman spectroscopy and X-ray
Diffraction (Fig. 1a and Fig. 1b, respectively). Several Raman spectra
were recorded for each sample, by changing the laser beam position.

The Raman spectra of fresh VPP-1 are shown in Fig. 1 (top, a), pre-
senting the characteristic bands of vanadyl pyrophosphate, at 1185,
1135 and 924 cm™! [46,48,67]. The X-ray diffraction pattern of the
fresh VPP-1 catalyst (Fig. 1, top, b) confirms the presence of (VO)3P207.
The surface area of this sample was 40 m?/g.

Regarding the VPP-2 catalyst, Raman spectra (Fig. 1, middle, a) show
spectral features of the vanadyl pyrophosphate, as also confirmed by the
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Fig. 1. Raman spectra (a) and XRD patterns (b) of VPP-1 (top), VPP-2 (middle), VPD (bottom). Regarding the XRD, the position of the pattern for the few reference
crystal phases is also shown: (VO),P,0; (black lines), VOPO42H,0 (red lines) and o;-VOPO, (blue lines).
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XRD pattern (Fig. 1, middle, b). The surface area of this sample was
20 m?/g.

VPP-2 was more crystalline than VPP-1, as shown by the narrower
diffraction lines attributable to vanadyl pyrophosphate. The former
sample also displayed a lower surface area, a difference which is in line
with the different degree of samples crystallinity.

Raman spectra of the VPD sample, presented in Fig. 1 (bottom, a)
show bands attributable to VOPO42H,O (at 1039, 988, 952, and
540 cm 1) and «;-VOPO, (at 1032, 928, 575 and 540 cm™!) [68].
However, the relative intensity of the bands differed depending on the
position of the laser beam, which points out for a non-homogeneous
distribution of the two compounds in the catalyst. The XRD pattern re-
ported in Fig. 1 (bottom, b) shows the presence of VOPO42H,0 and, in
minor amount, of ®;-VOPO4. Moreover, this catalyst presents the lower
specific surface area of 5 m?/g, compared to the vanadyl pyrophosphate
samples.

The calcination process of the VPD catalyst was also investigated, by
monitoring the transformations occurring during the thermal treatment
by means of in-situ Raman spectroscopy; spectra are shown in Fig. S1. It
was shown that the dehydration of VOPO42H50 into a;-VOPO, already
occurred at below 100 °C.

3.2. The reactivity of vanadyl pyrophosphate in the oxidation of 1-
butanol to MA

The reactivity of VPP-1 and VPP-2 catalysts was compared; as
detailed above, the main difference between the two catalysts was the
value of surface area.

Fig. 2 shows the effect of temperature on VPP-1 catalytic perfor-
mance, with a feed consisting of 0.4 mol.% 1-butanol in air, and W/
F= 1.3 gcats/mL. Complete 1-butanol conversion was shown at 200 °C.
Noteworthy, also under oxidizing conditions, high yields of butenes,
76% and 15% of 1-butene and 2-butenes, respectively, were obtained by
working at temperatures lower than 220 °C with a C balance close to
90%. The molar ratio between 2-butenes and 1-butene was slightly
lower than the equilibrium one, 5.0 vs 6.1 [69]. Interestingly, the
condensation product, n-butyl ether (NBE), was produced with yield
lower than 1%. When the temperature was raised up to above 260 °C,
2-butenes showed a higher rate of depletion compared to 1-butene,
suggesting that oxidation is quicker than isomerization, and that

100 —e—8—0 0000000
T
60

40

Conversion, yields (%)

180 220 260 300 340 380 420

Temperature (°C)

Fig. 2. Temperature effect on the catalytic behaviour of VPP-1 in 1-butanol
oxidation. Feed 0.4% mol 1-butanol in air. W/F 1.3 g,; s/mL. Symbols: 1-
butanol conversion (@), 1-butene (< ), 2-butenes (
(H); phthalic anhydride (Jl); acrylic acid + acetic acid ( A); CO (@), CO, (@),
lights (30).

), maleic anhydride
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oxidation of 2-butenes is quicker than that of 1-butene. Main oxygenated
products were MA, phthalic anhydride (PA), acetic acid and acrylic acid
(reported as “Sum acids”), lights (mainly formaldehyde), CO and CO5. In
this temperature range, C balance was close to 100%. Hypothesis about
the mechanism for PA formation were discussed in previous works [44,
701].

The highest PA yield of 15% was achieved at 300-320 °C, whereas
best yield to MA, close to 60%, was shown in the range 320-340 °C. A
further increase of the reaction temperature led to a rapid decline of
both MA and PA yields, due to the preferred oxidation of intermediates
and products to CO and COs. In a previous paper, the reactivity of the
same catalyst at higher 1-butanol concentration (1.0% in air) was shown
[44] (for the sake of an easier comparison, the same figure is reported in
the SI, Fig. S2); in that case, maximum yield to MA was 39% only.

Conversion of 1-butanol was complete over the entire range of
temperature investigated. In fact, the alcohol is very reactive, and de-
hydrates into butenes, the only primary products, already at 150 °C;
however, higher temperatures are required to transform butenes into
oxidised compounds. Experiments carried out at 340 °C in function of
contact time with VPP-1 were reported in a previous work [44]; it was
shown that intermediates in the oxidation of butenes were crotonalde-
hyde, furan and maleic acid. Moreover, it was also shown that at 340 °C
MA and PA are stable compounds, which do not undergo consecutive
combustion, even at total reactant conversion.

Fig. 3 summarizes the effect of 1-butanol concentration on the cat-
alytic performance of VPP-1. In all catalytic tests, complete conversion
was achieved. It is shown that an increase of the alcohol content in the
feed had a relevant effect on the distribution of products. In particular:
(a) the temperature at which the intermediately formed olefins were
oxidised into MA and PA was shifted towards higher temperatures (from
320° to 360°C); (b) the highest yield of both PA and MA considerably
decreased; MA dropped from 60% down to 39% and 18%, at the 0.4, 1.0
and 2.0 mol% of 1-butanol in feed, respectively.

The experiments shown in Fig. 3 confirm the well-known drawback
of the VPP catalyst, i.e., the limited number of surface sites available,
hence the easy occurrence of saturation phenomena, especially when
reactants which develop strong interaction with the catalyst are used, as
in the case of 1-butanol [44,46]. This limitation derives from the low
number of V> sites which develop under reaction conditions at the
surface of the vanadyl pyrophosphate [46,48].

Regarding the effect of inlet oxygen molar fraction on catalytic
behavior, it was reported in a previous paper [44]. It was shown that an
increase in the oxygen content led to an increase in both MA and PA
selectivity, whereas there was almost no effect on selectivity to light
acids. Selectivity to CO and COg increased slightly in the O, molar
fraction range 0.04-0.10 and then decreased until the O, molar fraction
of 0.20. Under the latter conditions, the highest selectivity to MA and PA
was recorded.

Because of the surface coverage and saturation by the alcohol and by
the intermediately formed olefins [44], a phenomenon which becomes
more relevant when higher 1-butanol concentrations are used, the V
ability to provide active V°* sites for the transformation of the olefins
into MA and PA was considerably decreased. Therefore, higher tem-
peratures were needed for increasing 1-butanol inlet molar fraction, to
facilitate desorption of intermediates and products and make more V
sites available for the generation of active, oxidising species and for the
oxidative steps to occur.

This phenomenon was even more evident with catalyst VPP-2,
characterised by a lower surface area than VPP-1. Fig. 4 reports the ef-
fect of temperature on catalytic performance, at 1.0 mol% 1-butanol in
feed, that is, the same conditions used for VPP-1 and reported in [44]
(see Fig. S2). With VPP-2 the best MA yield, achieved at 400 °C, was
50% (with VPP-1, best MA yield was 39% at 340 °C), and the best PA
yield was 5% at 360 °C (with VPP-1, it was 12% at 340 °C). Moreover,
the formation of acids (acetic acid and acrylic acid) was remarkable with
VPP-1 (higher overall yield close to 19% at 320 °C), whereas it was no
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Fig. 3. Temperature effect on the catalytic behaviour of VPP-1 in 1-butanol oxidation. Feed 0.4 mol% 1-butanol in air (blue symbols and lines); 1.0 mol% 1-butanol
in air (brown symbols and lines); 2.0 mol% 1-butanol in air (green symbols and lines). W/F 1.3 gcar s/mL.
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Fig. 4. Temperature effect on the catalytic behaviour of VPP-2 in 1-butanol
oxidation. Feed 1.0 mol% 1-butanol in air. W/F 1.3 g.,s/mL. Symbols as
in Fig. 2.

higher than 5-6% (at 360-400 °C) with VPP-2.

The higher temperature needed with VPP-2 for the best MA yield can
be explained by considering the above-described phenomenon of surface
saturation, which is more evident with the low-surface-area VPP
catalyst.

Moreover, in the case of VPP-1 a decline of both MA and PA yield was
observed when the temperature was raised at above 340 °C, with an
increase of both CO and COj yield. Conversely, with VPP-2 the MA and
PA decline occurred at above 400 °C and was less pronounced compared
to that one observed with VPP-1. It is possible that the lower surface area
of VPP-2 may limit consecutive combustion phenomena over both re-
actants and intermediates [45,46].

A similar behaviour, with three distinct zones of temperature each
one with a prevailing class of products, i.e., alkenes in the low temper-
ature range, partially oxidised products (MA, PA and acids) in the me-
dium temperature range, and COy in the high temperature region, was
also reported for the oxidation of n-butenes to MA, occurring via inter-
mediate formation of butadiene [71,72]. Also in that case, the phe-
nomenon was interpreted as being due to the interplay of both
adsorption-desorption of reactants, intermediates and products, and
availability of oxidising V sites; the latter was a function of the bute-
ne/05 inlet molar ratio.

Also with VPP-2, the best yield to MA declined considerably when
the inlet concentration of 1-butanol was increased (Fig. 5).

100 —e @ L
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Fig. 5. Inlet molar fraction of 1-butanol effect on the catalytic behaviour of

VPP-2 in 1-butanol oxidation. Feed: variable mol% 1-butanol in air. Tempera-
ture 400 °C; W/F 1.3 8¢ s/mL. Symbols as in Fig. 2.
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3.3. Surface properties of vanadyl pyrophosphate catalysts, and
relationship with catalytic performance

The role of surface characteristics on catalytic performance has been
investigated by carrying out TPSR (Temperature Programmed Surface
Reaction) experiments, using methanol as a model molecule. Methanol
was chosen as a probe molecule because of the easier possibility to
correlate surface features with the nature of products obtained; in fact,
there is a wide literature available for the use of methanol as a probe
molecule in the determination of catalysts surface features [73,74].
Conversely, there are very few information concerning the use of
1-butanol as a probe molecule [44]. The interaction of the two alcohols
with the vanadyl pyrophosphate surface is expected to be the same in the
two cases, occurring mainly via interaction of the -OH moiety with
surface sites [44,73,74].

Firstly, methanol pulses were fed at 100 °C until saturation of the
vanadyl pyrophosphate surface, then inert gas was flown on the sample
while increasing the temperature, in order to react methanol and desorb
the products from the surface; species desorbed were monitored by
means of an online mass spectrometer.

Different reactions of methanol can take place on the catalytic sur-
face, in function of the acid/base and redox sites present. Fig. 6 displays
the reactions that may occur in the presence of acid/base sites (blue
arrows) or redox sites (red arrows) [73,74]. The methanol pulses
registered at the reactor outlet, after contact of methanol with the cat-
alysts, are shown in Fig. S3.

In the case of VPP-2, very narrow pulses suggest negligible diffu-
sional steps and limited chemical interaction between methanol and
surface sites, whereas the opposite is true for VPP-1, since broader and
less intense signals were shown. The comparison between the amount of
methanol pulsed on catalysts and the amount of methanol not adsorbed
(as calculated by the integration of pulses area) showed that with VPP-2
only the 2.0 £ 0.3% of the overall amount fed was adsorbed on catalyst
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surface, whereas in the case of VPP-1 the amount of the retained
methanol was close to the 6.5 + 0.7% of the amount fed. Therefore, the
experimental value for VPP-1 was more than twice as much the value for
VPP-2, so exceeding the ratio of surface areas for the two VPP samples
(40 m?/g for VPP-1 vs 20 m2/g for VPP-2). This may point out that VPP-
1 holds a more efficient interaction with methanol compared to VPP-2,
leading to a greater amount of alcohol adsorbed, which was not only an
effect of its greater value of surface area. A possible explanation may be
the presence of a greater density of surface acid sites on VPP-1 surface
(see later for the determination of the surface acidity).

After the adsorption of methanol, the nature and quantity of products
desorbed during the increase of temperature under an inert flow were
continuously monitored. In the case of VPP-2, which had previously
adsorbed a smaller amount of methanol, the signals associated to
products were less intense than in the case of VPP-1. The desorption of
methanol for both catalysts took place between 100 and 200 °C, as
shown in Fig. 7. In the same temperature range, also formaldehyde
formed and desorbed, but the major amount of formaldehyde desorbed
at 200-350 °C (Fig. 7 (right)).

CO formed in a very small amount, in the temperature range
250-350 °C for both catalysts. CO; also formed in very small amount, at
above 300°C. No methylformate, dimethylether and dimethoxy-
methane were observed; this suggests that no bimolecular reactions
occurred, probably because of the very low concentration of methanol
adsorbed.

The different intensity of the signals for the two catalysts may be
once again attributed to the different surface area of the two samples,
even though it is shown that the amount of methanol desorbed from
VPP-1 was more than twice as much the amount desorbed from VPP-2
(Fig. 7 left).

The two samples were also characterised by means of ammonia-TPD
(Fig. S4) to determine their acid properties. The desorption profiles for
the two VPP catalysts were similar, with desorption occurring over the

CH;0H
CH;0H CH3;0CH; + H,0
1/2 0, DME
-H,0
1/2 0, 2 CH;0H

CO + H,0 <«— HCOH
FORM

HCOO

Y

€O, + H,0

—_—~——————

(CH30),CH,*+ H,0
DMM

A/Co
1 /JN
Y

CH5OH
HCOOCH, + H,0

MF

1/2 0,

Fig. 6. Reaction scheme of methanol transformation over acid/base and redox sites. Blue arrows indicate reactions taking place on acid/base sites, red arrows on
redox sites. FORM: formaldehyde; DME: dimethylether; DMM: dimethoxymethane; MF: methylformate.
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Fig. 7. MS signals of methanol (left) and formaldehyde (right) during methanol desorption with VPP-1 (red line) and VPP-2 (black line) catalysts. The VPD catalyst,
characterised by very low surface area, did not provide reliable information; therefore, it has not been reported.

entire range of temperature investigated; a low-temperature desorption
peak (150-250 °C) is attributable to weak acid sites, and the broad
desorption occurring until 500-550 °C to medium strength sites.
Instead, the high-temperature peak, occurring during the isothermal
step but indeed starting already at 480-500 °C during the heating step,
also derived from the oxidation of ammonia to Ny and Hy0, with the
concomitant reduction of V ions and loss of ionic oxygen. Not surpris-
ingly, the overall amount of ammonia desorbed was greater for VPP-1
than for VPP-2, as expected because of the higher surface area of the
former sample. However, the strong intensity of the low-temperature
desorption peak (with an amount of ammonia desorbed with VPP-1
which was about 3 times as much the amount desorbed with VPP-2)
points out for a density of surface sites in VPP-1 which is higher than
that of VPP-2.

A higher density of acid sites, as shown by ammonia-TPD experi-
ments, may be the reason for the greater yield of both light acids
(deriving from cracking reactions) and PA observed with VPP-1, the
formation of PA occurring via a Lewis-acid catalysed Diels-Alder addi-
tion between the intermediately formed butadiene and MA [44]. The
same property may also be responsible for the enhanced dehydration of
butanol to butenes, which occurs at lower temperature for VPP-1
(270-280 °C) compared to VPP-2 (ca. 320 °C). This also allows the
conversion of butenes into MA to occur at lower temperature. On the
other hand, acidity may be responsible for the rapid decline of MA
selectivity observed with VPP-1 at temperature higher than 340 °C.
Maleic anhydride, once formed, interacts more strongly with the catalyst
surface, and may undergo an easier consecutive transformation into CO
and CO3. Conversely, with VPP-2 desorption may occur more easily
(also because of the higher temperature needed), so saving MA from
consecutive combustion. These data also agree with the stronger inter-
action between methanol and VPP-1 as recorded by means of methanol
TPSR experiments.

3.4. The reactivity of VPP-1 in the dehydration of 1-butanol to butenes (in
the absence of air)

The VPP-1 catalysts showed excellent performance in the dehydra-
tion of 1-butanol in the presence of oxygen; for example, high yield to
butenes was shown at 200 °C (Fig. 2), with an overall yield to oxygen-
ated compounds which was less than 5%.

The catalytic performance of VPP-1 in the absence of oxygen has also
been investigated and the catalytic results, obtained by increasing the
reaction temperature from 230 up to 340 °C, are shown in Fig. 8.

Again, complete 1-butanol conversion was achieved also ad low
temperature. Interestingly, the reaction was totally selective to the for-
mation of butenes with a carbon balance close to 100% until 320 °C,
which however declined down to 90% at higher temperature. No
oxidized compounds were found at 230 °C; at 260 °C, ca 2% yield to
butyraldehyde was shown. This means that under these conditions the V
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Fig. 8. Temperature effect on the catalytic behaviour of VPP-1 in 1-butanol
dehydration. Feed 1.0 mol% 1-butanol in He. W/F 1.3 g.,-s/mL. Symbols as
in Fig. 2.

species (mainly present as Vv*) is not able to oxidise the organic sub-
strate, and it needs the presence of gaseous O to in-situ generate the
active V°* species required for the consecutive oxidation of butenes into
MA. In fact, the used catalyst, characterised by means of Raman spec-
troscopy, was identical to the fresh one. Nevertheless, these results
clearly confirmed the dehydrating ability of vanadyl pyrophosphate.

However, Fig. S5 shows that during prolonged reactivity experi-
ments carried out at 260 °C, the catalyst underwent a slow, but non-
negligible, deactivation. Conversely, when the reaction was carried
out under the same conditions, but in the presence of air, no deactivation
was observed (Fig. S6); on the other hand, in the latter case the selec-
tivity to olefins declined, because of the formation of oxygenated by-
products and carbon oxides with an overall selectivity close to 10%.

Thus, results obtained so far suggest that vanadyl pyrophosphate is a
good catalyst for 1-butanol dehydration, but in the presence of air the
selectivity to olefins is no higher than 90%, whereas under anaerobic
conditions, selectivity is higher, but a slow deactivation takes place. The
latter is attributable to the accumulation of char, the formation of which
however is hindered when the reaction is carried out in the presence of
air.

3.5. The reactivity of vanadium phosphate in the dehydration and
oxidation of 1-butanol

We then tested the reactivity of VPD, in the presence and in the
absence of oxygen; the catalyst was made of a;-VOPOy.
The results of experiments carried out without air in function of
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temperature are shown in Fig. 9.

Products detected were butenes, butyraldehyde and n-butylether; C
balance was better than 90% in the 260-300 °C T range, but it was
between 70% and 90% outside of this interval. Almost total conversion
was achieved at 280 °C, but higher temperatures led to a decline of
conversion and of 2-butenes yield, suggesting a strong deactivation ef-
fect, which may be attributed to the deposition of carbonaceous residua
over the catalytic surface. Best yields of butenes were obtained at
280 °C, with 70% of 2-butenes and 20% of 1-butene respectively.

The deactivation process was further investigated, by monitoring the
catalytic behaviour during time-on-stream at 330 °C. The results, shown
in Fig. S7, revealed a drop of conversion from 90% down to 32%; no
variation in products distribution was observed. After the test, the spent
catalyst underwent a regeneration treatment in air (see Experimental for
detailed description of the regeneration procedure). The treated catalyst
completely recovered its initial activity, but deactivation started again
almost immediately.

The characterization of the catalyst after reaction at 330 °C showed
that it had undergone modifications during reaction. Specifically,
Raman spectra (Fig. S8) showed the accumulation of coke (bands at
1590-1600 and 1375-1380 cm [75,76]), likely responsible for the
remarkable deactivation phenomenon observed, and the presence of
both a;-VOPO4 and (VO)2P207. XRD pattern confirmed the presence of
both compounds (Fig. S9). Vanadyl pyrophosphate likely formed by
a1-VOPOy4 reduction during reaction, because of the oxidative (however
occurring in the absence of Oj) transformation of 1-butanol into
butyraldehyde.

We then investigated the reactivity of the VPD catalyst in the pres-
ence of Oy; the catalytic performance in function of temperature is
illustrated Fig. 10. It is shown that even in the presence of oxygen, the
catalyst maintained its excellent performance in 1-butanol dehydration
for temperatures comprised between 280 and 320 °C, with high selec-
tivity and yield to butenes (the ratio between isomers being close to the
thermodynamic value), with an excellent C balance and overall yield to
oxygenates lower than 1.5%, and no n-butylether.

The catalytic behaviour was stable during a few hours’ reaction time,
as shown in Fig. S10; this is an important difference if compared to the
behaviour in the absence of oxygen.

However, when the temperature was raised at above 360 °C, the
catalyst started to behave similarly to the VPP, with transformation of
alkenes and production of MA (but no PA), COy and light acids; C bal-
ance was close to 80% (Fig. 10).
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220 240 260 280 300 320 340
Temperature (°C)
Fig. 9. Temperature effect on the catalytic behaviour of VPD in 1-butanol

dehydration (each point was taken after one hour of reaction). Feed 1.0 mol
% 1-butanol in He. W/F 1.3 g5 s/mL. Symbols as in Fig. 2. Butyralde-

hyde ( A).
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Fig. 10. Temperature effect on the catalytic behaviour of VPD in 1-butanol
oxidation. Feed 1.0 mol% 1-butanol in air. W/F 1.3 g¢,¢ s/mL. Symbols as
in Fig. 2.

3.6. The characterisation of used vanadium phosphate

Ex-situ Raman spectra of the VPD catalyst after reaction at 440 °C in
air are shown in Fig. S11, and reveal the presence of carbonaceous
species (1600 and 1370 cm’l), which is in agreement with the lack of
carbon balance observed, and of a;-VOPQO4, while the bands at 1185 and
1135 cm™! are related to (VO)3P50;, which confirms the partial
reduction of o;-VOPO4. The XRD pattern confirm indications from
Raman spectra, however with the diffraction lines related to the vanadyl
pyrophosphate as the prevailing ones (Fig. S12).

To confirm the hypothesized reduction of a;-VOPO4 during the
oxidation of 1-butanol, an event which might be unexpected due to the
presence of oxygen, we investigated the reduction of a;-VOPO4 into
(VO)2P207 by means of in-situ Raman experiments. The fresh catalyst
was first calcined in order to transform VOPO342 Hy0 into a;-VOPO4.
The experiment was then carried out by feeding 1.0 mol% 1-butanol in
air, from 380 °C to 460 °C, thus simulating the same conditions of the
laboratory plant (Fig. 11). The starting spectrum, before the reaction,
showed bands at 1032, 928, 575, 540 and 288 em! attributed to o-
VOPOy. After 240 min of reaction at 380 °C, the generation of two bands
with a weak intensity at 1180 and 1130 cm ™! was observed, that could
be correlated to the formation of (VO)2P207. On increasing the tem-
perature up to 400 °C, the bands attributable to the latter compound
became clearly visible. A further increase of temperature and time led to
the decrease of bands attributable to a;-VOPO4. At 460 °C, bands at 575,
540 and 288 cm™! disappeared, while the intensity of the band at
1032 cm ™! was remarkably decreased, indicating the almost complete
reduction of the V>* phosphate.

These results explain the catalytic performance shown by the VPD
catalyst in function of temperature; in fact, the in-situ development of
the vanadyl pyrophosphate explains the progressive increase of the
selectivity to MA. Reduction of the V°* phosphate, despite the presence
of Oy in the gas-phase, suggests that under the conditions used the
vanadyl pyrophosphate is the most stable crystalline structure. Under
steady-state conditions, the latter acts as the basis for the V4*/V°* redox
cycle leading to the generation of MA [46,48].

While cooling down the sample to room temperature in air, Raman
spectra were recorded (Fig. S13); the interruption of 1-butanol feeding
led to the growth of intensity of bands belonging to o;-VOPOg4, with a
concomitant decrease of the intensity of bands attributed to vanadyl
pyrophosphate. This indicates that the reduction of VOPO4 into
(VO),P20y is, at least in part, a reversible process; after the reaction at
440 °C, part of the vanadyl pyrophosphate could be re-oxidised back
into a;-VOPO4 when the temperature was decreased (while keeping the
flow of air). This means that a dynamic phenomenon occurs with the
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Fig. 11. In-situ Raman experiment of VPD catalyst while feeding 1.0 mol% 1-butanol in air at increasing temperatures.

interconversion of vanadyl pyrophosphate into vanadium phosphate,
the prevailing compound (and the corresponding catalytic behavior)
being a function of temperature and of gas-phase composition in the
presence of the butanol/air mixture.

4. Conclusions

V/P/O-based catalysts show excellent performance in 1-butanol
dehydration into butenes, but the catalytic performance is greatly
affected by the characteristics of the catalyst and by reaction conditions.
Vanadyl pyrophosphate, (VO)2P207, the catalyst used in n-butane
oxidation to maleic anhydride, shows very high yield to butenes at
temperature lower than 240 °C in the presence of oxygen, whereas at
higher temperatures it catalyzes the formation of maleic anhydride
(60% yield) and phthalic anhydride (12% yield), but only when the
molar fraction of 1-butanol in the inlet feed is very low, e.g., equal to
0.4 mol%. An increase of the 1-butanol concentration in the inlet feed
leads to catalyst surface saturation effects which inhibit the consecutive
oxidation steps leading to anhydrides formation. These phenomena are
greatly affected by surface features, such as acidity; adsorption mea-
surements carried out using methanol as the probe molecule confirmed
the important role of adsorption and saturation phenomena. In the
absence of oxygen, still the performance was excellent, with high yields
to butenes, but the catalyst showed a slow deactivation due to the
accumulation of tar, the latter being caused by catalyst surface acidity.
The behavior of V> phosphate (a;-VOPO,4) was different; the catalyst
showed a remarkable deactivation in the absence of air during 1-butanol
dehydration but showed a stable performance with very high yield to
butenes at temperature lower than 340 °C, and in the presence of air. At
higher temperature, the catalytic behavior of a;-VOPO4 became similar
to that shown by vanadyl pyrophosphate, due to the in-situ trans-
formation of the former into the latter compound.
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