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Improvement of catalytic performance in isobutane oxidation to
methacrylic acid of Keggin-type phosphomolybdates by preparation
via lacunary precursors. nature of the active sites
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Heterogeneous catalysts for the oxidation of isobutane to methacrylic acid were prepared by precipitation of anmonium salts of PPIMo
polyoxometalates (POMs) at pH ranging from strongly acidic (pH < 1) to mildly acidic (pH 4.0), followed by thermal treatment in air at
350°C. Depending on the pH of precipitation, different types of POMs were obtained (Keggin-type and lacunary-type), the calcination of
which, however, in all cases gave rise to a Keggin-type POM, (NH4)3PM012049. Even so, the catalytic performance was different for the
catalysts prepared. In particular, the differences mainly concerned the equilibration stage necessary to reach a steady catalytic performance.
Based on comparison of the fresh and unloaded catalysts, a hypothesis is formulated concerning the nature of the active sites for isobutane
selective oxidation. It is proposed that the active sites are generated as a consequence of the incipient structural decomposition of the
POM and migration of Mo from the Keggin anion into the cationic position of the framework. This phenomenon occurs either during the
calcination treatment of the lacunary precursor, or during the equilibration stage under reaction conditions for the catalyst prepared starting

from the Keggin precursor.

KEY WORDS: Keggin heteropolycompounds; polyoxometalates; selective oxidation of isobutane; methacrylic acid; heterogeneous selec-

tive oxidation

1. Introduction

The current industrial production of methylmethacrylate
by the “acetone-cyanohydrin” process suffers from a num-
ber of drawbacks, which makeit environmentally unfriendly.
In particular, it makes use of a very toxic reactant (HCN)
and intermediate (acetone cyanohydrin), and it coproduces
large amounts of impure ammonium sul phate, contaminated
with organic compounds. Among the several alternative syn-
thetic routes which have been proposed, particularly inter-
esting from both the practical and scientific points of view
isthe single-step oxidation of isobutane to methacrylic acid,
intermediate in the synthesis of methylmethacrylate. Sev-
eral research groups have studied this reaction, and it has
been established that the most active and selective catalysts
are those based on Keggin-type polyoxometaates (POMSs),
containing phosphorus and molybdenum as the main com-
ponents[1-15].

The preparation of Keggin-type POMs can be carried out
following different procedures, for instance by (i) prepara-
tion of the soluble acid (H3PM012040) at strongly acid con-
ditions, followed by precipitation of the partly exchanged,
unsoluble salt which forms by addition of cations (typi-
cally Cs™), or (ii) direct precipitation of an unsoluble salt
at strongly acid pH, i.e., (NH4)3PM012049 if raw materi-
als containing ammonium are used. In all cases, strongly
acid conditions are necessary in order to develop the in-
tact Keggin anion, PM 012037, since pH values higher than

1-1.5 lead to partial decomposition into the so-called lacu-
nary anions.

The objective of the present work was to analyze the
effect of the pH of precipitation of the POMs on their
chemical-physical features and catalytic performancein the
oxidation of isobutane to methacrylic acid, as apossible pa-
rameter to control the reactivity of these compounds. The
study of thiseffect hasled usto formulate a hypothesis about
the nature of the active sites in Keggin, POMs-based cata-
lysts.

2. Experimental

Ammonium salts of P/M o Keggin-type POMsand related
lacunary compoundswere prepared using the following pro-
cedure. The compound (“precursor”) was precipitated by
the addition of HCI (until the desired pH value) to a solu-
tion containing dissolved (NH4)sM07024-4H20 and H3PO4
(initial pH 4.5), in the relative amounts as required by the
stoichiometry. The precipitate was dried at 120 °C overnight
(with solvent evaporation), and then calcined up to 350°Cin
static air, for 6 h.

The nitrogen content was determined on the solids, us-
ing a Carlo-Erba EA 1110 CHNS-O Instrument. Powder
XRD datawere obtained with a Philips PW 1050/81 diffrac-
tometer using Ni-filtered Cu K, radiation, controlled by a
PW1710 unit. The surface areas (BET single point) were
determined by N2 adsorption at 77 K, using a Carlo-Erba
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Sorpty 1826 apparatus. Diffuse reflectance UV-Vis spectra
were recorded at room temperature using a Perkin—Elmer
Lambda 19 spectrometer, equipped with a60 mm integrating
sphere coated with barium sulphate reflective paint. Raman
spectrawere recorded with a Renishaw 1000 instrument, Ar
laser (2.5 mW).

The catalytic tests were carried out in a stainless-steel
continuous-flow reactor, at atmospheric pressure. The feed
composition was the following: isobutane 26 mol%, oxy-
gen 13%, steam 12%, remainder helium. Each series of cat-
aytictestswascarried out using 1.5 g of catalyst, granulated
into particles. The residence time was equal to 3.6 s. The
reactor outlet was kept at 200°C, to prevent product con-
densation and methacrylic acid polymerization. A volume
of the gas phase was sampled on-line by means of a sam-
pling valve, and analyzed by gas chromatography. A Car-
bosieve S column was utilized for CO and CO, anaysis,
with a programmed increase in oven temperature from 40
to 240°C (TCD). A GP 10% SP-1200/1% H3PO4 on Chro-
mosorb WAW (FID) was utilized for the analysis of the other
products. After the catalytic tests, the catalysts were un-
loaded by cooling the reactor under a helium atmosphere,
and then characterized.

3. Reaultsand discussion

POMs are usually prepared at strongly acid pH (pH < 1),
thus at conditions at which the Keggin anion PMolzoia
is formed; in the presence of ammonium cation, the cor-
responding unsoluble salt (NH4)3PM012049 precipitates.
However, the preparation of POMs can be carried out at
higher pH, i.e,, between 1 and 7. In this range, lacunary
compoundsdevel op, where the atomic ratio between the het-
eroatom and the oxometal is higher thanin the intact Keggin
anion. We prepared insoluble ammonium salts at different
pH values. Raman spectra of the compounds obtained, after
drying at 120°C (catalyst precursors), are reported in fig-
ure 1. With increasing pH, spectra develop where absorp-
tion bands are different with respect to those of the intact
Keggin unit [16], as a conseguence of the decrease in anion
symmetry. Limit spectra are those obtained at strongly acid
pH (pH < 1) and at pH 4.0; for intermediate values of pH,
the spectra correspond to a combination of the limit spec-
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Figure 1. Raman spectra of precursors precipitated at increasing values
of pH.
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tra. According to literature indications, the spectrum of the
precursor obtained at pH 4.0 corresponds to that of a lacu-
nary POM having the composition (NH4)7PMo011039 [17—
19]. Confirmation of this comes from the analysis of the
N content of the compound, which is 5.1 wt%, and thus
correspondsto 6.7 (NH4) ™ cations per PM 011025 formula,
close to the theoretical value 7. The difference between the
expected value and the experimental one may be due to the
presence of small amounts of POMs having different com-
position. For instance, it has been reported that precipitation
at pH 4.3 leadsto the development of pure PM 0110;)5 , While
at pH 4.0 contamination by PM 012025 is possible [20].

Other interesting features arise from inspection of the
UV-Vis DR spectra, shown in figure 2 for compounds pre-
Cipitated at progressively increasing pH. Big differencesare
observed for the bandsrel ative to chargetransfers (CT) from
0%~ to Mo®t ions in the Keggin anion. The presence of
more than one band in the spectrum of the intact Keggin
compound is attributed to different 02~ ions [21], but also
can be due to inter-anion CT transitions, and therefore may
be considerably affected by the size of the cationslocated in
the secondary framework [22]. The intensity of the lowest-
energy CT band, which for the intact Keggin anion fallsin
the range 400-450 nm (depending on several features of the
compound itself, such as crystalinity, and nature of the cat-
ion [22]), decreases for increasing values of precipitation
pH, and in the case of the sample precipitated at pH 4.0 the
optical gap is shifted towards higher energy. This reflects
the different redox properties of Mo in the intact and in the
lacunary compounds. It is known that the particular proper-
ties of Keggin anions derive from the electronegativity and
hence el ectron-exchange properties of Mo®*, which are con-
sequences of the high delocalization of chargesin the anion
and thus of the almost metallic behavior of the single units.
When the continuity of the energy bands is interrupted due
to the absence of one or more Mo and O ions in the unit,
this has consequences on the energy for the electron transfer
from the donor to acceptor levels[21].

A similar change in the spectra, with a progressive shift
of the lowest-energy CT band towards higher energy was
found for (NH4)3PMo12_ W, O40 compounds as the value
of x increased [23]. Alsointhiscasean increasing amount of
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Figure 2. UV-Vis DR spectra of precursors precipitated at increasing val-
ues of pH.
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Figure 3. Raman spectra of precursors precipitated at increasing values of

pH, after calcination at 350°C; * MoOs.
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Figure 4. UV-Vis DR spectra of precursors precipitated at increasing values
of pH, after calcination at 350°C.

W in the anion is known to considerably affect the oxidation
potential of the POM, and hence the position of the optical
gap [21].

Raman and electronic spectra of the samples after cal-
cination at 350°C are reported in figures 3 and 4, respec-
tively. Raman spectra show that the treatment of the precur-
sors leads in al cases to the formation of an intact, Keggin
POM. Therefore, the lacunary compound present in sam-
ples precipitated at pH > 1 is transformed into a Keggin
compound during the thermal treatment. A small amount of
MoOQs3 is also observed in the same samples.

The electronic spectra also indicate that transformation
of the lacunary precursor into a Keggin compound has oc-
curred. The spectrafor all the calcined samples are similar,
even though it is possible to distinguish differences in the
intensity of the CT band(s) centered above 350 nm. The lat-
ter, completely absent in the precursor prepared at pH 4.0
(before calcination), are now evident also in this sample, but
they remain more intense in the samples obtained by calci-
nation of precursors precipitated at more acidic conditions.

It has been found by thermal programmed decomposition
of (NH4)3PM012049 that the release of ammoniain these
compounds begins at 320°C [24]. Moreover, the release of
water by loss of protons and of the O~ ion in the Keggin
unit may begin over 350°C [25]. This phenomenon leads
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to the partial reduction of Mo, but the temperature at which

it occursis a function of the cation and of the oxometal in

the POM. Therefore, it is possible that indeed the compound
precipitated at pH < 1 and then calcined is not a fully stoi-
chiometric ammonium salt of 12-molybdophosphoric acid.

However, the following experimental resultsindicate that the

amount of impurities, if present, is very low: (i) chemical

analysis shows that the N content in the catalyst is close to
the stoichiometric, expected value (3.0 ammonium cations
per Keggin unit PM01203 ), and (i) the calcined POM isa

fully oxidized compound [26].

The surface area of calcined samples is a function of
the precipitation pH of the corresponding precursor. For
the sample prepared at pH < 1 the surface area is close
to 200 m?/g [27], while for the compound precipitated at
pH 4.0it islower than 5 m?/g.

The reactivity of the calcined samples in isobutane ox-
idation to methacrylic acid was followed during time-on-
stream. All the POMs exhibit an initial unsteady catalytic
behavior, which can last severa hours, before reaching the
so-called equilibrated state. Thisisshowninfigure5, for the
calcined sample precipitated at pH < 1. In this case, during
the equilibration period the main effects are (i) a progres-
sive increase in catalytic activity (which at the beginning of
service time is very low), and (ii) a progressive increase in
the selectivity to methacrylic acid (which at the beginning
of service timeis practically nil), with a corresponding de-
crease in the selectivity to carbon dioxide. Therefore, the
catalyst requires aperiod of activation, during which the ac-
tive sites are generated.

In the case of the sample prepared by calcination of the
precursor precipitated at pH 4.0, instead, the behavior is dif-
ferent (figure 6). The catalytic activity is stable from the
very beginning of service life, and therefore the catalyst in
this case aready containsthe sites which are activein isobu-
tane conversion. The initial selectivity to methacrylic acid
is 22%, and increases to the stable value of 41%, which is
reached in approximately 50 h of time-on-stream.

Comparison of the chemical features of calcined and
spent catalysts may help in understanding the nature of the
active sites. The surface area of all samples after reac-
tion is very low (less than 5 m?/g), regardless of the pro-
cedure used for preparation; therefore the changes in cat-
aytic performance shown in figures 5 and 6 are not due to
changes in surface area. The Raman spectra of samples un-
loaded after attainment of the steady catalytic performance
are shown in figure 7, while the corresponding UV-Vis DR
spectra are reported in figure 8. The following effects are
visible:

(1) The extent of POM reduction increases for all samples
during reaction. This is evident by the appearance of
an intense band at around 700 nm (figure 8), which is
due to intervalence CT between Mot and Mo®* (this
band is responsible for the intense blue colour of the so-
called heteropolyblues). Therefore, the isobutane-rich
gas phase acts as a reducing agent towards the fully ox-
idized, calcined POM, and progressive reduction of the



102

80

conv., sel., %

100

time on stream, h

Figure 5. Catalytic performance of the sample prepared by cacination
of the Keggin precursor (NH4)3PM01204q precipitated at pH < 1, asa
function of time-on-stream at 380°C and r = 3.6 s; feed 26% isobutane,
13% O, 12% H5O, remainder He. Isobutane conversion (¢), selectivity
to methacrylic acid (M), methacrolein (A), acetic acid (x), and CO (x),
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Figure 6. Cataytic performance of the sample prepared by calcination of

the lacunary precursor (NHz4)7PMo1103g precipitated at pH 4.0, asafunc-

tion of time-on-stream at 7 = 350°C and r = 3.6 s; feed 26% isobutane,
13% Oo, 12% H,0, remainder He. Symbols asin figure 5.

POM occurs during equilibration, until the two rates of
(i) oxidized POM reduction by isobutane and (ii) re-
duced POM reoxidation by oxygen (the two stepsin the
classical redox mechanism), become egqual, and the cata-
lyst reaches an equilibrium situation with the gas phase.
Thisalso indicates that the composition of the gas phase
affects the redox level of the working POM at steady
state. This phenomenon might be, at least in part, re-
sponsible for the progressive increase in activity shown
in figure 5. However, since the POM reduction occurs
in all catalysts, regardless of the pH of precursor pre-
cipitation (figure 8), it seems rather to affect another
phenomenon which is common to all catalysts, i.e., the
progressive increase in selectivity to methacrylic acid
(figures 5 and 6). In order to confirm this, a test was
done on the catalyst of figure 5, after attainment of the
steady performance: the sample was reoxidized in situ
by treatment with air, and then was made to react again
under reducing (hydrocarbon-rich) conditions [26]. It
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Figure 7. Raman spectra of catalysts prepared by calcination of the pre-
cursors precipitated at increasing values of pH, unloaded after reaction;
* M0O3.
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Figure 8. UV-Vis DR spectra of catalysts prepared by calcination of the
precursors precipitated at increasing values of pH, unloaded after reaction.

was found that the reoxidation of the POM leads first to
alessselective catalyst (with adecreasein the selectivity
to methacrylic acid from 42 to 20%); however, the selec-
tivity typical of the equilibrated catalyst is then recov-
ered in 20-30 h, which is the time needed to reduce the
POM once again under reaction conditions. A similar
change in selectivity to methacrylic acid (from 22% for
the oxidized POM to 41% for the reduced POM) is ob-
tained in the case of the catalyst prepared starting from
the lacunary precursor (figure 6).

These data point out that the selectivity to methacrylic
acid is afunction of the degree of reduction (and there-
fore of the time-on-stream elapsed) of the POM in ac-
tive catalysts, i.e., in POMs which contain active sites,
where the latter have been generated either (i) in situ by
equilibration under reaction conditionsin the case of the
calcined catalyst prepared starting from the Keggin pre-
cursor (precipitated at pH < 1), or (ii) ex situ by calci-
nation of the lacunary precursor (precipitated at pH 4.0).
On the other hand, in the former case the initial selectiv-
ity to methacrylic acid and the activity are very low (fig-
ure 5), and several hours of equilibration are necessary
to reach good performance. Therefore, in this case an
additional phenomenon overlaps, which is responsible
for theincreasein activity (i.e., for thein situ generation
of the active sites) and, at least in part, for the progres-
sive increase in selectivity.
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Figure 9. Raman spectra of different particles of the catalyst prepared by calcination of the precursor precipitated at pH < 1, unloaded after reaction.
m) POM, ) @-M0O3, E2) f-M0O3.

(2) Small amounts of MoOg, detected by X-ray diffraction
(not shown here) and by Raman spectroscopy (figure 7),
and indicating partial structural decomposition of the
Keggin-type POM, form during reaction for the sample
prepared at pH < 1 (which did not contain MoOg3 before
reaction, figure 3). The structural decomposition oc-
curring during reaction is likely due to the high surface
temperature which devel ops due to the reaction exother-
micity. Indeed, the same decomposition does not oc-
cur when the reaction is carried out at isobutane-leaner
conditions [26,28]. However, the extent of decomposi-
tion is not the same for al the catalyst particles. Fig-
ure 9 showsthat, depending on the particle on which the
beam is focussed, some particles are considerably more
decomposed than others, moreover, both 5-MoO3 and
a-Mo0Os are the products of decomposition.

(3) The partial structural decomposition is also accompa-
nied by aloss of ammonium cations, which are released
from the compound in the form of either ammonia or
molecular nitrogen, due to the oxidizing action of the
POM. This is clearly evident from the analysis of the
N content. The amount of ammonium cation corre-
sponds to 2.3 mole (instead of the theoretical 3.0) per
Keggin unit PM 012035 , for the unloaded sample whose
precursor was precipitated at pH < 1, and to 1.7 for
the unloaded sample whose precursor was precipitated
at pH 4.0. Indeed, it is evident that the decrease in am-
monium content, which should theoretically correspond
to the fraction of Keggin units which are decomposed,
is instead much higher than that expected on the basis
of the amount of MoOs detected [27,29]. This sug-
gests that a fraction of ammonium is indeed replaced
by molybdenum cations in the secondary framework.
This hypothesis has been confirmed in past studies by

EPR spectroscopy, which indicated the presence of Mo
dimers associated with the presence of extra-Keggin-
anion Mo ions, probably located in the cationic position
in the secondary framework of the POM [27].

(4) A modification occurring in the cationic composition of
the POM also is evident from the changeswhich occur in
the ultraviolet part of the electronic spectrum of some of
the unloaded samples (figure 8) with respect to the cor-
responding calcined ones (figure 4). Specificaly, in the
case of samples prepared by precipitation of the precur-
sor at less acidic conditions (pH 3.2 and 4.0), the spec-
truminthisregionis only dightly changed with respect
to the fresh, calcined catalyst. In contrast, in the case of
the samples prepared at pH < 1 and pH 1.8, the inten-
sity of the band falling above 400 nm considerably de-
creases. Therefore, the spectra of al unloaded catalysts
are finally similar, regardless of the pH of precipitation
of the corresponding precursor.

Inconclusion, it is possibleto hypothesize that the change
occurring in catalyst activity (i.e., in isobutane conversion)
for the sample prepared at pH < 1 during the equilibration
time (figure5), isdueto achangein the cationic composition
of the POM, as a consequence of the structural rearrange-
ment which occurs during reaction by partial decomposi-
tion and migration of Mo cations in the secondary frame-
work of the POM. This phenomenon generates sites which
congtitute the active centres for the oxidation of isobutane
to methacrylic acid. The same phenomenon takes a much
shorter time to occur for samples prepared at higher pH of
precipitation, up to the limit case of the calcined compound
whose precursor was precipitated at pH 4.0, which is active
from the very beginning (figure 6), becausein these casesthe
active sites are already present in calcined samples. Indeed
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the active sites form during the structural transformation at
350°C of thelacunary precursor (the amount of whichin the
precipitate increases with increasing pH of precipitation) to
the Keggin compound.

A possible role might also be played by MoO3 generated
by partial structural decomposition; it has been proposed that
the development of a partly decomposed compound leads to
a more active catalyst in the oxidehydrogenation of isobu-
tyric acid to methacrylic acid [30].

The in situ generation of the active sites (figure 5) also
has a positive effect on the selectivity to methacrylic acid,
and overlaps with the effect due to the progressive reduc-
tion of the POM during the equilibration period. The latter
phenomenon instead occurs under reaction conditionsfor all
samples, regardless of the pH of precipitation of the corre-
sponding precursor.

One further aspect concerns the long equilibration time
(up to 80 h) needed to reach a stable performancein the case
of the calcined sample whose precursor was precipitated at
pH < 1 (figure5). Thisisin contradiction with that reported
intheliterature, where shorter times are claimed to be neces-
sary to reach a steady state [8]. Thismight be dueto the fact
that all catalysts described in the literature already contain
transition metal ions in the secondary framework, like Fe?+
or Cu?t. Also, it has been reported that in V-substituted
POMs, V°*, originally present in the Keggin anion, dur-
ing reaction istransferred into the cationic position, generat-
ing VO?* sites. Concurrently, the activity increases [31,32].
Therefore, this would seem to confirm the fundamental role
played by transition metal ions located in the cationic posi-
tion of POMs as active sites for the oxidation of isobutane
to methacrylic acid. When the POM does not contain these
sites (asin our (NH4)3PM012040 catalyst prepared by cal-
cination of the precursor precipitated at pH < 1), the time
required for catalyst activation corresponds to the time nec-
essary to initiate the structural decomposition of the POM
and the migration of Mo ions from the Keggin anion into the
secondary framework of the POM.

In contrast, in the case of the compound prepared at
pH 4.0 these active sites form during the calcination treat-
ment, with the transformation of the lacunary precursor into
the Keggin compound, and therefore the catalyst is active
from the very beginning of the service time. In this case the
equilibration time is only necessary to reach a steady reduc-
tion level of the POM under hydrocarbon-rich conditions.

4, Conclusions

The pH of precipitation of the POM is one parameter
which may affect the performance of the catalyst during
the equilibration time. In particular, it is possible to con-
siderably shorten the time-on-stream necessary to reach a
steady performance (with better conversion and selectiv-
ity to methacrylic acid than during the unsteady period) by
preparation of the precursor at mildly acidic conditions(i.e.,
pH 4.0). The calcination treatment of the lacunary precur-
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sor yields a Keggin-type POM that aready contains the spe-
cific sitesactivefor the oxidation of isobutaneto methacrylic
acid. When instead the catalyst is prepared conventional ly at
strongly acid pH (i.e., pH < 1), the generation of the active
species occurs during permanence in the reaction environ-
ment under isobutane-rich conditions, by partial decompo-
sition of the POM and modification of the cationic com-
position in the POM framework. An additional phenom-
enon, the progressive reduction of the POM under reducing,
hydrocarbon-rich conditions, occurs with al catalysts, and
is also responsible for the improvement in selectivity during
catalyst equilibration [26,28].
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