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Abstract

Using in situ13C MAS NMR, it has been demonstrated that propane is carbonylated with carbon monoxide to produce isobutyr
and isobutyric acid at 100–150◦C on sulfated zirconia. Isobutyraldehyde represents the intermediate reaction product, which is
completely converted into the acid at 150◦C. The selective formation of isobutyraldehyde at low temperatures on SZ indicates that prin
the secondary C–H bond of propane is activated, rather than its C–C bond. This pathway of the alkane activation can be realize
Lewis acid sites of SZ or by direct formylation by the formyl cation formed as equilibrated species from the formate. Infrared spec
provides evidence that the sulfate groups of SZ are responsible for the aldehyde oxidation. The formation of surface dithionate
a result of sulfur reduction is suggested. These dithionate species are readily reconverted into sulfate groups by an oxidizing trea
O2 atmosphere.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Among the solid catalytic systems that can activate
urated hydrocarbons, sulfated zirconia (SZ) catalysts h
received much attention recently [1,2]. This is due to
high activity of these catalysts, revealing the capability
catalyzing the isomerization of C4–C5 alkanes at low tem
peratures [3,4].

Another promising application of SZ is the reaction
alkane carbonylation with CO. It has been shown rece
that alkanes (n-pentane, isobutane) can be easily carbo
lated on pure sulfated zirconia to produce valuable prod
such as aldehydes, ketones, and carboxylic acids [5–7
this respect, it is of interest to perform a direct carbon
tion with CO of propane, which is more inert than C4–C5
alkanes, using sulfated zirconia as the solid acid catalys

Propane carbonylation with CO has been reported to
cur in liquid superacids [8,9], in the presence of strong Le
acids (AlCl3) [10] or acidic zeolite H-ZSM-5 [11], the reac

* Corresponding author.
E-mail address: a.g.stepanov@catalysis.nsk.su (A.G. Stepanov).
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tions presuming the generation of intermediate carben
ions and their trapping by CO. It has been established
cently that SZ catalyzes propane conversion at 200–45◦C
by a dimerization–isomerization-cracking process, i.e.,
a classical carbenium-ion mechanism [12,13]. Thus, ca
nium ions formed in the course of propane activation
SZ are likely trapped with CO to form a carbonyl grou
containing compound.

Besides the observation of the carbonylation prod
themselves, the next point that should be addressed con
the mechanism of acid formation. Indeed, it is expected
the interaction of an alkane with CO should result in the
mation of an aldehyde (or ketone). However, the forma
of the acid was also observed when only alkane and ca
monoxide were reacted on SZ [6,7]. Thus, an additional
idation of aldehyde to produce the acid seems to occu
SZ [6,7]. In this respect, the sulfate groups of SZ could h
an oxidative role and should be reduced in the course o
reaction. The reduction of sulfate groups results in a d
tivation of the SZ catalyst [14,15]. To restore the cataly
activity of SZ it would be necessary to provide reoxidat
of the reduced sulfate group.

http://www.elsevier.com/locate/jcat
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In this paper we report the direct spectroscopic meas
ments of the carbonylation of propane with CO, using a p
sulfated zirconia as the solid acid catalyst. We also s
that the sulfate groups of SZ are indeed responsible for
aldehyde oxidation and can be regenerated by a mole
oxygen treatment.

2. Experimental

2.1. Materials

A sample of sulfated zirconia was synthesized acco
ing to the procedure described earlier [16] by treatmen
Zr(OH)4 on filter paper with 0.5 M H2SO4 aqueous solution
and subsequent drying and calcination in air at 600◦C. The
zirconia crystallized in the tetragonal phase, the SO3 content
of the sample after calcination was 9.9% (wt), with a surf
area of 130 m2 g−1. Either propane, labeled with13C isotope
in the CH2 group, [2-13C]propane (82%13C isotope enrich-
ment), or 13CO (90% 13C isotope enrichment) was use
in NMR experiments. [2-13C]Propane was prepared fro
[1-13C]ethanol (82%13C isotope enrichment) via a four-ste
synthesis. Isobutyraldehyde (purity 99%) and isobutyric a
(purity 99.5%) were purchased from Fluka and used with
further purification.

2.2. NMR experiments

For solid-state NMR analysis a sample of SZ was hea
in a glass tube at 400◦C under vacuum (10−3 Pa) for 2 h.
Then equal amounts of propane and CO (ca. 300 µmol g−1 of
each coadsorbate) were adsorbed on the sample unde
uum at the temperature of liquid nitrogen. After the gla
tube was sealed off at low temperature from the vacuum
tem, the sample was warmed to room temperature and he
at 100–150◦C for 1 h for the reaction to proceed.

13C NMR spectra with high-power proton decoupli
and magic-angle spinning (MAS), with or without cros
polarization (CP), denoted below as13C CP/MAS NMR and
13C MAS NMR, were recorded at 100.613 MHz (magne
field of 9 T) on a Bruker MSL-400 spectrometer at roo
temperature. The following conditions were used for reco
ing spectra with CP: proton high-power decoupling field w
11.7 G (5.0 µs length of 90◦ 1H pulse), contact time wa
5 ms at a Hartmann–Hahn matching condition of 50 kHz,
lay time between scans was 3 s. Single-pulse excitation13C
MAS spectra were recorded with 45◦ flip angle,13C pulses
of 2.5-µs duration, and 10-s recycle delay, which satisfie
10T1 condition. High-power proton decoupling in these e
periments was used only during the acquisition time. T
eliminates nuclear Overhauser enhancement of the sign
eas and allows quantitative assessment of the signals
13C chemical shifts for carbon nuclei of adsorbed orga
species were measured with respect to TMS as the ext
reference with accuracy�δ = ±0.5 ppm. The temperatur
r

-

d

-
.

l

of the samples during acquisition of NMR spectra was c
trolled with a BVT-1000 variable-temperature unit.

2.3. FTIR experiments

For IR analysis, 15–20 mg of the SZ sample was pres
into a 2 cm2 self-supported wafer. The wafer was then plac
into an infrared cell, allowing heating of the sample and
troduction of the reagents. The sample was activated u
vacuum (10−3 Pa) at 400◦C for 1 h. The vapor of isobu
tyraldehyde (or isobutyric acid) was then introduced into
cell at room temperature. The sample was then heate
100–150◦C for 1–4 h. Afterward it was evacuated at 400◦C
for 1 h. Infrared spectra were recorded at room tempera
with a Nicolet Magna 550 spectrometer with a DTGS det
tor, 128 scans, and a resolution of 4 cm−1.

3. Results and discussion

3.1. Carbonylation of propane as studied by 13C solid-state
NMR

Fig. 1 shows the13C CP/MAS NMR spectra recorded a
ter heating of the SZ sample with coadsorbed propane
CO for 1 h at 100◦C. The spectra obtained clearly ind
cate that carbonylation of propane with carbon monox
occurs at this temperature. Indeed, using13C-labeled carbon
monoxide and unlabeled propane, two intense signals ap
(Fig. 1a) in the range of the spectrum typical for the carbo
groups [18]. The signal at 232 ppm belongs to the carbo

Fig. 1. 13C CP/MAS NMR spectra of the products formed from propa
and CO on sulfated zirconia at 100◦C: (a) coadsorption of the unla
beled propane and13CO (90%13C enrichment); (b) coadsorption of th
[2-13C]C3H8 (82% 13C enrichment) and unlabeled CO. Asterisks den
spinning side bands.
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Scheme 1. Propane carbonylation on sulfated zirconia at 100–150◦C.
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moiety of aldehyde [7], while the signal at 195 ppm poi
to the formation of a carboxylic acid [5,7,11].

The use of propane, selectively enriched with13C iso-
tope in the CH2 group, [2-13C]C3H8, allowed us to ascertai
the carbonylation products accurately. Note that if prop
with a 13C-labeled methylene group is used for the react
the signals from the labeled CH2 group of the initial C3H8,
as well as from the carbons in the products where the l
migrates in the course of the reaction, should be obse
in the spectra. Two signals at 45.5 and 38.2 ppm bec
clearly visible in the13C CP/MAS NMR spectrum, beside
the signal from the CH2 group of unreacted [2-13C]C3H8 at
18.0 ppm [11], when the sample with coadsorbed [2-13C]
C3H8 and unlabeled CO was heated at 100◦C (Fig. 1b).
The appearance of these signals can be readily interpre
terms of the formation of isobutyraldehyde (IB) and isobu-
tyric acid (IBA) from propane and CO on SZ. Indeed, t
most intense signal appearing at 45.5 ppm can be attrib
to the labeled CH group ofIB, its position being close t
that for liquid isobutyraldehyde at 41.2 ppm [19]. The p
sition of the second signal at 38.2 ppm is close to that
liquid IBA at 34.8 ppm [20], and, therefore, it is attribut
to the labeled CH group of isobutyric acid adsorbed on S
should be emphasized that isobutyraldehyde and isobu
acid were the only products formed from propane and CO
SZ at 100–150◦C; no other products were identified in t
13C and1H MAS NMR spectra. The conversion of propa
at 100◦C, determined from the13C MAS NMR spectrum of
the sample of Fig. 1b, was 8%,IB and IBA being formed
with 76 and 24% selectivity, respectively. At 150◦C, 16% of
propane was converted, the selectivities forIB andIBA be-
ing 7 and 93%, respectively. It should be noted that the o
of addition of CO and propane does not influence notice
the product distribution observed.

Activation of propane in the presence of CO on H-ZSM
zeolite [11] proceeds in full analogy with the process in
peracid media [8,9] via C–C bond cleavage to form meth
and an ethyl cation. The ethyl cation abstracts a hydride
from propane to form an isopropyl carbenium ion. The la
interacts finally with CO and water giving rise to isobuty
acid, with methane and ethane being evolved as the o
reaction products. In contrast to superacid media and
olites, propane carbonylation on SZ is consistent with
activation of the secondary C–H bond, rather than the C
l

n

r

bond. Two mechanisms can provide the activation of
C–H bond. First, Lewis acid sites of SZ can be involv
in the alkane activation, via hydride abstraction to form
isopropyl cation, which is further trapped by CO. The
verse hydride transfer to the formed oxocarbenium ion le
to IB (Scheme 1, pathway 1). This situation can be s
ilar to the propane carbonylation on Lewis acid cataly
like AlCl3, where isobutyraldehyde and the products of
further transformation were formed [10]. The second p
sible mechanism forIB formation is a direct formylation
by formyl cation via pathway 2. Indeed, formate spec
were shown to be formed upon CO adsorption on SZ
The signal at 174 ppm from formate species can also be
tected directly among the products of propane carbonyla
with 13CO (Fig. 1a). Thus, formyl cation formed from th
formate as equilibrated species can be involved in prop
formylation (Scheme 1, pathway 2), with the formation
a three-center two-electron-bonded pentacoordinate ca
nium ion as the transition state, similar to the reaction
superacidic solutions [21].

At 100◦C, the aldehyde is the main reaction product (v
supra),IB being formed with 76% selectivity. With increa
ing the temperature up to 150◦C, IBA becomes the principa
reaction product (93%). These experimental data indi
that isobutyraldehyde is formed as an intermediate pro
of propane carbonylation.IB appears to be oxidized by su
fated zirconia into the acid similar to benzaldehyde [22].

Thus, using solid-state13C NMR spectroscopy we hav
demonstrated that propane can be carbonylated with C
a sulfated zirconia catalyst producing isobutyraldehyde
isobutyric acid. The transformation ofIB into IBA clearly
supports that the oxidation step takes place on SZ. To exp
the nature of oxidation activity of sulfated zirconia in t
reaction studied, we have further examined the conver
of isobutyraldehyde on SZ by IR spectroscopy.

3.2. Oxidation of isobutyraldehyde on sulfated zirconia: IR
spectroscopic study

The oxidation activity of sulfated zirconia has alrea
been reported. Farcasiu et al. [14] argued that the oxidi
properties of SZ catalysts are responsible for the light alk
activation via reversible one-electron abstraction. Vera e
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Fig. 2. FTIR spectra recorded after: (a) vacuum activation of SZ sam
at 400◦C; (b) room temperature adsorption of isobutyraldehyde (2 Tor
equilibrium pressure in the IR cell) on activated SZ; (c) heating the
sample with adsorbedIB for 1 h at 150◦C; (d) adsorption of isobutyric
acid (2 Torr) on activated SZ.

[23] also considered the Zr4+/Zr3+ oxidation/reduction pai
as the key intermediate in alkane isomerization on SZ.

As to the oxidation of the aldehyde into the acid, the s
ation seems to be different. The reaction implies irrevers
oxygen transfer from the catalyst, so the SZ should be
duced in the course of the reaction. It is worth noting t
sulfuric acid possesses well-pronounced oxidative pro
ties. So, the sulfate groups of SZ are the probable sourc
oxygen for the oxidative step. Indeed, the reduction of s
face sulfates of SZ has been already detected in the co
of adamantane oxidation [14]. It was also suggested
reduction of the surface sulfates is responsible for the
deactivation duringn-butane isomerization [23,24].

To determine whether the sulfates are the species ac
plishing the oxidation of isobutyraldehyde into isobuty
acid, we have used IR spectroscopy, which allows m
toring of the transformation of sulfates in the course of
aldehyde conversion.

Fig. 2 shows the IR spectra of the SZ sample before
after the aldehyde adsorption and reaction at 150◦C. The
spectrum of SZ, activated in vacuum at 400◦C, reveals a
band at 1405 cm−1 (Fig. 2a) characteristic of the asym
metric νS=O stretching mode [25]. This resonance sh
to a lower frequency at 1337 cm−1 upon room tempera
ture adsorption of isobutyraldehyde (Fig. 2b). In additi
the bands from the adsorbed aldehyde become clearly
ible in this spectrum. Besides the aliphaticνC–H vibrations
(2800–3000 cm−1), a characteristic aldehyde vibration c
be detected at 2720 cm−1 (νC–H of the CHO group), the ban
at 1470 cm−1 is related to the CH3 deformation, whereas th
strong band at 1682 cm−1 is attributed to the C=O stretch-
ing mode [26]. Heating of the sample with the adsorb
aldehyde at 150◦C for 1 h, i.e., under conditions providin
almost complete conversion of theIB into IBA, (vide supra,
NMR data), results in essential changes in the vibration
tern (Fig. 2c). The characteristic signals at 2720, 1682,
1470 cm−1 from the isobutyraldehyde completely disapp
f

e

-

Fig. 3. FTIR spectra recorded after: (a) vacuum activation of SZ samp
400◦C; (b) room temperature adsorption of isobutyraldehyde (2 Torr
activated SZ, heating the SZ sample with adsorbedIB for 1 h at 150◦C,
and decomposition of the acid at 400◦C; (c) adsorption ofIB (10 Torr) on
sample (b), heating the SZ sample with adsorbedIB for 4 h at 150◦C, and
decomposition of the acid at 400◦C; (d) room temperature adsorption
isobutyric acid (2 Torr) and acid decomposition at 400◦C.

from the spectrum. Another pattern of the bands arises in
lower frequency region. Four resonances centered at 1
1530, 1478, and 1438 cm−1 (Fig. 2c) proved to be very clos
to the bands observed for isobutyric acid adsorbed on
sample in a separate experiment (Fig. 2d) [26,27]. Thus
IR data further confirm thatIB can be oxidized by sulfate
zirconia to produceIBA; i.e., the aldehyde is indeed the i
termediate product of propane carbonylation into the aci

Note, that during the conversion ofIB into IBA the band
νS=O of SZ remains shifted in comparison with that of t
initial activated sample (cf. Figs. 2c and 2a), probably du
the interaction with the adsorbed acid. No visible modifi
tion of theνS=O band in SZ occurs in the course of aldehy
oxidation, which indicates that the formed acid remains
sorbed on SZ.

To further clarify the fate of the sulfate groups of S
during the aldehyde oxidation into the acid, we tried to
compose the acid by heating at 400◦C. Fig. 3b shows the
IR spectrum recorded after heating the sample of Fig
(i.e., containing the acid formed by the aldehyde oxidati
in comparison with the initial spectrum of SZ after evac
ation (Fig. 3a). A new band at 1356 cm−1 appears in the
region typical forνS=O vibrations. This new band is ob
served as a low-frequency shoulder to the initial signa
1405 cm−1 (Fig. 3b). Introduction of additional amoun
of IB, followed by its oxidation intoIBA and decomposi
tion of the acid at 400◦C, results in a further growth of th
resonance at 1356 cm−1 with simultaneous diminishing in
tensity of the band at 1405 cm−1 (Fig. 3c). In addition to
the appearance of the band at 1356 cm−1, a new signal be
comes visible in the spectra (Figs. 3b and 3c). Accord
to its position, this broad complex signal centered at ab
1500 cm−1 is attributed to hydrocarbon deposits of an a
matic (polyenic) nature formed from the acid upon heatin
400◦C, namely, to their C=C stretching vibrations [28–32
The other band at 1430 cm−1 from C–H vibrations in aro-
matics [29,31,32] appearing in the spectrum of Fig. 3c
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Fig. 4. FTIR spectra obtained after: (a) oxidation of isobutyraldehyde
SZ sample at 150◦C and subsequent decomposition of the acid at 400◦C;
(b–d) subsequent oxidative treatment (O2, 100 Torr, 1 h) of the sample (a) i
O2 atmosphere: (b) at 200◦C, (c) at 350◦C, (d) at 400◦C; (e) the spectrum
of initial SZ, activated in vacuum at 400◦C.

indicative of the conversion of polyaromatic (polyenic) d
posits (with a very small content of C–H groups) into sim
aromatics, similar to the process observed for polyarom
deposits on zeolites [33].

The following alternative reasons for the appearanc
the new signal from the S=O stretching mode at 1356 cm−1

are considered. This resonance may belong to either the
face sulfates interacting with the hydrocarbon deposit (co
or some sulfur species formed in the course of the acid
composition. This band may also belong to reduced su
species formed during theIB oxidation into the acid.

To discriminate between these possibilities, the sam
containing isobutyric acid adsorbed on SZ (rather than
IBA formed from the aldehyde); i.e., the sample of Fig.
was heated at 400◦C. The spectrum obtained (Fig. 3d) r
veals the broad resonance at about 1500 cm−1 from the
hydrocarbon deposits and the band at 1405 cm−1 from the
initial activated SZ. No noticeable modification of theνS=O

resonance under the decomposition of adsorbed acid
curred (cf. Figs. 3a and 3d). So, the reaction ofIBA decom-
position, as well as the coke species formed, cannot b
sponsible for the new signal from the S=O stretching mode
at 1356 cm−1. These data allow us to conclude that the r
onance at 1356 cm−1 is in fact due to some reduced form
sulfur formed during isobutyraldehyde oxidation on SZ.

To clarify whether these changes in the region of S=O vi-
brations observed during theIB oxidation are reversible, th
sample prepared similar to that of Fig. 3b, i.e., after the
composition of the acid formed by the oxidation of 2 T
of IB, has been treated with molecular oxygen at dif
ent temperatures (Figs. 4b–4e). The oxidative treatme
SZ at 500◦C in O2 flow is known to recover completel
the catalytic activity of SZ reduced duringn-butane iso-
merization [24]. Fig. 4b shows the IR spectrum obtain
after oxidation at 200◦C. As follows from the analysis o
this spectrum, the band at 1356 cm−1 decreases, and th
signal at 1405 cm−1 rises in intensity. At the same tim
there is no noticeable change in the spectral region betw
-

-

-

1400 and 1600 cm−1 where hydrocarbon deposits are o
served (Fig. 4b). This fact further disclaims that the c
species causes the change ofνS=O. Further treatment of th
sample in the O2 atmosphere at higher temperatures (2
400◦C) results in the gradual growth of the 1405 cm−1

band, while the intensity of the resonance at 1356 cm−1

decreases further (Figs. 4c and 4d). The sulfateνS=O band
completely recovers to its initial intensity after oxidation
400◦C (cf. Figs. 4d and 4e).

Thus, on the basis of our IR data we conclude that
oxidation of isobutyraldehyde to isobutyric acid on sulfa
zirconia is accompanied by an appreciable alteration in
region of sulfate vibration. The sulfate group with the ba
at 1405 cm−1 is converted into the species, exhibiting a r
onance at 1356 cm−1. These species must be some redu
form of sulfur, which can be completely recovered to s
fates under oxidative treatment in O2.

It should be noted that an analogous effect has alre
been observed for sulfated zirconia reduced in an H2 at-
mosphere [34]. The reduction causes a diminishing of
intensity of theνS=O resonance; this signal shifting to lo
frequencies as well [34]. However, subsequent treatme
an oxidizing atmosphere of O2 did not reproduce the origina
spectral features of sulfates, presuming evolution of su
in the form of SO2 during the reduction in H2 [34]. In com-
parison with molecular hydrogen, isobutyraldehyde se
to produce a milder reducing atmosphere, by which the
duced sulfur species remain on the surface of the cata
So, it becomes possible to recover the initial amount of
face sulfates.

The question arises as to the nature of the reduced
fur species formed during the conversion ofIB to IBA,
appearing at 1356 cm−1. Morterra et al. [34] argued tha
sulfite species were formed under reducing treatment o
in H2. The surface sulfites, if formed, creates a resona
in the lower frequency region of the spectrum at 100
900 cm−1 [35], but not in the vicinity of the observed ban
at 1356 cm−1. Therefore, we believe that the observed sig
(1356 cm−1), which undoubtedly belongs to some reduc
sulfur species, may be attributed to SOx species, in which
the sulfur atom possesses an intermediate oxidation sta
tween 6+ and 4+, e.g., to dithionate species. Indeed,
formation of dithionate species cannot be excluded s
the surface area and SO3 content of the SZ sample used
the present study allow two sulfates to find each othe
a proximity sufficient for S–S bond formation. In fact, a
cording to the literature data [35,36], theνS=O moiety in
dithionate is characterized by the resonance in the rang
1400–1250 cm−1, i.e., in the region close to the one typic
for sulfates [35]. However, one cannot exclude comple
the possibility of the formation of sulfites in addition
dithionates during the reduction of sulfate groups, since
nontransparency of the catalyst did not allow analysis of
lower frequency range of the spectra at 1000–900 cm−1 typ-
ical for sulfites [35].
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Thus, we have demonstrated that the sulfate groups a
deed responsible for the oxidation of the intermediate p
uct of propane carbonylation on sulfated zirconia, iso
tyraldehyde. Surface dithionate is likely to be the produc
sulfate reduction; an oxidizing treatment in O2 atmosphere
completely restores the sulfate moiety.

4. Conclusions

From in situ13C MAS NMR and IR spectroscopy stud
ies of the hydrocarbon products formed on sulfated zirco
the following conclusions are drawn on the conversion
propane in the presence of carbon monoxide.

Propane is carbonylated with CO on sulfated zirco
catalysts at 100–150◦C to produce isobutyraldehyde an
isobutyric acid. Isobutyraldehyde represents the interm
ate product and is almost completely converted into the
at 150◦C. Thus, the first evidence has been obtained for
propane carbonylation on sulfated zirconia into the valua
chemical products.

The distribution of the observed reaction products,
ferent from that formed from propane in the presence
solid Brønsted acid catalysts [11] and superacidic media
9,37], indicates that the activation of propane by SZ is p
formed primarily toward the secondary C–H bond of
alkane rather than its C–C bond. This can be realized b
ther the Lewis acid sites of SZ or by direct formylation
the formyl cation formed as equilibrated species from
formate.

The intermediate product isobutyraldehyde is oxidized
sulfated zirconia into the isobutyric acid. The sulfate gro
of SZ are responsible for the aldehyde oxidation, surf
dithionate species being suggested to form as a result o
fur reduction. The latter are readily transformed to sulfa
via an oxidizing treatment in O2 atmosphere, and thus th
activity of SZ can be restored.
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