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Abstract

The transformation of isopropanol on MoQ,/TiO, catalysts doped with alkali-metal cations has been studied by the
pulse technique. The FTIR studies have provided evidence of the dissociative adsorption of isopropanol and the
formation of isopropoxide species which decompose at higher temperatures to acetone. Catalytic measurements have
shown that the addition of alkali-metal cations leads to a drastic decrease in the yield of propene, owing to the
elimination of Br@nsted centres originally existing on the catalyst surface, whereas the rate of dehydrogenation to
acetone is affected only slightly. The extent of the changes observed depends on the nature of the doping alkali-metal

cation.
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1. Introduction

The transformation of isopropanol on oxides
provides information about the nature and prop-
erties of surface centres. The alcohol may decom-
pose through two parallel routes: dehydration to
propene (and, at high partial pressure, to diiso-
propyl ether) and dehydrogenation to acetone.
Several mechanisms have been proposed in the
literature to explain these reactions [1-6]. It has
also been postulated that dehydration proceeds on
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acidic centres (Bronsted and Lewis sites), and
hence the amount of propene may be a measure
of the acidity of oxides, whereas redox, basic
centres are involved in the dehydrogenation path
[7-9]. The FTIR technique has been applied in
several cases to determine the mechanism of iso-
propanol adsorption and transformation on oxide
catalysts [10-12]; alkoxide species have been the
main intermediate surface complexes detected
[13].

In the present study, the FTIR technique has
been applied to follow the interaction of iso-
propanol with MoO,/TiO, catalysts doped with
alkali-metal cations. The FTIR study has been
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supplemented with measurements of isopropanol
decomposition performed by the pulse technique.

The MoO,;/TiO, system is currently used in
several oxidation reactions, such as the oxidation
of methanol [14-16], 1-butene and o-xylene [17],
propene [18] and ethene [19] and the oxidative
dehydrogenation of propane [20]. It has been
shown that the addition of alkali cations to
MoQ,/TiO, catalysts increases the tendency to
form partial oxidation products while decreasing
the trend towards formation of undesired carbon
oxides [19,20].

In view of the correlation between the perfor-
mance of oxide catalysts in selective oxidation
reactions and their acid/base properties [8], it
seems of interest to characterize the properties of
surface centres, and their modification upon al-
kali-metal doping, by the adsorption of a probe
molecule, such as isopropanol.

2. Experimental

All samples were prepared by impregnation of
the support (TiO, from Degussa, Sper~ 50 m?
g~ 1) with aqueous solutions of (NH,)Mo,
0,,-4H,0 (from Panreac, p.a.) The amount of
molybdenum (5.8% Mo) corresponds to that
needed to yield a geometrical monolayer of
molybdena [21] on the support (assuming the
initial value for the specific surface area of tita-
nia), i.c., the amount required to cover completely
the exposed surface of the support. The alkali
cation (Alk, 1 wt%) had been previously incorpo-
rated by impregnation of the TiO, with an
aqueous solution of the corresponding nitrate
(from Fluka), using a Heidolph VV-60 rotary
vacuum evaporator in order to minimize forma-
tion of carbonate species by reaction with atmo-
spheric CO,. Calcination of these solids was
carried out in flowing oxygen (from Sociedad
Espafiola de Oxigeno, Spain) for 3 h at 773 K (a
temperature high enough to decompose hepta-
molybdate to molybdena). Chemical analyses for
Mo and Alk were carried out by atomic absorp-
tion in an ELL-240 apparatus. Samples are de-
noted as M1XI1, where X is Li, Na, K or Rb.
Details about the phase composition of the cata-

lysts and the preparation have been given else-
where [22-24] and the results are summarized in
Table 1. Surface acidity, as determined by
pyridine adsorption (23], shows the presence of
surface Lewis and Brensted acid sites in sample
MI. However, for the alkali-containing samples,
surface Brensted acidity decreases as the polariz-
ing ability of the alkali-metal cation increases, and
is wholly cancelled for the Li-containing sample.

Isopropanol (IP, from Fluka) adsorption was
monitored by FTIR spectroscopy with a PC-16
Perkin-FElmer spectrometer connected to an Ataio
386-SX computer, using special cells with CaF,
windows. Nominal resolution was 2 cm ™!, and
100 runs were averaged to improve the signal-to-
noise ratio. Samples were submitted to a condi-
tioning treatment in situ consisting in outgassing
at 670 K for 2 h (residual pressure ~10-* N
m ). After equilibration with a low pressure of
isopropanol, the spectrum was recorded after out-
gassing at temperatures ranging from ambient to
473 K. In all cases, the spectrum of the solid was
subtracted using the facilities provided by the
computer software.

The decomposition of isopropanol to propene
and acetone was studied at 443 K by the pulse
method, using dried helium as carrier gas. 0.1 g of
sample and 2 ml of isopropanol were used, the
total flow rate of He being 30 ml min~'. The
samples were heated in situ before the experi-
ments for 2 h in flowing He at 523 K. The
isopropanol pulses were injected successively until
constant values of conversion and yield of prod-
ucts were attained. The conversion and the yield
of products decreased slightly with the number of
pulses up to 3-5 pulses and then remained con-

Table |
Catalytic activity data for isopropanol decomposition (443 K)

Sample C;Hg? C;H,0*
M1 8.10 0.31
MiLil 0.01 0.03
Mi1Nal 0.10 0.47
MIK1 0.03 0.34
MIRb1 0.37 0.57
TiO, 0.16 0.03

210° mol m~2
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stant. However, the relative amounts of propene
and acetone did not change markedly with the
number of pulses. The results presented later in
the text pertain to the stationary state: the values
of number of moles of the products produced per
pulse, and referred to the specific surface area, are
the average of values obtained in three successive
pulses after the stationary state was attained.
Analysis of the products and unreacted iso-
propanol was performed by GC with FID; a 2
m x 4 mm column filled with 3% Carbowax 20
M + 1.5% silicone oil DC 550 + 1% succinate on
Chromosorb GAW 60/80 was used, with a
column temperature of 333 K. Small amounts of
di-isopropyl ether were also observed, the selectiv-
ity towards formation of this product being lower
than 5%. Qualitatively, the amount of di-iso-
propyl ether followed the changes in propene
formation, indicating that the ether was formed
on acidic centres.

3. Results
3.1. Fourier-transform infrared spectroscopy

3.1.1. The original support, TiO,

The spectrum recorded in the range 4000-3000
cm ~ ! after the adsorption of IP at room tempera-
ture (r.t.) on this sample is shown in Fig. 1. Bands
due to hydroxyl groups originally existing on the
titania surface have disappeared, and two new
bands were recorded at 3441 and 3280 cm .
Other bands (not shown in the figure) were
recorded at 2970, 2934 and 2869 ¢cm~! (vC-H)
which, together with the bands recorded in the
range 1800-1100 cm ~' (Fig. 2), at 1467 cm !
(0,. CH;), 1384 and 1367 cm~! (§, CH,), 1340
em ' (Youtof-plane CH), and 1166 and 1133 cm !
(vC~C and vC-0) can be ascribed [10] to isopro-
poxide species, as they are coincident with bands
due to titanium isopropoxide [25]. These results
indicate a dissociative adsorption of IP, similar to
that previously found for methanol adsorption,
through condensation with hydroxyl groups of
the titania surface. Formation of molecular water,
which remains physisorbed on the titania surface,
according to the reaction

transmittance
{
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Fig. 1. (a) FTIR spectra of TiO, outgassed at 670 K for 2 h
and after: (b) adsorption of isopropanol on TiO, at room
temperature, and outgassing at (c) room temperature, (d) 373
K, and (e) 473 K.

(CH;),CHOH + Ti** —OH -
—(CH,),CH-O-Ti** + H,O (1)

is evidenced by the band at 1630 cm ' (6 H,0).

In addition, another band recorded at 1294
cm ' (60-H), together with the band above
mentioned at 3441 ¢cm ~! (vO-H), have been as-
cribed [10] to non-dissociated IP coordinated to
Lewis acid sites (the O—H band is recorded at
1252 ¢m ~ ! in the IP monomer). The other band
recorded at high wavenumbers (3280 cm ') dis-
appeared after outgassing at room temperature,
and therefore should correspond to molecular IP
physisorbed through hydrogen bonding to surface
basic sites [10].

As already observed upon the adsorption of IP
on rutile [26], no band due to oxidized species was
recorded on increasing the temperature and only a
slight decrease in the intensities of the bands due
to isopropoxide species was observed; the bands
were completely removed after outgassing at 473
K. Simultaneously, surface hydroxyl groups were
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restored (Fig. 1), thus suggesting that surface-
bonded isopropoxide species undergo dehydration
to propene (see catalytic activity results, Table 1).

It can thus be concluded that the adsorption of
isopropanol on TiO, takes place through two
different routes: (i) dissociative adsorption on sur-
face acid-base sites, giving rise to monodentate
alkoxide groups, and (ii) undissociative adsorp-
tion, giving rise to (a) isopropanol coordinated to
surface Lewis acid sites, and (b) isopropanol hy-
drogen-bonded to surface basic sites. Non-disso-
ciative adsorption takes place on
(tetra-coordinated) Ti}y" sites in (110) and (111)
faces of anatase, and dissociative adsorption takes
place on (pentacoordinated) Ti$™ sites in (001)
faces [27].

3.1.2. Undoped sample (M1)
The spectrum recorded after adsorption of IP
on this sample was very similar to that obtained

Ti0y /‘
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el

373

1600 1400 1200

e

1800

Fig. 2. FTIR spectra recorded after adsorption ot lsopropanoi
on TiO, at room temperature and outgassing at the tempera-
tures given (in K; r.t. indicates room temperature).
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Fig. 3. FTIR spectra recorded after adsorption of isopropanol
on sample M1 at room temperature and outgassing at the
temperatures given (in K).

after adsorption on pure titania. Bands due to
vC—H modes were recorded at 2978, 2936, 2917
and 2884 cm !, and at lower wavenumbers (Fig.
3) bands were recorded at 1464 and 1458 (shoul-
der) em ! (8,, CH,), 1388 and 1375 (shoulder)
m71 (55 CH3)9 1329 cm—l (youl—of-plane C_'H)’
1164, 1129 and 1100 cm~! (vC-C, vC-O and
pCH,;), indicating the formation of isopropoxide
species produced by dissociative adsorption of
isopropanol. Similar bands were also observed
after adsorption of isopropyl ether (Fig. 3(a)). A
band at 1620 cm ~! that disappeared after desorp-
tion at room temperature is due to Jyoy Of
molecular water, formed through condensation
[reaction (1)] with surface hydroxyl groups. Non-
dissociative adsorption on surface Lewis acid sites
also takes place, as indicated by the 6O—H band
recorded at 1282 cm ~*,

When the sample was outgassed at 373 K, no
band due to coordinated isopropanol or to iso-
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propoxide species was recorded. However, bands
in different positions developed. The most intense
band at 1676 cm !, together with weak bands at
1413, 1378 and 1250 cm ~ ', which were previously
observed upon adsorption of acetone on this sam-
ple [24], could be ascribed to acetone chemisorbed
on surface Lewis acid sites (coordinatively unsatu-
rated cations). Weaker bands at 1540 and 1449
cm ~ ' have been also recorded after adsorption of
acetic acid on this sample [19,28], and should be
ascribed to the modes v, (COO ~) and v(COO ~),
respectively, of surface acetate species. When the
sample was outgassed at 473 K all these bands
disappeared.

So, isopropanol is adsorbed on sample M1 in a
way similar to that on unloaded titania, through
parallel dissociative and non-dissociative path-
ways. A fraction of the surface isopropoxide spe-
cies is oxidized to acetone at 373 K, and the
remaining isopropoxide species are dehydrated to
form propene, which is desorbed from the catalyst
surface. Only a minor fraction of isopropanol is
oxidized to acetate species, which are finally des-
orbed as acetic acid and/or CO,.

3.1.3. Sample M1Lil

The spectrum recorded after adsorption of IP
on this lithium-containing sample, Fig. 4, showed
bands at 2970 c¢cm~' (strong), 2934 and 2883
cm ! (vC-H), 1465, 1404 (shoulder), 1385 and
1345 cm ' (d,, CH,, 0, CH; and 74,0or-prane C—H)
and 1164, 1132 and 1100 cm ! (vC-C, vC-0
and pCH,). All they correspond to isopropoxide
species formed upon dissaciative adsorption of
isopropanol. The band at 1282 ¢cm ™' was not
recorded after adsorption of di-isopropyl ether,
and is due to molecularly adsorbed isopropanol
coordinated to surface Lewis acid sites.

Upon outgassing at increasing temperatures,
the intensities of all bands decreased, Fig. 4, and
the bands were completely removed when the
sample was outgassed at 473 K. As previously
observed for TiO,, no oxidation was observed at
higher temperatures.

3.1.4. Samples MINal, MIK1 and MIRb1
The behaviour shown by these samples was
very similar. Adsorption at room temperature

gave rise to spectra, Fig. 5, with bands due to
isopropoxide  (dissociative  adsorption) and
chemisorbed isopropanol (undissociative adsorp-
tion).

On outgassing at increasing temperatures, two
weak bands developed at 1713 and 1680 ¢cm ™ .
Similar bands were recorded after adsorption of
acetone on these samples, and have been ascribed
to the vC=0O mode of acetone chemisorbed
through the oxygen atom to more or less strong
surface acid Lewis sites, corresponding to Mo® ™
or Alk™ sites (vC=O0O of gaseous acetone is
recorded at 1734 c¢cm~!). The band at higher
wavenumber, due to adsorption on the weaker
acid Lewis sites (Alk *), was removed after out-
gassing at 423 K, but the band at 1680 ¢m '
remained; the position of this latter band coin-
cides with that recorded after adsorption on the
alkali-free sample up to 473 K. As previously
described for other samples, no oxidation to car-
boxylate species has been observed.
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Fig. 4. FTIR spectra recorded after adsorption of isopropanol
on sample MILil at room temperature and outgassing at the
temperatures given (in K).




738 C. Martin et al. | Spectrochimica Acta Part A 52 (1996) 733-740

M1Na!
|
1A a i
: ]
2
3 rt
]
7]
S /320
73
423
1800 1600 1400 1200

em!

Fig. 5. FTIR spectra recorded after adsorption of isopropanol
on sample M1Nal at room temperature and outgassing at the
temperatures given (in K).

3.2. Isopropanol decomposition tests

The results of catalytic decomposition of iso-
propanol on the studied catalysts are presented in
Table 1.

Pure titania yields mainly propene, practically
no acetone being observed in this case. On sample
M1 the dehydration rate increases considerably
and acetone is formed. Doping of the M1 catalyst
with alkali-metal cations leads to a drastic de-
crease in the amount of propene, whereas dehy-
drogenation to acetone is much less affected. The
nature of the doping alkali metal also affects the
reaction rates; addition of Li brings about a de-
crease of both dehydration and dehydrogenation.

The rate of acetone formation on alkali-metal-
doped catalysts is slightly higher than that on the
undoped M1 catalyst and, with the exception of
the Li-doped catalysts, it follows roughly the or-
der of the electronegativity of the alkali-metal

cations. A higher dehydration rate is observed for
the Mo-doped catalyst.

4. Discussion

The results obtained show that the deposition
of molybdenum oxide on titania leads to the
development of dehydrogenation properties, ace-
tone being observed both by FTIR spectroscopy
and in isopropanol decomposition measurements.
Also, large amounts of propene are observed in
pulse experiments. Addition of alkali-metal
cations reduces drastically the rate of propene
formation, whereas acetone formation is only
slightly affected. This result is in agreement with
previous data on isopropanol decomposition on
K-doped Mo0O,/TiO, catalysts [20]. The type of
alkali cation also affects the rate of acetone for-
mation. Addition of Li seems to block the dehy-
drogenating centres, as shown by the trace levels
of acetone bands in the FTIR spectra. This may
be due to the presence of lithium molybdates and
Li-Ti—O species detected by XRD [22].

The other alkali cations increase the rate of
acetone formation, as shown in the pulse study,
but the intensities of acetone bands in the FTIR
spectra are similar or even weaker on doped
catalysts than that on the undoped M1 sample.
The amount of acetone formed on the doped
samples (relative to the M1 catalyst) was larger
than that observed in the adsorbed state in the
FTIR study, and may be due to an easier desorp-
tion of acetone from the surface in the case of
alkali-doped catalysts.

The mechanism depicted in Scheme 1 can be
proposed to explain the different chemical trans-
formations observed.

As in the case of methanol, isopropanol is
initially adsorbed dissociatively, giving rise to iso-
propoxide species (1); strengthening of the dyon
band at 1620-1640 cm ~!, the intensity of which
decreases sharply as the samples are outgassed at
room temperature, indicates that such a process
takes place through condensation with surface
hydroxyl groups. The isopropoxide groups may
undergo abstraction of a hydrogen atom, thus
becoming oxidized to acetone (2), or be dehy-
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Scheme 1. Possible mechanism for observed transformations of isopropanol on the samples studied.

drated to propene (3), or even condense with
another isopropanol molecule, yielding di-iso-
propyl ether (4).

Another mechanism proposed as an alternative
to (3) for the dehydration reaction to propene
involved formation of a carbonium ion [29] by
proton donation from the surface to an iso-
propanol molecule. It cannot be unequivocally
concluded which mechanism operates for propene
formation in the case of MoO,;/TiO, catalysts.
Production of large amounts of propene on the
M1 catalyst (where Bronsted sites (Mo—OH) have
been observed [23]), suggests that the protonation
mechanism is involved. The decrease in propene
formation on alkali-metal-doped catalysts would
be then easily explained, as the Bronsted centres
are not observed for these catalysts. On pure
titania, for which only Lewis acidity has been
reported [12,30,31], the small amounts of propene
obtained would be formed by the elimination
routes or from the alkoxide species through the
mechanism proposed by Hussein et al. [12].

Substitution of the Brensted sites by alkali-
metal cations will modify also the basicity [24]
of the neighbouring Mo—0 centres, enhancing the
transformation of the isopropoxide species to
acetone.
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