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Abstract

A series of 10%Mo/Si:T= 1:1 catalysts modified with chlorine (Cl/Me 0.1-2.0) were studied with regard to their activity for the oxidative
dehydrogenation of ethane. The effect of chlorine on the redox and adsorption characteristics and, in turn, on the catalytic performance has
been investigated. From X-ray diffraction, temperature-programmed reduction and electron spin resonance experiments, it was seen that the
addition of chlorine could optimize the redox characteristics of surface molybdena species, i.e. depress the reduction potefitial of Mo
resulting in increased selectivity for ethylene. Temperature-programmed desorption following ethane adsorption showed an increased ease of
ethylene desorption from the surface. TPRxn DRIFTS experiments after ethane adsorption, which pointed to a stronger interaction of ethane
with the catalyst and increased surface olefinic species suggest that chlorine cannot only affect the further reaction of ethyleng over MoO
catalysts, but also change the interaction of the catalyst with ethane, altering ethane activation steps.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction reaction on these transition metal oxides is heterogeneous
and follows the Mars—Van Krevelen mechanifgh achiev-
Although it offers many advantages as compared to steaming ethylene yields in the range of 15-3(0%2,8]. Signif-
cracking and direct dehydrogenation, catalytic oxidative de- icant increases have also been reported in the ethane ODH
hydrogenation (ODH) of alkanes continues to pose major activity of catalysts based on Group IA and I1A metals when
challenges as a research ajea5]. Lower alkanes, such as small quantities of chlorine-containing materials are incor-
ethane, are inexpensive and readily available for the produc-porated either in the feed or directly into catalysts during
tion of olefins through the ODH procefs]. However, com- preparation[10—18] The reaction occurs through the for-
pared to higher alkanes, higher temperatures are requirednation of ethyl radicals that react in the gas-phase to form
for the activation of ethane and under higher temperatures,ethylene. The presence of chlorine is believed to facilitate
ethane and ethylene, the desired product, are easily furthetthis desorption-reaction process and the resulting ethylene
oxidized to produce carbon oxides and water. Consequently,yield is normally higher compared to those following the
maintaining high selectivity towards ethylene while activat- Mars—Van Krevelen mechanism at lower temperat{tey.
ing ethane effectively is the major challenge for the oxida-  While the positive effects of chlorine to enhance the ho-
tive dehydrogenation of ethane. mogeneous reaction in ethane ODH have been the focus
Cavani and Trifird2] have grouped the catalysts that are of many studies, the role of chlorine for the surface redox
active in the ODH of ethane into two main categories. While mechanism over easily reducible metal oxide catalysts at
Mo- and V-based catalysts have been proven to be active alower temperatures is still not well understo@d. Further-
lower temperatures for the ODH of lower alkarj@s8], the more, the environmental concerns exclude the use of chlo-
rinated compounds as part of the feed stream. Therefore,
chlorine-modified catalysts that can operate at lower tem-
* Corresponding author. Tek:1 614 292 6623; fax+1 614 292 9615. peratures and exhibit sufficient activity and stability can be
E-mail address: ozkan.1@osu.edu (U.S. Ozkan). promising for ODH processd§,19].
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In our previous work, we have shown Mo/Si:H 1:1 Table 1
catalysts to be active and selective for the ODH of lower Composition and surface area of sol-gel catalysts for the ODH of ethane
alkaneqg20-23] We have also reported that the addition of cCatalyst Preparation Surface
small amounts of chlorine to these catalysts can beneficially area
alter the electronic structure of the surface Mo@mains (m*/g)
and thus the redox mechanism of ethane O[24]. In 10%Mo/Si:Ti=1:1 Sol-gel-coprecip. 133

; ; T e _ 10%(Cl/Mo = 0.1)/Si:Ti = 1:1 Sol-gel-coprecip., NkCI 141
this study, a series of chlorine-modified molybdenum cat 10%(ClIMo — 0.3)/SiTi— 11 Sol-gel-coprecip.. Ngol 194

alysts supported on silica and titania mixed oxides were 109%(CliMo = 1.0)/SiTi= 1:1  Sol-gel-coprecip., NkCI 196
prepared by a modified sol-gel technique. The catalytic 1096(Cl/Mo = 2.0)/Si:Ti=1:1  Sol-gel-coprecip., NfCI 230
performance of these catalysts was tested for the oxidative
dehydrogenation of ethane. Catalysts were characterized by
BET surface area measurements, X-ray diffraction (XRD), 2.2. Catalyst characterization
temperature-programmed reduction (TPR), X-ray photo-
electron spectroscopy (XPS), electron spin resonance (ESR), BET surface area measurements and nitrogen adsorption—
temperature-programmed desorption (TPD) and diffuse re- desorption isotherms were recorded using a Micromeritics
flectance infrared fourier transform spectroscopy (DRIFTS) ASAP 2010 instrument. Nitrogen was used as an adsor-
techniques to elucidate physical-chemical properties of bent at liquid nitrogen temperature (77 K). The samples
Si:Ti supports, the influence of chlorine on the reducibility were degassed at 20G for 8 h before surface area mea-
of surface molybdena species, adsorption/desorption behavsurements. X-ray diffraction patterns were obtained with a
ior of reactants and products, and the surface intermediatesScintag PAD-V diffractometer with Cu & radiation as the
present during the reaction. These characterization resultsX-ray source. The diffractometer was operated at 45 kV and
were correlated with the catalytic reaction performance to 20 mA and the powder diffraction patterns were recorded
achieve a better understanding of the catalytic behavior of in the 2 range from 20 to 90° with a scan rate of Ymin.
chlorine-modified catalysts. TPR of catalysts was performed using a laboratory-made
gas flow system described in detail elsewHe®]. Catalyst
samples (100 mg) were placed in a 1/4-in.-i.d. quartz U-tube

2. Experimental reactor and pre-treated under an oxygen flow at*&5€or
30 min, and then allowed to cool to room temperature un-
2.1. Catalyst preparation der helium flow. The reduction was performed with 10%

hydrogen in argon (30 cimin). The thermal conductivity

Catalysts were prepared by a ‘one-pot’ sol-gel/co- detector (TCD) was operated in differential mode and the
precipitation technique described previous]25]. For signal transferred to a data acquisition computer. The out-
silica-titania mixed-oxide supports, tetraethylorthosilicate let of the reactor was passed through a column of silica gel
(TEOS) (Aldrich) and titanium(lV) isopropoxide (TIPO) to remove moisture formed during the reduction. The tem-
(Aldrich) were used as precursors. Ammonium heptamoly- perature program was as follows: 10 min hold at room tem-
date (AHM) (Malinkrodt) was used for molybdenum. The perature; 10C/min ramp rate to 850C and; 10 min hold at
mixture of ethanol and isopropyl alcohol with a 1:1 volume 850°C.
ratio was used as the solvent. Calculated amounts of the Before XPS analysis, ethane reduction was performed
silica and titania alkoxide precursors were placed in solvent with a Micromeritics ASAP 2010 instrument. For the ethane
to yield SiG-TiO2 mixed oxides with a 1:1 molar ratio  reduction experiment, a portion of the prepared sample was
after calcination. This solution was left stirring, while an placed inside a quartz ESR tube (Wilmad) capable of seal-
aqueous solution containing the necessary amount of AHM ing the sample under a gas atmosphere or vacuum. After be-
for the desired molybdenum loading (10% Mo) was then ing recalcined with 800 Torr of oxygen at 550 for 30 min
added dropwise with a syringe pump. The aqueous solutionand purged to 103 Torr, the samples were contacted with
contained the stoichiometric amount of water necessary 500 Torr of ethane at 40@ for 30 min followed by evac-
to hydrolyze all of the alkoxide precursors. For catalysts uation at 10° Torr and backfilled with helium. The sam-
modified with chlorine, a calculated amount of NEi ples were then moved to a glove box and transferred to an
(Mallinkrodt) was included in the aqueous solution to give XPS spectrometer through a controlled-atmosphere transfer
the desired Cl/Mo ratio. The gels formed were stirred for an chamber. X-ray photoelectron spectroscopy of the catalysts
additional 15 min after all of the aqueous solution had been after ethane reduction was performed with a Kratos Ultra
added and then placed in an oven at 1C0for overnight Axis spectrometer using Al & (1486.3 eV) radiation. Spec-
drying and solvent removal. After drying, the catalysts were tra were corrected using the C 1 s signal located at 284.6 eV
ground into a fine powder and calcined under oxygen at and the deconvolution was performed using the GRAMS 32
350°C for 1 h and 550C for 5 h. The synthesized catalysts software package.
are listed inTable 1 with Cl/Mo ratios ranging from 0 Electron spin resonance (ESR) spectra were acquired on
to 2. a Bruker ESP300 electron spin resonance spectrometer. For



C. Liu, U.S Ozkan/Journal of Molecular Catalysis A: Chemical 220 (2004) 53-65 55

ESR spectrum taken under dehydrated conditions, a portioncolumns: (1) Hayesep D (8fk 1/8in.) for hydrocarbons
of the prepared samples was recalcined at’&5fbr 30 min and partially oxygenated hydrocarbons; (2) Porapak Q (6 ft
under pure oxygen and maintained in the dehydrated statex 1/8in.) and; (3) molecular sieve 5A (6t 1/8in.) for
at 110°C prior to analysis. The spectra were obtained at Ny, Oy, CO, CQ and HO.
room temperature with a Klystron frequency of 9.76 GHz at  In order to study the effectiveness of the catalysts for the
7.96 mW power and 100 kHz magnetic field modulation. For ODH of ethane, it is necessary to isolate catalytic activ-
ethane reduction experiments, the procedure was the samdéy from gas-phase activity since the contribution from the
as XPS described above. ESR spectra were recorded undehomogeneous reaction due to ethyl radicals formed at the
helium atmosphere. surface and desorbed into the gas-phase can be significant,

TPD of ethane adsorption was performed using a especially at higher temperatures. Burch and Grabb have
laboratory-made gas flow system described elsewf2&ie studied homogeneous contributions to the catalytic ODH of
Catalyst samples (150mg) were placed in a 1/4-in.-i.d. ethane and have confirmed that filling the dead space of the
quartz U-tube reactor, pre-treated under oxygen flow at reactor with quartz inhibits the gas-phase radical reaction
550°C for 30 min, cooled to room temperature under he- [27]. During catalytic reaction experiments the dead volume
lium flow, and finally flushed with helium for 1 h following  of the quartz microreactor was packed with quartz wool
1 h of ethane adsorption. Species desorbing under a heliumand/or ceramic beads to minimize any effects from the ho-
carrier gas were monitored by a mass spectrometer (HP5890mogeneous reaction/surface-initiated gas-phase reaction and
GC-MS). The GC columns were replaced by an empty cap-to provide a short residence time for ethylene formed. To
illary column. The mass spectrometer was equipped with a test the validity of this technique, reaction tests were run us-
quadrupole mass analyzer that allows tracking of up to 20 ing a quartz reactor packed with quartz wool/ceramic beads.
mass-to-charge ratiosn(z) simultaneously in the selected The results showed no noticeable conversion of ethane
ion mode. The identification of species with equalz up to 650°C for the feed conditions studied. The product
ratios was accomplished by following characteristic mass distributions maintained a carbon balance of 10025%).
fragments of the species. The temperature program was as
follows: 10 min hold at room temperature; 40/min ramp
rate to 800C and; 10 min hold at 80TC. 3. Results and discussion

DRIFTS of the studied catalysts were performed using a
Bruker IFS66 instrument equipped with MCT detectors and 3.1. Physical characterization
a KBr beamsplitter. Catalysts were placed in a sample cup
inside a Spectratech diffuse reflectance cell equipped with By comparing the surface area of the prepared catalysts
KBr windows and a thermocouple mount that allowed direct (Table J), it can be seen that the incorporation of chlorine
measurement of the surface temperature. Spectra were aveiinto Mo/Si:Ti catalysts increases the surface area. Since the
aged over 1000 scans in the mid-IR range (400-4000¢m  active metal and Cl are incorporated into the catalysts during
to a nominal 2cm? resolution. Prior to collecting spec- the gelation process, it is possible that the addition of Cl
trum, catalysts were recalcined with 10% oxygen in helium ions affects the formation of the Si:Ti skeleton, leading to
for 30 min at 450 C surface temperature. For ethane, ethy- significant increases in surface areas.
lene and water adsorption experiments, background spectra For the X-ray diffraction patterns obtained on the
were taken under helium flow at various temperatures (room chlorine-free catalystHig. 1), one broad peak with a center
temperature, 100, 200, 300, 350, 400, 46Q. Following located at al-spacing of 3.59 A was observed, indicating a
background measurements, the adsorption with respectivefinely dispersed anatase titania supported over amorphous
gases was performed for 1 h at room temperature followed silica[28]. All the chlorine-modified catalysts exhibit simi-
by flushing with helium for 1 h at room temperature. Spectra lar XRD patterns as the Mo-only catalyst, while the anatase
were taken under helium flow at each successive tempera-diffraction peak becomes just slightly narrower with the

ture after an equilibration time of 15 min. addition of chlorine, sugesting an increase in crystallinity
of titania in the Si:Ti matrix. Also, no Mo® diffraction
2.3. Ethane oxidative dehydrogenation features were observed for any of the chlorine-modified

catalysts indicating that the molybdena species were finely
Cl/Mo catalysts were tested for the ethane ODH reaction dispersed into the Si:Ti matrix.

in a fixed-bed quartz reactor operating at ambient pressure.
Catalyst samples were held in place by a quartz frit. The 3.2. Temperature-programmed reduction
total flow rate was 25cc/min with a feed composition of
ethane/oxygen/nitrogea 10/5/85. The major reaction prod- Temperature-programmed reduction experiments were
ucts were ethylene, methane, carbon dioxide, carbon monox-performed on 10%Mo/Si:Ti= 1:1 catalysts with different
ide, and water, which were separated and analyzed onlinechlorine loading levels and the results are plotteérim 2
using a HP 5890 series Il gas chromatograph containing FID The TPR profiles for all of the catalysts studied are similar,
and TCD detectors. Separations were performed using threewith one major reduction feature in the temperature range
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Fig. 1. X-ray diffraction patterns of (CI/Mo)/Si:Ti catalysts.

from 350 to 500°C. Since the bare Si:Ti support showed
no reduction under the same conditidi2¢l], this feature
is assigned to the reduction of supported Mospecies.

C. Liu, U.S Ozkan/Journal of Molecular Catalysis A: Chemical 220 (2004) 53-65

higher temperatures with increasing Cl loading, suggesting
a change in the reducibility of the MgGspecies with the
incorporation of Cl. Reducibility of the catalyst has signif-
icant implications for activation of ethane, which involves
a hydrogen abstraction step. For reducible metal oxides
operating at lower temperatures such as Mo/Si:Ti catalysts,
the hydrogen abstraction involves use of lattice oxygen
through the Mars—van Krevelen mechanism. The reducibil-
ity of a catalyst with hydrogen can be used to characterize
the mobility of lattice oxygerf29,30] The relative ease of
the lattice oxygen removal can also be important in deter-
mining the selectivity since further oxidation of the product
may also involve lattice oxygen. Therefore, the change in
the reducibility of a catalyst by ClI incorporation can have
implications for both the activation of ethane and further
oxidation of the product, ethylerj81].

3.3. X-ray photoelectron spectroscopy

To further investigate the redox characteristics of the
catalysts under reaction conditions and clarify in situ oxida-
tion state changes, X-ray photoelectron spectra were taken
of samples that were reduced with ethane. The post- and
pre-reduction spectra acquired over the Mo/Si:Ti catalyst are
presented irFig. 3. The Mo 3 region of the pre-reduction
spectrum exhibited one linked doublet, characteristic of
Mo(VI) species in an oxide matrix. The spectrum taken
following ethane reduction, on the other hand, showed the

The temperature maxima for the reduction features shift to co-existence of the Mo(VI)/Mo(V) oxidation states, cor-

Cl/Mo=2.0

Cl/Mo=1.0

Cl/Mo=0.3

H, Consumption

Cl/Mo=0.1

10%Mo/Si:Ti=1:1

200 300 400 500 600 700 800

Temp. (°C)

Fig. 2. Temperature-programmed reduction profiles of (Cl/Mo)/Si:Ti cat-
alysts.

responding to Mo Gs,, and 3i3/> binding energy values

at 235.9/234.7 and 232.7/231.4eV, respectividg2—34]

The deconvolution results are presented in the figure. No
Mo(lV) was detected after ethane reduction. Since under
reaction conditions, where the gas-phase contains oxygen,
further reduction to Mo(lV) is even less likely, it can be
concluded that a redox cycle between Mo (VI)/Mo(V) is
the dominant mechanism.

3.4. Electron spin resonance

ESR techniques have been widely used to investigate the
surface chemistry of metal oxide cataly$3&]. In molyb-
dena catalysts, where the vast majority of Mo ions are in
Mo(VI) oxidation state, calcination at high temperatures as
well as reduction under reaction conditions can lead to the
formation of paramagnetic Mo(V) centef36], which are
ESR sensitive and can be used to gain insight into the coor-
dination environment of the surface molybdena species.

In this study, ESR spectra were recorded on ambient-
exposed and dehydrated Cl/Mo catalysts at room tempera-
ture Figs. 4 and » Different from our previous study on
K/Mo catalysts[22], where a noticeable broadening of the
Mo(V) signal appears upon dehydration without substantial
loss of intensity, here both the ambient and dehydrated spec-
tra are characteristic of Mo(V) in a state of nonaxial symme-
try, indicating the adsorption of atmospheric water does not
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Fig. 3. Pre- and post-ethane reduction X-ray photoelectron spectra of 10%Mo#SLTi.
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Fig. 4. ESR spectra of (Cl/Mo)/Si:Ti catalysts under ambient conditions.
have a strong effect on the dispersion and coordination of
MoO, domains. Parallel and perpendicular parameter values
are defined agr = (9. + 9,)/2 andg;; = g,, and thegr and Table 2
grr values of Mo(V) obtained from ambient and dehydrated The g-.tensor of Mo(V) in (CI/Mo)/Si:Ti catalysts
Cl/Mo samples are presented Tiable 2 Compared with :
. . . Catalyst Ambient Dehydrated
theg values for hexa-coordinated Mo(V) species reported in
the literature Table 3 [37-39] it can be seen that with the ar an or 9
addition of chlorine there is no change in the coordination 1gyMo/siTi= 1:1 1.942 1.89 1.942 1.893
sphere of Mo(V), i.e. both Mo-only and Cl-doped catalysts Cl/Mo = 0.1 1.941 1.893 1.94 1.893
showed Mo(V) in a hexa-coordination environment. Cl/Mo = 0.3 1.94 1.894 1.94 1.892
Another feature evident in both the ambient and dehy- ¢/Mo =1.0 1.94 1.893 1.94 1.893
Cl/Mo = 2.0 1.939 1.893 1.942 1.895

drated ESR spectra is the signal from the superoxide ion
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Fig. 5. ESR spectra of (CI/Mo)/Si:Ti catalysts under dehydrated conditions.

(O27) with a characteristic averaggvalue of 2.01140]. It formation of fewer Mo(V) centers during the calcination

is interesting to note that this signal becomes smaller with the process.

addition of chlorine and almost disappears at higher ClI/Mo  To further investigate the effect of chlorine on the inter-

ratios. @~ can be formed upon interaction of molecular action of ethane with the catalyst surface, ESR spectra were

oxygen with surface anionic vacancigg]. During ethane  taken of samples that were reduced in ethane. The pre- and

ODH these superoxide species as well as other activatedpost-reduction spectra of Cl-free and Cl-containing samples

oxygen species can be inserted into ethane in a non-selectivéire shown irFig. 7. It can be seen that after reduction with

manner through electrophillic addition and contribute to to- ethane, there is a broadening of the ESR line widths and

tal combustior29,30,42] The source of the superoxide ion spectra become quasi-axial. The perpendicular and paral-

cannot be determined since these species can exist and bkl values of theg-tensor and integral intensity of Mo(V)

stabilized both in crystalline Tig[40] and in silica domains  species for post-reduction samples are givefable 4 The

[35], and can also be associated with the formation of Mo(V) Cl-free sample shows a much higher intensity for Mo(V)

species. However, the change in intensity could be a furthercompared to the Cl-containing catalysts. When gheal-

indication that, with chlorine addition, the mobility and ac- ues obtained from the post-reduction samples are compared

tivity of lattice oxygen at the catalyst surface is suppressed, to those reported in the literaturéaple § [35,43-45] one

in agreement with the TPR results. can see that the coordination of Mo(V) species change from
The variation of integral intensity for Mo(V) species a hexa-coordination to a hepta-coordination environment.

with Cl loading for dehydrated and ambient samples is

shown inFig. 6. Compared with catalysts at ambient con- ... 4

ditions, the intensities are lower for the dehydrated samplesthe g-tensor values and intensity of Mo(V) species after ethane reduction

since they are likely to reoxidize during the calcination/

. . . . Catalyst Intensit
dehydration process. The intensity of Mo(V) species de- Y Y or g
creases with Cl loading in both cases. This could be the 10%Mo/Si:Ti=1:1 1447 1.956 1.899
result of a less reducible catalyst surface, leading to the /Mo =10 909.7 1.956 1.898
Table 3 Table 5
The g-tensor values of hexa-coordinated Mo(V) species from literature The g-tensor values of hexa-, hepta- and tetra-coordinated Mo(V) species
[37-39] from literature[35,43-45]
Catalyst ar (174 Coordination ar (o171
MoOXx/SiO, 1.944 1.890 Mo(V)6c 1.944 1.892
MoQO3/ZnO 1.942 1.870 Mo(V)5¢c 1.957 1.866

Mo/H-ZSM-5 1.943 1.882 Mo(V)4c 1.926 1.755
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Fig. 6. Integrated intensities of Mo(V) species for (Cl/Mo)/Si:Ti catalysts under ambient and dehydrated conditions.

Since there is a substantial increase in the integral intensity3.5. Temperature-programmed desor ption

of Mo(V) after ethane reduction, we may conclude that the

major contribution of this shift is due to the reduction of Analysis of the desorbed species after ethane adsorp-
Mo(VI) species to penta-coordinated Mo(V) species rather tion showed ethane, ethylene, water, methane, carbon diox-
than the coordination change of the existing Mo(V) species. ide, carbon monoxide, and trace amounts of acetaldehyde
When comparing the post-reduction Mo-only and Cl-doped desorbing from the surface. Ethylene desorption profiles
catalysts, it can be seen that the intensity is much lower onfor 10%Mo/Si:Ti= 1:1 and chlorine-containing catalysts of
the Cl/Mo catalyst. Since our XPS results showed no Mo(lV) CI/Mo = 0.3 and 1.0 are plotted irig. 8a Although ethane
species on the surface of catalysts reduced with ethane, sugereates the same fragmented species as ethylene in the mass
gesting that Mo(VI) species do not further reduce to Mo(IV), spectrometer, by following fragments created by both, we
the intensity of Mo(V) species obtained by ESR following determined that the first desorption featured$0°C) are
ethane reduction can be taken as a measure of the reducibilassociated with ethane desorption and the remainder of the
ity of MoO,, on the surface. Once again, the incorporation of profile belongs to ethylene alone. An important aspect of
chlorine appears to lead to less reducible molybdena specieshese profiles is that the major desorption feature shifts to
on the surface. lower temperature with increasing chlorine loading, which

Post-reduction

Cl/Mo=1.0

10%Mo/Si:Ti=1:1

Pre-reduction

Cl/Mo=1.0

10%Mo/Si:Ti=1:1
3400 3500 3600 3700 3800

H(Gauss)

Fig. 7. Pre- and post-reduction ESR spectra of Cl-free and Cl-containing catalysts.
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Fig. 8. Temperature-programmed desorption profiles following ethane adsorption:

(a) ethylene desorption profile; dbya@@iion profile.
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Fig. 9. In situ DRIFT spectra taken during ethane TPD for chlorine-containing catalyst.

points to an ease of ethylene desorption from the surfacedition of chlorine appears to inhibit Gdormation, leading

for the chlorine-containing catalysts. At the same time, the to increased ethylene selectivity.

amount of ethylene desorption is seen to be directly related

to Cl content as the major desorption feature increases in in-3.6. In situ DRIFTStemperature-programmed desorption
tensity with Cl loading. The desorption profiles for carbon

dioxide are plotted irFig. 8h There are three significant To further investigate the interaction of ethane with Cl/Mo
desorption features present on the Mo-only catalyst aroundcatalysts and ascertain the different surface intermediates
300, 400, and 500C. With the addition of chlorine, these present during reaction, in situ DRIFTS experiments were
desorption features appear to be suppressed and present gerformed during temperature-programmed desorption after
broader profile. While TPD results cannot be directly related ethane, ethylene and water adsorption over the catalysts with
to the behavior under reaction conditions, both the ethylene ClI/Mo molar ratios of 0 and 0.1 and the results are presented
and carbon dioxide desorption profiles indicate that the ad- in Figs. 9-11

Adsorbance a.u.

4000 3700 3400 3100 2800 2500 2200 1900 1600 1300
Wavenumber(cm-')

Fig. 10. In situ DRIFT spectra taken during water TPD for chlorine-containing catalyst.
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Fig. 11. In situ DRIFT spectra taken during ethylene TPD: (a) chlorine-free catalyst; (b) chlorine-containing catalyst.

Spectra taken at different temperatures after the chambeffrequency range (1900-1300 cf), there are bands located
was flushed with helium are shown kig. 9. The negative at 1618 and weak bands at 1380 and 1341mvhich are
peaks seen at 3734 crhcorrespond to OH groups which are likely to be due to &C, COH and C-O stretching vibra-
present on the surface prior to adsorption, but they disappeations of an enolate-type species, respectiy48;50] As re-
through interaction with adsorbing ethane molecules. There ported previously51,52] this species could be a precursor
are multiple bands at 3225, 3158, 3102¢mwhich could o aldehyde, as seen through the 1487 and weak 1314 cm
be partly due to the OH stretchings of hydrogen bonded ad- bands. The 1605 and 1433 cfbands observed at higher
sorbed SDECiES formed from the interaction of ethane with temperatures are ||ke|y due to acetate Species, while 1533
the catalyst surfacpt7]. The bands located at 2956, 2928 and weak 1380 crmit bands can be associated with formate
and 2830 cm* can be assigned to surface ethyl species from jons[51-54] both of which are generally recognized as the
the dissociative chemisorption of ethgAé-48] These sur-  most likely precursors for COformation. A similar exper-
face ethyl species appear to form readily even at room tem-iment performed over Mo-only catalyst gave rise to very

perature (not shown), but decrease gradually in intensity atsimilar spectral features with small differences in relative
higher temperatures. In the typical carbon—-oxygen vibration intensities (not shown).
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Fig. 12. Ethylene formation TOFs for (CI/Mo)/Si:Ti catalysts.

A very prominent feature seen at lower temperatures in the multiple bands between 3300 and 2800¢rare much
Fig. 9is the band at 1605 cn, which is coupled with a  weaker on both catalysts and even less pronounced on
very broad band in the 3300-3600chrange. These fea-  chiorine-doped catalyst, indicating weaker interaction of
tures are due to adsorbed waT]. The intensities of both  ethylene with the catalyst surface after chlorine addition.
bands decrease simultaneously with increasing temperatureThis observation is consistent with the easier desorption of
To verify this assignment, a similar experiment was per- ethylene from chlorine-doped catalysts seen in TPD exper-
formed where only water was adsorbed at room tempera-iments. Furthermore, over the chlorine-modified catalyst,
ture and spectra were taken at different temperatures aftetthe bands from acetate and formate species only appear at
the system was flushed with helium at room temperature higher temperatures and are less pronounced. These differ-
(Fig. 10. Similar features were observed following water ences in the carbon-oxygen region of the DRIFT spectra
adsorption, verifying that the bands seerfig. 9were due indicate that different, and perhaps unselective mechanistic

to water formed from adsorbed ethane. steps take place on the Mo-only catalyst after ethylene ad-
The DRIFTS spectra taken over Mo-only and Cl-doped sorption, and they are suppressed by the addition of chlorine.
catalysts after ethylene adsorption are compareédgn1l The bands that correspond to water are observed following

One interesting difference from ethane adsorption is that ethylene adsorption also, resulting in poorer resolution in
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Fig. 13. Surface concentrations of Mo, Si, and Ti of (CI/Mo)/Si:Ti catalysts calculated from XPS analysis.
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Table 6
Ethane ODH data for (CI/Mo)/Si:Ti catalysts
Catalyst GHg conversion (%) GH, selectivity (%) GHy, yield (%)

550°C 600°C 550°C 600°C 550°C 600°C
10%Mo/Si:Ti= 1:1 235 31.1 30.2 32.6 7.1 10.1
Cl/Mo =0.1 22.5 30.1 34.1 34.4 7.6 10.3
Cl/Mo = 0.3 23.2 29 347 37.8 8.1 11
Cl/Mo =1.0 25.8 31 33.2 36.2 8.6 11.2
Cl/Mo = 2.0 24.8 28.3 35.8 38.6 8.9 10.9

the 3300 and 2800 cnt wavenumber range and compli- €thylene yield may be two-fold. On one hand, the CI addi-
cating the band assignment in the carbon—oxygen rangetion appears to inhibit further reaction of ethylene, by mak-
The negative bands corresponding to OH groups are alsoing the ethylene adsorption weaker and allowing it to escape
observed following ethylene adsorption. It is conceivable to the gas-phase more easily, as seen in TPD and DRIFTS
that surface OH groups may act as ‘anchors’ for the hydro_ experiments. On the other hand, it also seems that Cl addi-
carbon molecules and may play a role in the formation of tion suppresses the oxidation potential of the catalyst. TPR,

formate and acetate surface spe¢ts]. XPS and ESR results showed a decreased redox potential
of Mo(VI) and lower mobility of lattice oxygen with chlo-
3.7. Ethane oxidative dehydrogenation rine addition, which might account for a ‘balance’ effect on

ethane ODH, in which a less reducible catalyst may cause
Catalysts with CI/Mo ratios ranging from 0 to 2 were the tqtal aqtivqtion of ethane to be; suppressed, but the uns-
tested for the ethane ODH reaction using 160eh equal elective OX|d§1t|on could also be hlnd_ereq since gtoo labile
surface area in the reactor and at temperatures of 550 andXYgen species could lead to total oxidation. While the pro-
600°C. The feed percentages for these experiments Were_rnotlon effects of chlcl)rllne addition have been.characterl_zed
ethane/oxygen/nitrogesL0/5/85. Oxygen conversion was I terms of _the reac_t|V|ty of fqrmed ethyleng, it is conceiv-
nearly 100% for all runs. Reaction data were taken after gble that this 'alone is not suffmpnt to.exp'laln the difference
steady-state was reached. Ethane conversion as well as ethyD the catalytic performance. It is quite likely that the ad-
lene selectivity and yield data are presentedable 6 dition of_ chl_orme _not only affect_s the reactivity of ethylene
Compared with the Mo-only catalyst, there is not a no- PY making it easier to desorb into the gas-phase, but also
ticeable increase in the activity of chlorine-containing cata- &ffects the intermediate steps following ethane activation.
lysts. In fact, at 600C, the ethane conversion is lower for all 1€ DRIFTS results over the Cl-containing catalysts which
Cl-containing catalysts. The selectivity and yield for ethy- show stronger features of surface ethy_l species and weaker
lene, on the other hand, are higher for the Cl-containing bands from_ formate and acetate speC|es,_Wh|ch are knov_vn
catalyst at both temperatures. When reaction data are prel0 be the primary precursors for carbon oxides, support this
sented in the form of TOF for ethylene formation, the dif- aSSertion.
ference is more noticeabl€iy. 12). Since the catalysts are
prepared by a sol-gel technique and not all Mo is on the
surface, the absolute values of TOFs may not represent theAcknowledgements
true turn-over-frequencies. Also, the differences in surface
areas may make a comparison based on TOF more difficult. Financial support provided by National Science Founda-
However, when we examine the surface concentrations oftion (Grant CTS-9412544) is gratefully acknowledged. The
the three metal atoms using XPSd. 13, we see that the  authors also thank Dr. Rick, B. Watson and Dr. Xuegin Wang
concentration of Mo is constant for most of the catalysts, fortheir technical assistance at the early stages of the project.
with a small decrease at higher Cl loadings. This observa-
tion would imply that if we were to quantify the surface
Mo atoms and normalize the reaction data with respect to
Mo species that are on the surface, the trend we observeReferences
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