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Abstract: Catalytic activation and conversion of light alkanes by sulfated zirconia is unequivocally shown
to be initiated by producing small concentrations of olefins. This occurs via stoichiometric oxidative
dehydrogenation of butane by SO; or pyrosulfate groups to butene (present mostly as alkoxy groups),
water, and SO,. Thermal desorption and in situ IR spectroscopy have been used to determine all three
reaction products. The concentration of butene formed determines both the catalytic activity of sulfated
zirconia as well as the deactivation via formation of oligomers. The thermodynamics of the oxidative
dehydrogenation of n-butane by different SZ surface structures has been examined by density functional
(DFT) calculations. The calculations show that pyrosulfate or re-adsorbed SOj; species have the highest
oxidizing ability.

1. Introduction supported by density functional calculatidviBaus, considering
the temperatures at whialkbutane isomerization takes place,
the reaction pathway via carbonium ions seems unlikely.

At the same time, Tabora et Abbserved that SZ exhibited
extremely low catalytic activity fon-butane isomerization after

Solid acids are environmentally benign catalysts for low-
temperature activation and transformation of alkanes. Among
these, sulfated zirconia (SZ) attracted marked interest during

the past two decadebecause of its high catalytic activity for removing all butene impurities in the feed. Thus, it was proposed

light alkane skeletal isomerization a.t low temperat&r%; that the butene impurities present in the reactant initiate the
Most reports suggest that carbenium-type intermediates arey ptane reactions on Sz, via formation of carbenium ion
the active species during catalysis at steady state. However, th i« mediates.

mechanism of the carbenium ion formation is discussed con- However, as SZ still shows catalytic activity forbutane

troversially. isomerization after removal of butene impurities, it has been
Gates et at.suggested that the catalytic activity of modified suggested that butene species are formed in siticaBa et

SZ for the conversion of propane, ethane, and methane is causeg & ascribed the initial activity to carbocation precursors formed

by the protolytic activation of short alkanes, such as shown through one electron oxidation of the alkane by sulfate groups.

occurring via carbonium ions with superacids in the liquid phase. The promoting effect of transition metal doping SZ was also
Later, however, it has been shown that SZ possesses highattributed to the enhancement of the oxidative propefties.

acid strength, but its strength does not exceed that of sulfuric while direct evidence for the surface reduction step involved

acid, HZSM-5, or H-mordeniteThis conclusion has also been in the activation of butane has not been given, indirect kinetic
. : evidence for olefin formation has been repot&dihe formation
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with a reaction enthalpy of-28 kJ/mol!! DFT calculations
reported below show that on the surface of SZ (eq 1b) the
corresponding reaction might be even more exothermic, with
reaction energies up te67 kJ/mol. In a previous paper, we

concentration of sulfite was determined from the difference between
the two experimental results.

In situ IR spectroscopyvas used to monitor adsorbed species during
n-butane isomerization using a Bruker IFS 88 spectrometer at4 cm

have shown that the surface species is not just supportedresolution. A self-supporting wafer 5.0 mg/cnf) was prepared by

H,SQ,, but that the presence of re-adsorbed §€nerated from
labile sulfate groups is critical for an active catalf/Removing
the labile fraction of the sulfate groups led to the complete
disappearance of the catalytic activity.

In this work, unequivocal direct evidence for all three
potential reaction products of the initial alkane oxidation is given
using thermal desorption/reactionmbutane, in situ (operando)

IR spectroscopy, and quantification of the SOrmed on the
catalyst. It is emphasized thatbutane used in this study was
carefully purified from traces of olefin. To demonstrate the
subtle influences of the reaction conditions, the catalytic results
are also compared with the conversion of unpurifiedutane
and with the conversion of the purifiedbutane in the presence
of hydrogen or oxygen. DFT calculations with periodic boundary
conditions are carried out to explore the thermodynamics of
the reduction of different SZ surface structuresnblyutane and
the accompanying water adsorption.

Previously, DFT calculations have been made on the (non-
oxidative) dehydrogenation of isobutane yielding isobutene using
a minimal size model of SZ The reaction energy reported
(+155 kJ/mol) indicates that this process is thermodynamically
much less favorable than the oxidative dehydrogenation con-
sidered in this study.

2. Experimental Section

2.1. Catalytic Material and Conditioning. Sulfate-doped zircon-
ium hydroxide was obtained from Magnesium Electron, Inc. (XZO

1077/01). The as-received sample was heated to 873 K with an incre-

ment of 10 K/min fa 3 h instatic air with a bed depth of 3 cm to form
Sz with 0.44 mmol sulfate/g and a specific surface area of 18§.m
2.2. Catalyst Characterization. The temperature-programmed
desorption and reaction (TPDpf n-butane from SZ was conducted
in vacuum. The SZ sample (0.1 g) was activated in vacyum (02
mbar; vacuum cell volume approximately 20 mL) at 673 K for 2 h
and cooled to 323 K fon-butane adsorption; 2 mbar ofbutane
(purified with an olefin trap containing activated commercial zeolite
HY; residual olefin content below the detection limit of 1 ppm) was
allowed to equilibrate with the sample for 5 min. After reducing the
pressure to 1& mbar, TPD was carried out up to 873 K with a heating

compacting the sample. The wafer was placed into in a stainless steel
cell with Cak, windows, heated at a rate of 10 K/min to 673 K in He
flow (10 mL/min), and activated at that temperature for 2 h. The wafer
was then cooled to 373 K, and the reactant mixture (sbutane in

He, total flow of 20 mL/min) was flown into the cell. A spectrum was
collected every minuten-Butane was purified with an olefin trap
containing activated HY zeolite to remove the butene impurities.

2.3. Catalytic Conversion ofn-Butane. n-Butane (99.5%) isomer-
ization was carried out in a quartz microtube reactor (8 mm inner
diameter) under atmospheric pressure; 0.2 g of SZ pellets(358
um) was loaded into the reactor and activated in situ at 673 K for 2 h
in He flow (10 mL/min). The catalyst was cooled to 373 K, and the
reactant mixture (5% -butane in He, total flow of 20 mL/min) was
flown through the catalyst bed-Butane was passed through the olefin
trap containing activated HY zeolite, before it was mixed with He.
The butene concentration in the resulting gas was below the detection
limit (1 ppm). Reaction products were analyzed on-line using an HP
5890 gas chromatographer (GC) equipped with a capillary column (Plot
Al,03 50 m x 0.32 mmx 0.52um) connected to a flame ionization
detector (FID).

The skeletal isomerization of unpurifiéebutane, containing 26 ppm
2-butene (molar basis), on SZ at 373 K was also performed to
investigate the influence of butene impurities in the feed.

n-Butane isomerization at 373 K was carried out also in the presence
of different concentrations of hydrogen or oxygen for studying the
influence of enhancing or reducing the concentration of olefins on the
catalytic activity.

2.4. Computational Methods.The density functional calculations
use the gradient-corrected PerdeWang functional, PW9%! Core
electrons are described with the projector augmented wave séfeme.
The valence electrons are described by a plane wave basis set with an
energy cutoff of 400 eV. Periodic boundary conditions are applied to
an 1x 2 surface cell of thé-ZrO,(101), which includes four zirconium
atoms, which miss one coordination compared to the bulk. A slab of
five layers is used with three bottom layers fixed to the bulk positions.
The cell size ia= 6.425 A,b = 7.284 A, ancc = 30.000 A. Further
details are given in ref 16. All calculations are made with the VASP
code!’

3. Results

3.1. Determination of the Reaction Products of the

increment of 10 K/min. The desorbing species were detected by a masslnitiation Reaction. The initiation reaction as formulated in

spectrometer (QME 200, Pfeiffer vacuum).

To determine the amount of SPproduced 100 mL of 0.005 N
NaOH solution in a washing flask was used to collect @@d SQ in
the educts during activatiomy-butane reaction and temperature-

eq 1 is a stoichiometric (in contrast to catalyzed) reaction to
produce butene, SQand HO. The overall catalytic reaction

requires, however, that the majority of catalytic cycles occurs
in a way that does not require oxidation for the formation of

programmed desorption after the reaction. The gases were trapped aghe carbenium ions, that is, that an efficient mechanism of chain

sulfate and sulfite. Only the sulfate concentrations were determined
by ion chromatography (Metrohm, 690 ion chromatograph equipped
with an IC anion column). Sulfite was oxidized in a second experiment
with H»0, (200 uL, 30%), and the solution was re-analyzed. The

(9) (a) Adeeva, V.; de Haan, J. W.inthen, J.; Lei, G. D.; Scmemann, V.;
van de Ven, L. J. M.; Sachtler, W. M. H.; van Santen, R.JACatal.
1995 151, 364-372. (b) Wan, K. T.; Khouw, C. B.; Davis, M. B. Catal.
1996 158 311-326.

(10) Liu, H.; Adeeva, V.; Lei, G. D.; Sachtler, W. M. H. Mol. Catal A: Chem.
1995 100 35-48.

(11) http://webbook.nist.gov.

(12) Li, X.; Nagaoka, K.; Lercher, J. Al. Catal.2004 247, 130-137.

(13) Hong, Z.; Fogash, K. B.; Watwe, R. M.; Kim, B.; Masqueda-Jimenez, B.
I.; Natal-Santiago, M. A.; Hill, J. M.; Dumesic, J. A. Catal.1998 178,
489-498.
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propagation (hydrogen transfer) exists. The experiments below
establish that all three reaction products exist and that water
and SQ do not leave the surface, while the majority of butene
molecules is in adsorptierdesorption equilibrium.

(14) (a) Perdew, J. FPhys. Re. B 1986 33, 8822-8824. (b) Perdew, J. P.
Phys. Re. B (Errata) 1986 34, 7406. (c) Perdew, J. P. |&lectronic
Structure of Solids;Ziesche, P., Eschrig, H., Eds.; Akademie Verlag
GmbH: Berlin, 1991.

(15) (a) Blechl, P. E.Phys. Re. B 1994 50, 17953-17979. (b) Kresse, G.;
Joubert, JPhys. Re. B 1999 59, 1758-1775.

(16) Hofmann, A.; Sauer, J. Phys. Chem. B004 108 14652-14662.

(17) (a) Kresse, G.; Furthitlar, J.; Hafner, JEurophys. Lett1995 32, 729~
734. (b) Kresse, G.; Furthifier, J. Comput. Mater. Scil996 6, 15-50.

(c) Kresse, G.; Furthitlier, J. Phys. Re. B 1996 54, 11169-11186.
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Figure 1. Desorption peaks of butena (n/e= 56) and butanel{f m/e=
58) during TPD after adsorption at 323 K of 2 mbamndbutane on activated
sulfated zirconia.
3.1.1. Evidence for Butene Formation by TPD oh-Butane 3 4 ° 6 7
i y ' Retention time (min)

Under steady state conditions at 373 K, butenes are not detecteq:. . . . .

. . igure 2. Sulfate ion peaks in IC spectra recorded without addin@H

in the reaction products. Thus, temperature-programmed reac+. ..y and adding HO, (—): (a) 5 mg/L of sulfate as standard, (b) after

tion/desorption of adsorbewbutane has been used to explore activation of sulfated zirconia at 673 K in He, (c) after reaction at 373 K

whether butene is formed in the initiating step. Figure 1 shows for 10 h.f (d)lgfhef i”dCf?é;Si?tg temperature from 373 fof 673 3*%;0"0‘8’%9}(
. . reaction for , and (e) after increasing temperature from to

the evolution of putane and butene from SZ during TPD after following the He treatment at 373 K.

n-butane adsorption at 323 K.

Butene (e = 56) desorbed at low temperatures with a while SO, leads to sulfites that have to be oxidized byGd to
maximum rate at 380 K and a broad shoulder between 500 andpe detected. Each solution was, therefore, also treated widh H
700 K. Note that much lower rates and quantities of desorbing to differentiate between the formation of $énd SQ.
n-butane were observed, as most of it was already removed by The sulfate ion peaks in the ion chromatography trace are
the short evacuation period prior to TPD. Fragments larger than shown in Figure 2.
butane were not observed. However, some @€3orbed at 580 During activation up to 673 K, a small amount of sulfate

K. The fragmentation pattern observed in the mass spectra agreegpecies decomposed and desorbed agi®® the catalyst (see
perfectly with the fragmentation pattern of butenes, allowing Figure 2b: the solid line refers to the total S&hd SQ content,
one to exclude the presence of other alkaneg or alkenes. Thusnot corrected for S@detected before oxidation by,B,). This
TPD of n-butane shows that a mixture of linear butenes is ymaunt corresponded to 3% of the total sulfate content of the
formed from butane adsorbed on SZ at low temperatures. Thesz studied. During 10 h reaction at 373 K, sulfur compounds
maximum temperature of the evolution demonstrates that butenegiq not evolve from the reactor (see Figure 2c). Thus, we
is easily desorbed from the surface at typical reaction temper- ¢oncjuded that Sowas either not formed during reaction or, if
atures (273373 K), so that itis fully equilibrated with the gas it \yas; it was retained on the catalyst surface as a sulfite group.
phase. To differentiate between the two possibilities, the reactor was

Molecular hydrogen was not observed during these experi- pyrged with He for 30 min. Then, the temperature was increased
ments, allowing one to exclude a route via the direct dehydro- with 10 K/min to 673 K in He flow. In contrast to the activation
genation. While we cannot confirm the continuous production of Sz, the solution of the trapped gases showed only a significant
of Hz reported previously? we would like to point out thatthe  amount of sulfate ions after oxidation with,® (Figure 2d).
labile SQ species on the surface would convert any hydrogen Thus, we conclude that SGand not S@ evolved from the
formed to water and SO catalyst. Approximately 0.2% of the total sulfate species in SZ

However, water and S the expected products of the was detected to be reduced by reaction withutane for 10 h.
oxidation reaction, were also not detected in parallel to the The control experiment of increasing the temperature from 373
desorbing butene. In contrast t@,hvhich is only very weakly  to 673 K after exposing the activated catalyst to flowing He at
adsorbed on the sulfate-modified oxides, water and 8@ 373 K did not lead to the evolution of SQFigure 2e). Note
expected to be so strongly adsorbed that desorption might bethat the lack of detection of SGrom sulfated zirconia (after
delayed to higher temperatures and so being partly masked byreaction with benzene) upon heating below 673 K, as reported
the potential partial decomposition and dehydration of SZ. It in ref 8a, is due to the drastically lower sensitivity used in those
should also be noted that the mass spectrometric analysis isexperiments unable to identify 0.2% of the total sulfur content
ambiguous in differentiating between desorbing,$@d SQ. released as SO

3.1.2. Determination of SQ Formed. To qualitatively and 3.1.3. Determination of Water Formed by In Situ IR
guantitatively determine desorbing g@he gases exiting the  Spectroscopy.Having shown that butene and Sére formed
reactor were passed through a washing solution containingin the initiation step, the formation of water was followed by
NaOH. For this purpose, a larger catalyst bed (2 g of SZ) was in situ IR spectroscopy under reaction conditions. The in situ
used. With this method, desorbed S3€ads directly to sulfates, IR spectra of SZ during-butane conversion at 373 K are shown

J. AM. CHEM. SOC. = VOL. 127, NO. 46, 2005 16161
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Figure 4. Correlation between catalytic activity of sulfated zirconia for
(b) n-butane isomerization at 373 K during induction period and the concentra-
tion of water formed during in situ IR reaction.
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Figure 3. In situ IR spectra of sulfated zirconia recorded (a) after activation, %’
(b) after 60 min isomerization reaction (373 K, 20 mL/min 5%utane in £
He), (c) after 180 min isomerization reaction, and (d) after 10 min He purge o 2
following the reaction. g
in Figure 3A and B. After activation at 673 K for 2 h, the SZ g 1
sample showed a strong band at 3636 €mith a shoulder at g
3660 cnT! and a weak band at 3580 ciin the region of OH 09 4 8 12 16
groups. The bands at 3636 and 3580 ¢mre attributed to OH Time on stream (h)
groups associated with the sulfate groups, while the shoulder g0 5 catalytic activity of sulfated zirconia at 373 K for the
at 3660 cn! is associated with ZrOH group1° In contact isomerization reaction oh-butane (20 mL/min 5%n-butane in He)

with butane, a weak broad band between 3500 and 3600 cm (®) purified with olefin trap, and M) unpurified and containing 26 ppm
appeared, which is attributed to butane hydrogen bonding to 2-Putene:

OH groups by polarizing the alkane-&1 bond?° Additionally,

the IR band at 3580 cm increased in intensity.

The sulfate stretching bands of activated SZ appeared at
13001450 cnt! with a maximum at 1404 cm, which is
assigned to the stretching vibrations of the=@ bond (see
Figure 3B) in pyrosulfate groups or adsorbedsStblecules.
This assignment is based on previous DFT calculafibBsiring

slower. This slower rate is attributed to the strong perturbation
of the sulfate/S@groups by water formed, shifting the band
from 1404 to 1398 cmt and reducing the oxidation ability of
sulfate groups/adsorbed $Q@he fact that the formation of water

did not cease at steady state shows, however, that part of the
labile sulfate/S@ groups react further and produce butene, to

n-butane isomerization, this band broadened and shifted to Iowerrema_Ce those c_arber_1ium ions that have been lost by desorption
wavenumbers, that is, to 1398 chwith a shoulder at 1378 or oligomerization with other butene molecules.
cm after reaction for 200 min and persisting after evacuation. ~ 3-2. Promoting Effect of Butene Impurities on the Cata-
The band at 1464 cni observed after bringing SZ in contact Yt Activity. Figure 5 shows then-butane isomerization
with butane is assigned to the Gldeformation vibration of ~ activity versus time on steam (TOS) on SZ at 373 K with
butane. It disappeared after He purge for 10 min. purified and unpurifiedn-butane. The butene impurities sig-
The formation of water during reaction is shown by the hificantly enhanced the catalytic activity, in agreement with ref
increasing intensity of the water deformation band at 1600tcm /- Both experiments showed a period of increasing activity,
with the time on stream. The band has been identified to be during which the active species, that is, carbenium-type
caused by the water deformation vibration through exposing intermediates, S& and water, accumulate on the surface.
SZ to HO. As shown in Figure 4, the evolution of the catalytic Reéaching the maximum activity was followed by gradual
activity in the induction period occurred in parallel to concentra- deactivation. The induction period for the reaction of purified
tion of water formation. The gradual formation of water on Sz M+butane was around 4 h, which was much longer than that of
indicates that the oxidation of-butane at 373 K is the reactant without purification (1.5 h) under identical reaction
determining step for building up of active species, which conditions. The isobutane selectivity in both experiments was
corresponds to the period of increasing activityriutane ~ higher than 95%, and the byproducts of the reaction were
isomerization. primarily propane, isopentane, anepentane (the ratio of iso-
Once the steady state of the isomerization reaction had beerf® N-pentane was-45). Thus, the presence of butene influences
reached, the rate of accumulation of water was significantly the activity and deactivation, but not the selectivity of the

reaction.
as) f;g;itle‘?l, M Saun O Lavalley, J. C.; Mabilon, Mater. Chem. Phys 3.3. Influence of H, and O, on the Catalytic Activity. On
(19) Morterra, C.; Cerrato, G.; Pinna, F.; Strukul@atal. Lett.2001, 73, 113— the basis of the important role of butene formation via the
1109. o
(20) Eder, F.; Stockenhuber M.; Lercher, J. A.Phys. Chem. B997, 101, OXIdatl\_/e route, hydmgen and Oxygen can be assumed to lead
5414-5419. to two important consequences for the overall reaction.
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Figure 6. Catalytic activity of sulfated zirconia for the isomerization
reaction ofn-butane (20 mL/min 5%n-butane in He) at 373 K in the
presence of different concentrations of hydrogen in the feef):0¢o, (@)
0.5%, () 1.5%, @) 2.5%, @) 5%.
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X
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§ Figure 8. Structure of [SO72~,2H",H,0].
‘ ‘ 3.4. Calculated Reduction Energies and Vibrational Fre-
0 4 8 12 16 guencies for Different Surface Structures.In a previous DFT

Time on stream (h)

Figure 7. Catalytic activity of sulfated zirconia for the isomerization
reaction ofn-butane (20 mL/min 5%n-butane in He) at 373 K in the
presence of different concentrations of oxygen in the fe&g): 026, (@)

study, we have calculated the structures and stabilities of
different surface species for increasing loading e5&, or SG;
and HO adsorbed on the (101) surfacetarO,.1® For a given
composition, different “isomeric” surface structures are exam-

0-5% @) 1.5%, @) 2.5%, (#) 5%. ined and their stabilities compared. For exampleOHan

dissociate on the surface into"rind OH™ and form a bridging
and a terminal hydroxyl group. The surface composition is
written in brackets, for example, [S@H",H",H,0] denotes

a surface phase with one $énd two HO molecules adsorbed
on a 1x 2 t-ZrO,(101) surface cell. One water molecule is
dissociatively adsorbed. The surface phase, fSOH",3H"]
nhas the same total composition, one;%@d two HO molecules
r]on the surface, but SfH,0 is present as $¥$0O;, which is
dissociatively adsorbed as $O, 2H", and the second @
molecule is also dissociatively adsorbed.

) ) The relative stability of surface structures with different
Figure 7 shows the influence of the presence of oxygen on ., mnqsitions depends on the concentration of sulfur-containing

the catalytic activity. With increasing oxygen partial pressure, species in the gas phase with which the surface is assumed to
the initial increase in activity was higher and the subsequent p i equilibrium. If we assume equilibrium with,8O/H,0
deactivation with TOS was more rapid. For instance, the catalyst 5,4 SQ/H.0, the pyrosulfate phase4S:2,2H*,H,0] (Figure
operated in the presence of 5% oxygen was completely gy ang the proton-free [S phase, respectively, are the
deactivated after 16 h TOS, while the one in the absence of ey ailing surface structures for wide temperature and partial
oxygen or in the presence of hydrogen still had a very stable ,ressure ranges. The vibrational spectra discussed in section
activity. The high activity is explained by the formation of very 31 3 (Figure 3B) point to the presence of pyrosulfate species
reactive sulfate groups and the reoxidization of sulfite groups. i the Sz sample used. Only for loadings of two sulfate groups
This leads to an enhanced production of olefins, which not only per 1x 2 t-Zr0x(101) surface cell SO vibrations above 1400
produce more carbenium-type intermediates but also alkylate o1 gre predicted, and only pyrosulfate species hawOS

the existing carbenium ions, leading to larger fragments on the \;iprations in the region of 14201400 cn.16 (Note that this

surface. assignment contradicts earlier sugges#idtisat a SO Raman

H, has been observed with zeolite-based catalysts to ef-
fectively suppress hydride transfer by acting as hydride donor,
forming an alkane and restoring the acid site. Thus, in the
presence of hydrogen, the rate should be reduced by requiring
a larger fraction of oxidation cycles and a lower overall
concentration of olefins and/or carbenium ions. The reaction
rates versus time on stream in the presence of different hydroge
concentrations are shown in Figure 6. The presence of hydroge
in the feed, even at 0.5% concentration, significantly lowered
the catalytic activity, in agreement with previous observatféns.

(21) Garin, F.; Andriamasinoro, D.; Abdulsamad, A.; Somme}, Catal.199],
131, 199-203.

(22) Riemer, T.; Spielbauer, D.; Hunger, M.; Merkhener, G. A. H.; Kinger,
H. J. Chem. Soc., Chem. Commad®94 10, 1181-1182.
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Table 1. Reduction Energy, AEreq, for the Loss of 1/, O, of Table 2. Calculated Total Reaction Energy, AEigta in (kJ/mol), of
Different SZ Structures (in kJ/mol) Different SZ Structures with n-Butane Following CsHjo + 1 x 2
t—ZrOz(lol)-n803-mH20 i C4H8 +1x2
A A Abfes™ £2r05(101)+(n—1)SO3+SOz+(mM+1)H,0
pure 1x 2t-ZrO,(101) 554.5
(SO 173.2 1741 166.2 Sz S Ot Afoa
[SO3,0H,H'] 177.6 [SOs)2 [SO,,0H,H1] 37.1
[SO2~,2H1] 179.2 [SOs,0H,H! [SO,,OH,H*,H,0] 47.0
[SOs,0H-,HT, H,0]2 199.9 199.4 191.6 [SO2~,2H"] [SOs2~,2H*",OH",H] 5.6
[SO42~,2H",OH~,H] 189.9 [2S032 [SO2™, SOy, 2HT] -36.1
[SO2,2H,3H,0)2 184.8 184.5 176.0 [S20727,2H"] [S20¢%",2H",H20] —66.8
[25032 161.8 163.0 155.1 [S:0727,2H",H0]? [SOs2~, SOy, 2HT,2H,0] —-10.1
[S:0727,2H"] 106.3 109.5 101.6 [SO2" HSOy,3H]2 [S206%~,2HT,2H,0] —26.7
[S:072,2H,H,0]? 155.5 156.5 148.4 H2S04 (gas) SQ+ 2H,0 68.2
[SOs2~,HSQ,~,3H']2 164.6 166.4 158.6 SG; (gas) SQ+H0 —-13.8
[S:0727,2H,2H,0] 124.3
H>SO4(gas) 176.3 1540 153.8 a2 These structures are most stable for specific pressure and temperature
SOs(gas) 94.3 808 80.9 regions.

a_These structures are most stable for specific pressure and temperaturesjtes of SZ by formation of an a|koxy group or carbenium ion,
[ﬁg;f’”s'b Observed valul# = 196.5 kl/mol = Observed valu = 98.9 kJ/ which is the key intermediate. The accumulation of the alkoxy
groups/carbenium ions is concluded to be the most important
band at 1399 cmt is indicative of a triply coordinated change on the surface during the activation (induction) period.
O=S(0)2(HO") structure withCs symmetry.) Coadsorption of ~ Water and S@also formed in this step remain bound to the

water onto the prevailing [©:%-,2H",H,0] species fs—o = surface and reduce the oxidation activity to a much lower level.
1421 cn1l), yielding [$072~,2H",2H,0] (vs=0 = 1409 cnr?), It should be emphasized that these active sites do not resemble
shifts the $=O band 12 cm! to lower wavenumbers, as supported HSQ, as it has been proposed in earlier studfes.
observed during water formation (section 3.1.3.). The favorable reaction energies for the oxidative dehydro-

To characterize the oxidizing power of SZ, we calculate the genation of butane according to eq 1 explain the initial butene
reduction energyAEqq that is, the energy of the following  formation:
reaction:

CHp+ 1 x 2t-ZrO,(101ynSO;:mH,0 —
1 x 2t-2rO,(101ynSOymH,0 — CuHg + 1 x 2t-Zr0,(101) (n—1)SO; SO, (M 1)H,0 (3)
1 x 2t-ZrO,(101) (n—1)SO,SO,mH,0 + 7, O, (2)
o Table 2 shows the calculated energies for this reaction.

Table 1 shows the results for the dominating f5@nd For surface structures with a single sulfur atom pei(2)
[S:07*7,2H" H,0] phases as well as for phases with a different gyrface unit cell, the reaction energies are positive (6 to 47
number of HO mole_cules on the surface. The sulfated surfaces | j/m | depending on the water content), while structures with
are much more easily reduced than the clean,&@face. The o sulfur atoms per cell have negative reaction energid€(
reduction energies for the sulfated phases are roughly in theyy; _g7 kJ/mol). The reaction of one of the dominating
range between the gas phase reduction energiesHH176 pyrosulfate surface structures{%2-,2H*,H,0], with butane
kJ/mol) and S@ (94 kJ/mol). They depend on the sulfur yields the [SG?~,SO,,2H*,2H,0] structure shown in Figure 9
concentration of the surface. Surface structures with ong SO (reaction energy= —10 kJ/mol). In this reaction, the pyrosulfate
on the 1x 2 surface cell have larger reduction energies, between splits into a tridentate sulfate species and,S@hich is not
200 and 173 kJ/mol depending on the number gdkholecules  girectly coordinated to the surface, but only to two water
on the surface. Surface structures with twoz3@lecules on molecules via two hydrogen bonds (Figure 9). The energy
the 1 x 2 surface cell have lower reduction energies, between expense for the removal of $@ Egiss.so = 34 kd/mol. The

165 and 106 kJ/mol. The prevailing [§@nd [SO7" 2H",H;0] less stable pyrosulfite structure would look like Figure 8, with
structures have reduction energiestdf73 and+156 kJ/mol, one oxygen atom removed. Reaction 3 does not consider
respectively. The lowest reduction energy is found for the adsorption of butane/butene on the SZ surface.

[S2077",2H"] surface structure+106 kJ/mol. In the gas phase, the oxidative dehydrogenation of butane

Table 1 shows also the heats of reduction at 298 and 398 Kby SO, (eq 1a) is also thermodynamically favored. The

that differ from the energies by no more than 10 kJ/mol. For cgjculated reaction enthalpy at 298 K+s.1 kd/mol (reaction
the gas phase species, comparison can be made with experianergy= —14 kJ/mol), and the corresponding experimental
mental reaction heats. This indicates an error of about 20 4),e is—28 kJ/molil The difference of 17 kJ/mol is in the
kJ/mol of the calculated values. expected error range of DFT calculations.
4. Discussion It should be emphasized that this oxidation chemistry does
o ) _ .. . not occur with supported sulfuric acid on Zr@s it had been
The presented data show for the first time that in the initiation i< ,ssed and proposed in the literaf@frvhile sulfuric acid

ste.p. ?“ter?e is formed together with water anqz.Sche can be a precursor to the active material, the generation of the
oxidizing sites are related to re-adsorbed;f@sulting from labile sulfate/S@ species by a high temperature process

decomposition of labile sulfate groups) or pyrosulfate groups. (cacination) is indispensable for achieving appreciable catalytic
Most likely, these are the labile sulfate groups (re-adsorbegl SO activity.

identified to be indispensable for catalysis in an earlier contribu-
tion.12 The alkene formed is in equilibrium with Brgnsted acid (23) Babou, F.; Coudurier, G.; \deine, J. C.J. Catal. 1995 152, 341—349.
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The oxidation of alkane during isomerization in a liquid acid
also contributes to the initial step generating the active species.
Ledforc?® proposed that the ionization of alkanes in superacid
solutions proceeds by oxidation rather than by direct protonation
because of the high oxidizing ability of Sb¥ Moreover, the
formation of S@?8 duringn-butane isomerization in the presence
of FSQH/HF acid and Shi-formation during activation of
isobutane in Sb2° are also such examples. The initial reaction
of hexane in trifluoromethanesulfonic acid (TFMSA) under mild
conditions was demonstrated to be dehydrogenation with the
subsequent formation of alkenyl catio#fs.

The concentration of butenes in the reactant stream can be
influenced by the presence of hydrogen and oxygen in the feed.
Hydrogen could play a double role, that is, it could lower the
concentration of butenes in the reaétoand/or it could stop
the reactions of the carbenium ions by acting as a hydride
transfer agent? It has also been suggested by Garin et'al
that isobutene is rapidly hydrogenated on SZ at low temperature
in the presence of hydrogen. In this context, it should be
mentioned that the dissociation of molecular hydrogen on
zirconia surface was reported to form surface-Brgroups3?
which could be very active for hydrogenation. While the present
data do not suffice to distinguish between these two possibilities,
the decrease of the catalytic activity with increasing of the
hydrogen concentration in the feed suggests that the catalytic
activity is directly related to the concentration of surface butene
species.

It is noteworthy, on the other hand, that molecular oxygen
Figure 9. Structure of the reduced §8+7~,2H*,H,0] accompanied by one acts _as promoter for the initial step reaCtlon' le_en the_ low
additional water molecule [S®",S0s,2H*,2H;0]. reaction temperature of 373 K, we think that this is achieved

by oxygen creating/restituting a small concentration of oxidation

The oxidative initiation reaction is not catalytic, but stoichio- sites (adsorbed Sr pyrosulfates), which oxidize butane to
metric. Thus, the question arises, how long a catalyst may live, butene. However, it should be mentioned that ®Gpecies on
given that the concentration of sulfate on the surface of zirconia the SZ surface have been observed by ESR spectroscopy after
is finite. The current experiments show that the concentration adsorption of-butané* or benzen® and a subsequent treatment
of molecules to be oxidized, which are necessary to achieve anwith dry O,. For such a route, the formation of,Ospecies
active catalyst, is surprisingly small. For a period of 10 h, only was attributed to the presence of-Zf groups, which are
0.88umol/g of sulfate/S@was reduced. This corresponds to a formed on SZ with reacting-butane. In the presence of oxygen,
ratio of approximately 500 butane molecules converted per SO the negative effect of a high concentration of olefins was seen.
molecule reduced. A catalyst could, therefore, maintain its As the rate of butene molecules formed exceeds the rate of
activity for 2000 h, assuming similar operating conditions. This hydride transfer in the carbenium ion chain reaction, alternate
“catalyst lifetime” was calculated by considering that ap- pathways for the reaction of butenes are preferred, such as
proximately 40% of the total initial S content is associated with oligomerization leading to rapid deactivation.
active/reducible active sité4.lt is important to note that such
small concentrations are formed continuously throughout the
bed, avoiding hlgh local concentrations and the danger of higher Butene Species formed by oxidation mbutane are shown
rates of the intermolecular reactions of condensation. This showsto be the key intermediates durimgbutane isomerization on
also why it is so difficult to add trace amounts of butenes to Sz, Butene is formed by a reaction between butane and a labile
this and similar catalysts in order to achieve high and stable
performance. The same chain length (500) was observed in the?26) Ledford T. H.J. Org. Chem1979 44, 2325,
reaction of isobutane on S2.When the butane feed was (5] So1e% fAPIre ARPL CRemiSTn 89 10T LS. g N, 3. Olah J. A
“spiked” with butene, the reaction chain length decreased to Catal. Lett.1991, 10, 239-248.

10-2025 (29) Culmann, J. C.; Sommer, J. Am. Chem. Sod99Q 112, 4057-4058.
(30) (a) Facagu, D.; Lukinskas, K.J. Chem. Soc., Perkin Trans.1®99 12,

The important role of butene as initiating intermediate for 2715-2718. (b) Facagu, D.; Lukinskas, K.J. Chem. Soc., Perkin Trans.
. K . 21999 8, 1609-1613. (c) Fecagu, D.; Lukinskas, KJ. Chem. SocPerkin
n-butane isomerization on SZ was clearly demonstrated by the  Trans. 22000 11, 22952301,

i i Wity i (31) Weisz, P. B.; Swegler, E. W5ciencel957, 126, 31-32.
far higher catalytic activity in the presgncg O.f only .26 ppm (32) Meusinger, J.; Corma, Al. Catal. 1995 152, 189-197.
butene (0.033 vs 0.0%8nol/g-s). Supporting indirect evidence  (33) Kondo, J.; Sakata, Y.; Domen, K.; Maruya, K. OnishiJTChem. Soc.,
indi i i aui i Faraday Trans.199Q 86, 397—401.
for the present findings is provided by liquid phase catalysis. (34) Spiclbauer D Mekhemer. G. A. H., Bosch, E. inger, H.Catal. Lett.
1996 36, 59-68.
(24) Li, X.; Nagaoka, K.; Lercher, J. Al. Catal.2004 227, 130-137. (35) Chen, F. R.; Coudurier, G.; Joly, J. F.;dfme, J. CJ. Catal.1993 143
(25) Tavora, J. E.; Davis, R. J. Catal. 1996 162, 125-133. 616-626.

5. Conclusions
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SOy/pyrosulfate-type surface species. For the first time, direct of oligomers. The DFT calculations yield favorable reaction
experimental evidence is given for all reaction products energies for the oxidative dehydrogenation of butane to butene
involved, and the thermodynamic feasibility of these reactions by Sz, in particular, for sulfur loadings of two S atoms per (1
has been modeled by theoretical chemistry. The olefins formed x 2) surface cell.

induce a chain-type reaction that converts 500 butane molecules The evidence for the present pathway shows design strategies
per butene formed. This allows SZ to reach acceptable lifetimes, for new catalysts combining subtly anion-based redox chemistry
and oxidative regeneration may lead to newly formed oxidation with acid—base catalysis opening so new generic pathways for
sites extending the lifetime further. Molecular hydrogen impedes activating and functionalizing alkanes.

the dehydrogenation reaction via pathways that are variants of
hydride transfer. The presence of molecular oxygen induces
reaction pathways to olefins, which rely on the generation of
labile pyrosulfate/S@entities on the surface and/or the genera-
tion of O,~ anions. Whatever the mechanism of formation, the
present study also shows that the reaction rate and the cataly
stability depend on the concentration of olefins and, in
consequence, on the concentration of carbenium ions. At low
concentration of butenes, the rate increases with the olefin
concentration, and at high concentration, a high maximum
activity is achieved, but the catalyst deactivates via formation JA054126D
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