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In-situ UV—uvisible spectroscopy was used to measure the extent of reduction of active centergjn VO
Al,O3 during oxidative dehydrogenation (ODH) of propane. Prevalent extents of reduction (0.062 to 0.30

e /V) are much smaller than required for the formation of stoichiometd¢ & V4" suboxides. Surface
oxygen atoms are the most abundant reactive intermediates during propane ODH, as previously suggested by
kinetic and isotopic studies. These measurements involved the rigorous calibration-eigible intensities

in the pre-edge region using quantitative reoxidation of a small number of centers reduced rardients
observed during changes inldz and Q concentrations indicate that only a fraction of the prevalent reduced
centers £30—40%) are active in catalytic turnovers, while the rest are reoxidized in time scales much longer
than turnover times. The number of catalytically relevant reduced centers depends oniy«D,Catios,

and not on individual reactant concentrations, indicating that oxygen vacancies are the predominant reduced
centers and that hydroxyls and alkoxides are present at much lower concentrations. The fraction of V-atoms
that exist as catalytically reduced centers and the rate of propane ODH (per exposed V-atom) increase with
increasing vanadia surface density and domain size up to surface densities typical of polyvanadate monolayers
(~7.5 VInn?) and then reach nearly constant values at higher surface densities. This relation between the
extent of reduction during catalysis and the propene formation rates confirms the redox nature of catalytic
cycles and the exclusive kinetic relevance of the reduction part of the cycle, in whiehbGnds are activated

using lattice oxygen atoms. This method for measuring the extent of reduction during catalysis using pre-
edge features in the UMvisible spectrum provides greater sensitivity and time resolution than X-ray absorption
and UV-visible spectroscopic methods based on near-edge spectral features. The approach and initial results
seem generally applicable to oxidation reactions using lattice oxygens as reactive intermediates.

Introduction involving measurements of near-edge absorption features in the
UV —visible spectrum of oxide catalysts.

Diffuse reflectance UVvisible spectroscopy probes the
electronic structure of oxide domains commonly used in alkane
DH catalysi€~913-16 Edge energies depend sensitively on
omain size; they decrease with increasing domain size because
charge is more effectively delocalized when larger domains are

supported on insulating oxidé$!! Absorption edge energies

in the UV—visible spectrum depend weakly on oxidation state,
unless reduction processes significantly distort cation coordina-
tion symmetryt317thus, edge energies are unreliable as probes
of the number and type of reduced centers prevalent during
X steady-state oxidation catalysis (e.g., vacancies, OH groups,
of V.and Mo absor_bgrs gnd of the low concentration of reduced alkoxides). Previous studies have estimated extents of reduction
centgr's. These difficulties led us to seek simpler and more in metal oxides from measurements of near-edge spectral
sensitive methods to measure the number of reduced Cemer%hanges by using linear interpolations between spectra for

on _metal o_x_ld_es_ during catalyt_lc oxidation. We_ confronte_d stoichiometric oxides and for suboxides with stable structures
similar sensitivity issues when using another technique of choice formed by reduction in bit7-28

for assessing electronic structure and extent of reduction,

Oxidative alkane dehydrogenation (ODH) on ¥@bmains
involves Mars-van Krevelen redox cycles using lattice oxygen
and reduced ¥ or V4* centers as reactive intermediate$t
Mechanistic studies have shown that reduced centers are prese
at low concentrations during steady-state cataf¢sita conclu-
sion specifically confirmed fon-butane oxidation on vanadyl-
pyrophosphates (VPO) using in-situ X-ray absorption spectros-
copy2 Our efforts to detect reduced centers in supporteg VO
and MoQ catalysts using near-edge X-ray absorption spectra
during propane ODH did not succeed, because of the overlap-
ping nature of near-edge features for various oxidation states

We report here a direct method for measuring the number of
reduced centers during alkane oxidation catalysis on metal
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involves rigorous calibration of the number of reduced centers convert all B to H,O. All lines after this reactor were kept at
using a mild reduction in K subsequent quantitative reoxida- 400 K to prevent condensation.
tion, and the measurement of intensity in the pre-edge region H; reduction measurements were carried out at 603 K using
during these treatments and during catalytic oxidation reactions.pure H (Airgas, 99.99%) for 5, 10, 15, 20, or 30 min. The
reactor was flushed with He (Airgas, 99.999%) for 180 s, while
Experimental Section the sample was rapidly quenched to ambient temperature by
removing the reactor from the furnace and flowing air past its
VO,/AI,O3 catalysts were prepared by incipient wetness external walls. An oxygen back-titration was conducted after
impregnation ofy-alumina (Degussa, A. G., 1002g) with each H treatment using 5.0 kPay@Scott, 99.99%) in He during
aqueous solutions of ammonium metavanadate (99%, Aldrich, rapid heating from 298 to 773 K at 1.67 K'%s The G
Inc.) and oxalic acid (Mallinckrodt A. G.) (1:2 by weight, pH concentration in the effluent was continuously monitored by
~2). The impregnated samples were dried, crushed, treated inmass spectrometry (Leybold-Inficon Transpector 2.0, 100
dry air at 773 K, and ground into fine powders (4500 xm) AMU). The resulting peak was integrated using Peakfit 4.0
using a mortar and pestle. Catalyst synthesis procedures andJandel Scientific Software) to measure the amount ef O
structural characterization data were reported previoi§ly. consumed during each oxidation (TPO).
Three \LOs/y-Al,03 samples with 3.5, 10, and 30 wt %05 The H reduction and TPO data were used to obtain
and vanadia surface densities of 2.3, 8.0, and 34 ¥/nm calibration curves relating U¥visible intensities in the pre-
respectively, were used in this stuly Samples were treated edge and edge regions to the number of reduced centers for
at 773 K before each experiment in 5% @irgas, 99.999%), each sample. Quantification of the reduced centers by direct
in He (Airgas, 99.999%), or Ar (Airgas, 99.999%). Previous reoxidation following ODH is not sufficiently accurate, because
UV —visible and Raman spectroscopic studies showed that 3.5purging the reactants and quenching the reaction alters the extent
wt % V,05/Al,03 (2.3 V/nnd) contains predominantly isolated  of reduction prevalent during steady-state catalysis. A stoichio-
monovanadates10 wt % V>0s/Al 03 (8.0 V/nn?) consists of metric reductant (k) was therefore used to reduce fresh samples
polyvanadate domains coexisting with trace amounts 5V  for controlled periods of time; this process was followed by
crystallites, and 30 wt % M0s/Al .03 (34 V/nn?) contains large measurements of the oxygen deficiency in each sample from
V,0s crystallites’ the number of @molecules required to recover the initial BV
UV—visible spectra were collected using a Cary 4 Varian Visible spectrum during reoxidation ina®ie. The number of
spectrophotometer with a Harrick Scientific diffuse reflectance €lectrons introduced during reduction and removed during
attachment (DRP-XXX) and a reaction chamber (DRA-2CR). Oxidation was estimated by assuming that each O-atom causes
The reaction cell was modified with a quartz frit to support & two-electron oxidation event. .
samples and to improve flow uniformity. Two spectrophotom-  Diffuse reflectance spectra were analyzed using Kubelka
eter modes were used to collect BVisible spectra. One mode ~ Munk treatment8?~32 The diffuse reflectance for infinitely thick
was used to measure conventional spectra in the-44D eV samples R) is given by the reflectance of a sample of finite
range (0.00186 eV steps;167 s per spectrum) during steady- thickness Rsampig divided by the reflectance of highly reflective
state propane ODH. Spectra were initially referenced to MgO StandardsReeferencd, such as MgO (the standard initially used

and ultimately referenced to the spectrum for each fresh catalystnere):
changes in @or CzHg concentrations. In this mode, intensities .
g Qor CgHs The Kubelka-Munk function, F(R.)
Flow rates were kept at 1.67 éns! using mass flow
. fficients. rin fficien nd weakly on photon
concentrations of each reactant. These flow rates corresponde oefficients. Scattering coefficients depend weakly on photo
-7 : . photon energy. Th rovi m re of rban

reactant composition and another were made using an electri- oton energy. Thus;(R.) provides a measure of absorbance
O,-containing streams, intended to reoxidize samples, were — _

2 9 ’ b ’ Roo,rel - (Rreduced samp(BMgO)/(Roxidized sampléRMgO) -
measure local temperatures; a thermocouple inserted within the
Propane ODH experiments were conducted at 603 K usiftg C spectrum measured in close temporal proximity to the reduction
pressures for each reactant were independently varied from 1.0E"C€- This relative reflectance (eq 3) gave reproducible absor-
some experiments, water was added #hi£&-O, streams by Results and Discussion

in its highest oxidation state. Another operating mode was used _ 1
to measure transient responses during propane ODH after abrupt R, = RsampléRfefefeﬂce @)
were monitored at a single energy (1.86 eV) in the pre-edge
region with a time resolution of 041 s. F(R)=(1-R)% 2R, =K/S )
controllers (Porter Instrument) for individualki@g/Ar, O,/Ar . . .
or O)/He, and Ar streams in order to achieve the desired represents the ratio of absorptioi)(and scattering §

. T nergy, but absorption cross-sections increase abruptly as
to a space velocity of 50 chs1g~1 for the amounts of catalyst . - . B S
used in this study 430 mg). Rapid switches between one electronic transitions become possible with increasing incident

throughout the experimental spectral raRf&he reflectance

cally-actuated four-way valve (Valco Instruments Company). . - '
The reaction temperature was held at 603 K and treatments inrelatlve to the fully oxidized sampldRt.e) was defined as
carried out at similar or higher temperatures (up to 773 K). A 3
thermocouple located within the catalyst bed was used to Rreduced samp(Boxidized sample( )
heater beneath the sample holder recorded temperatures as muq;ﬂqiS reflefctl?nce_a/\_/as dUSEd ilnstead %f ':jhat rellative to Mng d
as 100 K above sample temperatures, as previously repdied.  2ecause fully oxidized samples provided a relevant standar
(Airgas, 99.9%) and ©(Airgas, 99.99%) reactants diluted to experiments. Spec_tra for fully oxid_ized samples were obtained
the desired partial pressures with Ar (Airgas, 99.999%). Partial before each experiment and provided a reliable internal refer-
to 16 kPa, while keeping the other reactant at 4.0 or 8.0 kPa; Pance results.
the intervals between compositional changes were 300 s. In
flowing 1.0 kPa H (Airgas, 99.99%) in Ar (Airgas, 99.999%) Figures l1a and 1b show the time evolution and relative
over CuO (Aldrich, 100 g, 13 wt % CuO/AD3) at 623 K to magnitude of the spectral features detected in the pre-edge and
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edge regions for 10 wt % XDs/Al ;03 (8.0 V/nn?) and 3.5 wt a Wavenumber (cm”)
% V,05/Al ;03 (2.3 VInm?), respectively, during propane ODH 12000 17000 22000 27000 32000 37000
at 603 K (14 kPa gHg, 1.7 kPa Q). The spectrum with the ‘ ‘

lowest absorbance in the pre-edge regien-@ eV) in each

figure corresponds to the fresh catalyst in its highest oxidation

state and shows a band-a4.2 eV (33 000 cm?) corresponding 30
to V5. The two spectra with the stronger pre-edge absorbances

in each figure were measured 300 sdah h after starting
catalytic ODH reactions. The pre-edge absorbance increased
markedly with reaction time, mostly during the first 300 s after
contact with GHg—O, reactants; the intensity of the absorption 20
edge features concurrently decreased with increasing reaction—
time. Pre-edge features atl.8 eV (14 500 cm?) for 10 wt % ;5_—
V,0s5/Al,03 and~1.9 eV (15500 cm?) for 3.5 wt % V-Os/

Al O3, arise from d-d transitions in reduced centers3(ww4*);

these transitions become possible during reduction as electrons
occupy d-orbitals normally empty in cations in their highest

v5+

10

oxidation staté’2> An isosbestic point is located at 2.7 eV Duration of ODH

(21 800 cn1?) for 10 wt % V>Os/Al,O3 and at 2.8 eV (23 000 (ks)

cm1) for 3.5 wt % VLOs/Al ,O3. Figure 1 shows that these-d VIV 7.2

transitions appear in a spectral region devoid of background -

absorption for freshly oxidized samples; therefore, this approach 0t , 0 : : . :
provides much more accurate measurements than methods based 1.5 2.0 2.5 3.0 3.5 4.0 4.5

on changes in the intensity of edge features in-tisible and
X-ray absorption spectra. UWisible absorption features at the
edge arise from O-to-V ligand-to-metal charge transitions b Wavenumber (cm")

(LMCT), which are less sensitive to d-orbital occupation than 12000 17000 22000 27000 32000 37000
d—d transitions. The absorption edge decreases in intensity with 12 ‘ ‘
decreasing average V oxidation state because ligand-to-metal
charge transfer becomes more difficult for lower cation valences,

for which the lowest unoccupied states are patrtially filled, thus
requiring electron transfer to higher energy stéfes.

Although changes in the pre-edge and edge regions are similar
in magnitude (Figure 1), relative changes are about 10 times
greater for pre-edge than for edge features (Figure 2). Figures
2a and 2b show changes in relative absorbance (referenced to_
fully oxidized samples using eq 3) during Ifeduction for 10 <
wt % V,0s5/Al,03 (8.0 V/n?) and for 3.5 wt % \SOs/Al O3 g
(2.3 VInn?), respectively, at 300 s increments. Relative spectra
were obtained by dividing the spectrum after eaghrelatment
period by the spectrum of the corresponding fully oxidized
sample (eq 3) and converting the resulting relative reflectance 3
into absorbance using the Kubetkilunk function (eq 2). Both
spectral regions contain equivalent information, but pre-edge
features avoid some disadvantages of intensity measurements
at the edge. Highly absorbing samples, with small values of

Photon Energy (eV)

v50

o

Duration of ODH

R., lead to largeF(R.) values; thus, relative differences in 0 ‘

regions of largeF(R.), such as the edge region, become less 1.5 2.0 25 3.0 3.5 4.0 4.5
sensitive to changes in extent of reduction than corresponding Photon Energy (eV)

changes in the pre-edge region. Figure 1. (a) UV—visible spectra of 10 wt % YOs/Al ;03 (8.0 V/nn?)

Figures 3a and 3b show the relative absorbance (normalizedbefore and during propane oxidative dehydrogenation, wher&she
per V-atom) as a function of the extent of reduction, defined as feference is MgO [5 kPaLbalance Ar during oxidation; 14 kPaid,

: - 1.7 kPa Q, balance Ar, 603 K]. (b) UV-visible spectra of 3.5 wt %
the average number of electrons transferred per V-atom in thevzoslAI203 (2.3 Vinn?) before and during propane oxidative dehy-

sample (e/V). The ordinate in these figures was determined drogenation, where the. reference is MgO [5 kPa Obalance Ar

by integrating changes iR(Rwre) in either pre-edge (1.49 during oxidation; 14 kPa s, 1.7 kPa @, balance Ar, 603 K].

1.86 eV; Figure 3a) or edge (2.#3.53 eV; Figure 3b) regions

after H, reduction. The extent of reduction shown in the abscissa independent of V content. The edge features also lead to linear
was measured from the amount of @quired to fully restore relations, which differ in slope, however, for samples with
the spectrum to that of the fresh sample. The extents of reductiondifferent V-content (Figure 3b).

shown in the calibration curves in Figures 3a and 3b are similar  The data in Figures 3a and 3b were used to determine extents
to those measured during propane ODH-Q06 €/V) and of reduction during propane ODH at 603 K (14 kPgHg, 1.7
smaller than those for stoichiometric vanadium suboxides. The kPa Q) from either pre-edge or edge spectral regions (Table
data in Figure 3a are based on pre-edge spectral changes. Th#&). The overall extents of reduction measured from pre-edge
same linear relation betwedf(R.re) and €/V was obtained and edge regions are similar for 3.5 wt %Q4/Al,03 (2.3

for all samples using pre-edge spectral changes (Figure 3a),V/nm?), indicating that pre-edge and edge regions provide
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Figure 2. (a) UV—visible spectra of 10 wt % M0s/Al O3 (8.0 V/nn?) feature during H reduction and the extent of catalyst reduction

during hydrogen reduction, where tRg reference is the fully oxidized quantified by subsequent,@mperature-programmed oxidation [dia-
catalyst [101 kPa b 603 K]. (b) UV—visible spectra of 3.5 wt % monds: 3.5 wt % YOs/Al,Oz (2.3 V/nn?); squares: 10 wt % MOs/
V,05/Al,03 (2.3 VInn?) during hydrogen reduction, where th, Al;,03 (8.0 V/Inn?); triangles: 30 wt % YOs/Al;03 (34 V/nn?).
reference is the fully oxidized catalyst [101 kPa, 603 K]. Hydrogen reduction: 101 kPa,Hor intervals increasing by 300 s,
603 K; temperature-programmed oxidation: 5 kRak@alance He, room

ivalent inf i d hen th le ab temperature to 773 K, 1.7 K/s ramp rate]. (b) Relation between relative
equivalent information and accuracy when the sampie a Sor'changes in the edge spectral feature duringdduction and the extent

bance is weak. At higher vanadia surface densities, strongof catalyst reduction quantified by subsequeni @mperature-
absorption leads to similar edge absorption intensities in fresh programmed oxidation [diamonds: 3.5 wt %Q®/Al,0s (2.3 V/nn?);

and steady-state samples (Figure 2); this leads to inaccuratesquares: 10 wt % ¥Os/Al,Os (8.0 V/nn); triangles: 30 wt % YO/
extents of reduction450% at 95% confidence) for the two {?‘]'2:33 (_3;]4 E)/’”3”§())' H%’ggog?t” nr]ed‘:CE'or“: r101r ﬁgzgor .'gt‘ta.“’r‘]"‘_'SS P
samplqs with higher V-content and surface density. Pre-egjge'oz Ezls;n%e%_'e’ rosém tem'pgraﬁeatg ';7%0}?' 3_7 Ke/s ?;(r'ns Irc;té]. a
calibration data are much more accurate and reproducible

(£15% at 95% confidence); they are used here as the preferred

method in all subsequent analyses. The measured extents ofith increasing vanadium surface density; these trends are
reduction during steady-state ODH increase and then decreaseliscussed in detail below.
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TABLE 1: Extent of Vanadium Reduction during Propane
ODH Determined from Pre-edge and Edge Absorbance
Delta Valueg

catalyst
(wt % V205 V surface density Ae IV Ae IV
on Al,O3) (Vnm) (1.49-1.86eVy (2.73-3.53 eVy

3.5 2.3 0.062 0.056
10 8.0 0.30 0.12
30 34 0.084 0.097

2603 K, 14 kPa GHg, 1.7 kPa G, balance He? Obtained from pre-
edge data (Figure 3a)Obtained from edge data (Figure 3b).

In what follows, we address two critical issues: (1) what

fraction of the reduced centers are reactive intermediates relevant

to ODH catalysis; and (2) how does the concentration of
catalytically relevant reduced centers vary witfHg and Q

J. Phys. Chem. B, Vol. 108, No. 7, 2002349

22

Absorbance
N

N

1.9

1.8

partial pressures. Figure 4a shows absorption intensities at 1.86 0 5 10 15 20 25

eV for 10 wt % V»Os/Al,O3 (8.0 V/nn?) during an extended
period (8 h) started after treatment of a fresh sample with 5
kPa Q for 773 K for 1 h, cooling to 603 K, and exposure to
CsHg(1 kPa)y-0Oy(4 kPa) for 4 h, and then to 4 kPa @t 603 K

for 4 h. A fast reduction process occurs during the firdi20

s after exposure to reactants; this process is followed by a slower

reduction process occurring ava 4 hperiod. Subsequent,O
exposure leads to a rapid initial oxidation, followed by a slower
process, which does not fully restore the initial oxidation state
even afte 4 h (11% of the steady-state reduced centers remain
in their reduced state). Treatment in 5 kPa & 773 K for
several minutes was required to fully restore the spectrum to
that of the starting catalyst, suggesting that no significant
structural changes, such as sintering or mixed oxide formation,
occurred during catalysis. Some of the changes in pre-edge
intensity were unrelated to catalytic turnovers and occurred over
longer times scales than such turnovers; such catalytically
irrelevant reduction events were decoupled from those involved
in catalytic cycles by transient experiments, as we discuss in
detail below.

These data suggest that some of the reduced centers detected

do not undergo redox cycles in the time-scale of catalytic
turnovers; these time-scales ar&000 s for the 10 wt % »Os/
Al,O3 (8.0 V/nn?) sample (from the inverse of the ODH rate
per V-atom in Table 2). Thus, the data in Figure 4a indicate
that the formation and oxidation of reduced centers include
processes much slower than turnovers and likely to reflect
changes in the structure of domains or oxygen removal from
internal crystallite regions, which are not relevant to catalytic
turnovers.

Reoxidation was also attempted after ODH catalysis by
adding 1 kPa KO to a stream containing 5 kP& @ probe
whether HO adsorptior-desorption steps (Appendix, eq A4)
would enhance vacancy mobility, which is presumably required
for O, dissociation on proximate vacancies (Appendix, eq A5).
Figure 4b shows the absorbance (at 1.86 eV) for 3.5 wt,@sN
Al,03 (2.3 V/nn?) at 603 K during reoxidation with yO (bold
line, 1 kPa HO, 5.0 kPa @) and without HO (thin line, 5.0
kPa Q) after ODH (14 kPa gHg, 1.7 kPa @, 603 K, 2 h).
Initial reoxidation rates were essentially identical, buiCH
slightly inhibits reoxidation at intermediate times and enhances
it slightly at longer times. In any case, the slow reoxidation
observed after ODH does not arise from the use of dgy O
streams, which could have prevented the formation of proximate

Time (ks)

t) 1.95

1.90

Absorbance
[
o

1.75

1.70

1.65

a
-
(4]
(23
(]
o
o
~
(3]

95 115

Time (min)
Figure 4. (a) Absorbance response during step change from oxidizing
conditions (4.0 kPa & balance Ar) to ODH (1.0 kPa#s, 4.0 kPa
0O,, balance Ar) and back to oxidizing conditions (4.0 kPa léalance
Ar) [10 wt % V,0s/Al,05 (8.0 V/nn?), 603 K]. (b) Effect of water
addition during reoxidation following propane ODH; thin line: no water
added; bold line: 1 kPa water added; dashed line: initial absorbance
of stoichiometric oxide [3.5 wt % YOs/Al,O; (2.3 V/nn?), ODH
conditions: 14 kPa gHs, 1.7 kPa @, balance Ar, 663 K; reoxidation
without H,O: 5.0 kPa @, balance Ar, 603 K, reoxidation with J@:
5.0 kPa @, 1.0 kPa HO, balance Ar, 603 K].

Reduced centers relevant and irrelevant to catalysis must be
separately quantified for any in situ measurement to reflect
intermediates without contributions from spectator species. The
deconvolution of structures of varying catalytic relevance
generally requires transient measurements. With this in mind,
we carried out UV-visible measurements in which fully
oxidized catalysts were exposed to a given reactant composition
for 300 s; then, this composition was changed for another 300
s, by varying either the £1g or O, pressure, while keeping the
other constant. Figure 5a shows the results of these stepwise
changes in gHg pressure; each reactant cycle is followed by a

vacancies required for reoxidation. These slow processes appeatreatment in 4 kPa Pat 603 K for 300 s. The initial transient

to arise instead from oxygen removal from catalytically ir-
relevant structures, possibly minority®s crystallites with low
catalytic surface areas.

(0—120 s) is identical to that in Figure 4a. Subsequent transients,
during which the GHg pressure was doubled each time, lead to
a rapid increase in absorbance during the first 90 s, which
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TABLE 2: Comparison of Total and Catalytically Relevant Extents of Vanadium Reduction during Propane ODH with
Measured Propane ODH Rates (A

catalyst V surface CsHe Rate CsHe Rate
(wt % V205 density [*10~*mol st [*10~2*mol s°*
on Al,O3) (Vnm=2) Ae IV Ae VP (g-atom V)] A€ cafVsurfacs (g-atom Viyrfacd ¢
35 2.3 0.062 0.020 0.33 0.020 0.33
10 8.0 0.30 0.12 1.0 0.13 1.1
30 34 0.084 0.035 0.24 0.15 1.1

2603 K, 14 kPa GHg, 1.7 kPa @, balance He? Ae ¢, represents catalytically relevant reduced cenfeVsyrace represents surface vanadia
(normalized assuming that a maximum of 7.5 VAane exposed).

when GHg pressure decreases. The rapid changes in absorption
observed during a reversiblelds pressure cycle are identical,
indicating that this fraction of the transient change is reversible
within time-scales of catalytic turnovers. Also, the absorbance
decreases t6-60% of its maximum value during exposure to
O, for 300 s after ODH reaction for 300 s, and then returns
rapidly to its steady-state values after reintroduction gfi&-
O reactants. The absorbance measured during ODH with 1 kPa
of CsHg and 4 kPa of @ after a reoxidation cycle gradually
increases with increasing number of OBHeoxidation cycles.
This gradual increase occurs over time scales similar to the
gradual reduction processes observed over long periods of time
2 in the data shown in Figure 4a. Similar results were obtained
with up—down cycles in @ partial pressure (Figure 5b). In this
case, the experiment was started by switching from a stream
1.9 containing 4 kPa @to one consisting of 16 kPa@nd 4 kPa
C3H8.
Taken together, these results (Figures 5a and 5b) indicate that
1.8 : the number of catalytically relevant redox centers can be
0 2 4 6 8 estimated from the rapid initial changes in absorbance that occur
Time (ks) after each abrupt change in reactant composition. The rapid
b 24 initial increase in absorbance upon first switching fromt®
’ CsHg—0; streams (Figures 4 and 5) is also irreversible and it
is therefore attributed to reduction process that cannot be
reversible during ODH catalytic turnovers. Measurements of
the catalytically relevant component in these transients can be
made more rigorous by examining how the various reduced
centers expected to form during ODH depend gRi&and G
concentrations using well-established redox mechantéais.
Previously reported sequences of elementary steps are expanded
here to account for combustion pathways (See Appendix). The
pseudo-steady-state approximation for each reactive intermediate
led to eqs 47, which relate the concentrations of vacancies
([*D, hydroxyl groups ([OH*]), and alkoxide species (§870*])
to the prevalent @and GHg pressures.

a 24

23

2.2

21

Absorbance

23

2.2

21

Absorbance

[C,Hgl\19) 12
1.9 [OH*] = [/11[03H8] +/12[H20](W) Z] [O* (4)

1.8 T *] —
0 2 4 6 8 [l =15

Time (ks)

Figure 5. (a) Absorbance response during step changes st C
concentration of 300 s duration, starting from the fully oxidized catalyst
[10 wt % V.0s/Al,03 (8.0 V/nn®), 603 K, 4.0 kPa @ each cycle [O*] =[L] — [OH*] — [*] — [C3H,O%] @
progresses through 0, 1.0, 2.0, 4.0, 8.0, 16, 8.0, 4.0, 2.0, 1.04Ra C

balance Ar, 603 K]. (b) Absorbance response during step changes inThe A; terms contain rate constants and a measure of reaction
O, concentration of 300 s duration, starting from the fully oxidized  selectivity, defined as the fraction of the turnovers that lead to
catalyst [10 wt % MO5/Al,O; (8.0 V/nn®), 603 K, each cycle begins o hane (vs CQ. [0%] and [L] are the concentrations of active

with 4.0 kPa Q and no GHsg; upon initiation of ODH with 4.0 kPa . . .

CaHs, the cycle progresses through 16, 8.0, 4.0, 2.0, 1.0, 2.0, 4.0, 8.0, SUrface oxygens and total active sites, respectively.

16 kPa Q, balance Ar, 603 K]. Equations 46 show the expected dependence of the number
of reduced centers onzBg (0.5-0.75 power) and @(—0.5 to

becomes much slower with time. The reverse pattern (a fast—0.25 power) pressures and the individual concentrations of

reoxidation that becomes much slower with time) is observed vacancies, OH groups, and alkoxides. The trends in reduced

C H 1/2
%) [0%] (5)

[C:H,0%] = 4,[C3Hgl[0%] 2 (6)
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centers with [Q]~! (Figure 5b) and with [gHg] (Figure 5a)
are almost identical, suggesting that the concentration of reduced
centers depends only on theHg/O, ratio and not on the
individual concentrations of the two reactants at the conditions
of low C3Hg conversion €1%) and small water concentration
(<83 x 1078 mol/cn¥) prevalent during these experiments. This
functional dependence is consistent only with vacancies as the
most abundant reduced centers during ODH (eq 5). T¥@ H
dependence in the expression for [OH*] (eq 4) leads to an
additional dependence onldg partial pressure, because thgtH
concentrations are proportional tgH pressures (since the first-
order dependence of the rate onHg leads to invariant
conversions with changes inglds pressure); thus, [OH*] cannot
account for a significant fraction of the prevalent reduced
centers.

The proposal that changes in the pre-edge region reflecty
contributions from active and catalytically irrelevant redox €

e

o

©
.

0.06

Reduction (Ae-cat/Vs urface atom)

=4
centers was probed by representing the total change in absora-g
bance AA(Py), for a given partial pressuie, of the component W
whose concentration is perturbed as

0.03 |

n

AAP,) = (AA et AA) + ) AA

®)

C3H3: 0, Ratio
The term AAnoncarT AA;) represents total absorbance changes Figure 6. Dependence of the extent of catalytically relevant reduction
shortly after initial contact of fresh samples with reactants. per surface V-atom on the;8¢/O; ratio for VO/AI,0; catalysts during
AAnoncarandAA, reflect changes in absorbance for catalytically Propane ODH ffilled symbols: s dependence (1:016 kPa GHs,

: : 4.0 kPa @, balance Ar, 603 K); open symbols:,@ependence (4.0
irrelevant and relevant processes, respectively. AAgterms KPa GHs, 1.0-16 kPa O, balance Ar, 603 K): diamonds: 3.5 Wt %

represent th_e catalytically relevant change_s in absorbancev20 WJAI,O5 (2.3 VInn?); squares: 10 wt % Y05/Al,0; (8.0 V/nn?):;
associated with each subsequent step change in reactant pressufigangles: 30 wt % YOy/Al.O; (34 Vinn?); filled circles are GHg
(e.g.,AA; for any cycle of increasing absorbance in Figure 5a dependence (8.0 kPa,QL.0-12 kPa Q, balance Ar, 603 K) for 10
is the change in absorbance resulting frogrigincreasing from wt % V,0s/Al,03 (8.0 V/nn?)].

1 to 2 kPa). The summation tern},AA, is the total
absorbance change of the subsequent variations in partial
pressures, excluding the slow upward drift noted in Figure 4a. .. . P
If we assume vacancies are the predominant active reducednd'vIOIuaI pressures (1.0 kPagK, 4.0 kPa Q in Figure 5a

centers responsible for the absorbance changes in Figures 5§md _4'0 kPa EHg, 16 kPa Qin Figure_5b). The filled circles
and 5b,AA(P.) would be given by in Figure 6 show data for an experiment started at a lower

reactant ratio (1:8 €g/O, on 10 wt % WOs/Al,03, 1.0 kPa
CsHg, 8.0 kPa @, 603 K), but otherwise similar to the

The reactant cycles shown in Figures 5a and 5b were started
with the same 1:4 ¢Hg/O, reactant ratio, but at different

AA(pn) = AAnoncat+ B(F)Cg‘HS/pOZ)nO'5 (9)

which shows the expected sole dependencesty/O, reactant
ratios and which allows estimates AAnoncarand B from our
experimental data.

Figure 6 shows the catalytically relevant extents of reduction
per surface V-atom as a function ogldy/O, reactant ratios. A
simple geometric model, in which V-atoms in excess of the
theoretical monolayer (7.5 V/m)§-3¢become inaccessible, was

experiment leading to the data in Figure 5a. The data points
for reactant ratios of 1:8 and 1:4 (filled and open squares)
coincide, which confirms that extents of reduction for catalyti-
cally relevant redox centers (reported in Figure 6) are indepen-
dent of the initial reactant concentratiohAnoncatin €9s 8 and

9, however, appears to depend on the initigH§O, reactant
ratio and shows values of 0.187/V syace@Nd 0.16A€™/V syrtace

for initial reactant ratios of 1:4 and 1:8;8g/O,, respectively,

on 10 wt % \b0s/Al,03 (8.0 V/nn).

used to estimate the fraction of V-atoms at surfaces. These The number of kinetically-relevant and spectator-reduced
extents of reduction are then obtained using the values of centers are compared in Table 2 with the total number of reduced
(AA(P)—AAnonca) from Figures 5a and 5b and calibration centers (from Table 1); only a fraction of reduced centers are
curves similar to those in Figure 3a, but accurate for the single active in catalytic turnovers (32%, 40%, and 42% for 3.5, 10,
energy (1.86 eV) of the data in Figures 5a and 5b. The solid and 30 wt % \AOs/Al O3, respectively). Both the total number
symbols represent data obtained by varying the partial pressureof reduced centers and those active in propane ODH turnovers
of C3Hg (Figure 5a) and the open symbols reflect data obtained correspond to lower extents of reduction than required for
by varying Q partial pressures (Figure 5b). The two sets of stoichiometric reduction of ¥ to V4* (or V3*). These data
data agree well; they are accurately described by a half-orderconfirm the conclusions reached from kinetic and isotopic
dependence of the number of catalytically relevant redox centersstudied®!! that lattice oxygen atoms are the most abundant
on the GHg/O; reactant ratio, as expected when vacancies are reactive intermediates during propane ODH on,\omains,

the most abundant reduced centers (eq 5). The data in Figure Gven at relatively high ¢1g/O, reactant ratios (Figure 6, Table
also show that steady-state extents of reduction for catalytically 2).

relevant redox centers are very smaflO(1 €/Vsuracd, CON- Table 2 also shows propane ODH rates (per V-atom) reported
sistent with the assumption, made in deriving eq 9, that [O*] is previously-8 on the three samples of this study. ODH rates (per
essentially constant and equal to [L]. V-atom) increase with increasing V-surface density (from 2.3
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V/inm? to 8.0 V/nn?), because larger two-dimensional YO intermediates during catalysis. The extent of reduction is smaller
domains prevalent at higher surface densities undergo redoxthan previously reported for similar catalysts, apparently due
processes much faster than monovanadate structures present & the presence of spectator reduced species, which do not
lower surface densiti€s® ODH rates then decrease at higher undergo reversible redox processes in the time scale of catalytic
surface densities, as three-dimensionaD¥ crystallites with turnovers. The number of catalytically relevant reduced centers
inaccessible V-atoms become the predominang $i&cies. The depends only on the4f8g/O; reactant ratio, and not separately
maximum ODH rate (per V) at intermediate V surface densities on the concentrations of each reactant; this is consistent with
occurs at similar surface densities as the maximum number of vacancies as the most abundant reduced species during catalytic
reduced centers measured during ODH (Table 2), indicating thatODH at low propane conversion and water concentrations. The
exposed V@ species on larger domains (prevalent at 8.0 V/ method described here for measuring reduced centers during
nn?) are easier to reduce than isolated monovanadates (at 2.3atalytic oxidation reactions uses pre-edge features in the UV
VInm?). These conclusions are consistent with reduction kinetic visible spectrum. It is more sensitive and accurate than previ-
studies on VQ'y-Al,03 samples with a similar range of VO  ously reported techniques based on near-edge changes in X-ray
surface densitie¥ VO, species on larger domains (at 8.0 V/ absorption and UVvisible spectra. Mild Hreduction followed
nme) also undergo faster redox cycles than isolated Sii&cies by quantitative reoxidation by £allows a rigorous and accurate
(at 2.3 V/nn?).5-8 This correlation between ODH rates and calibration of the number of reduced centers present at the low
extents of reduction is consistent with previously reported ODH extents of reduction prevalent during ODH reactions. The
turnover rates (per V or Mo), which increased with increasing number of catalytically relevant reduced centers during ODH
VO, or MoOy domain siz&7835 (Table 2), and with the sole increases in parallel with ODH rates (per surface V-atom) as
kinetic relevance of the €H bond activation step, which  the size of vanadia domains increases with increasing surface
requires activated complexes involving significant cation reduc- density. These findings are consistent with the redox nature of
tion1011 The fraction of V-atoms reduced during steady-state the catalytic ODH sequence, with the sole kinetic relevance of
ODH is lower at high surface densities (34 VAnthan at C—H bond activation reduction steps, and with the greater
intermediate surface densities (8.0 VAnbecause V centers  reducibility of larger vanadia domains. ]
become inaccessible to reactants and cannot undergo redox Acknowledgment. This work was supported by the Director,
cycles required for ODH turnovers. Office of Basic Energy Sciences, Chemical Sciences Division
Extents of reduction can be normalized by the number of Of the U.S. Department of Energy under Contract DE-ACO3-
V-atoms residing at surfaces (Figure 6) estimated in the manner/6SF00098.
described above. At low surface densities, all V-atoms are .
essentially exposed; thus, the extent of reduction is unchangedAIDIOenOIIX ) o
from that estimated on the basis of total V-atoms and shown in  1he proposed mechanism for propane oxidative dehydroge-
Table 2. On the other two samples, normalization by surface nation and combustion reactions is shown in the following
V-atoms leads to higher extents of reduction than obtained usingScheme:
the total number of V-atoms, because only a fraction of them
are exposed (Table 2; sixth column). The extent of reduction K,

values on a surface V-atom basis increase sharply between 2.3 C3Hy +0* €SP C;HO* (A
2 k
V/inm? and 8.0 V/nm and then reach a nearly constant value C,H0% + 0% —23 C,H,0% + O (A2)

for the sample with 34 V/nf ODH rates on the same surface K
V-atom basis (Table 2, last column) also increase initially with C;H,0%— =29 C,H, + OH* (A3)
surface density and then reach constant values as the support

surface becomes covered with polyvanadate ap@sVThe ?’;30* ++» CO+ 7Ok + 3% (a3a)

extent of reduction on a surface V bas_is increases in parallel (1-x;-%,)k; ...CO, + TOIH + 6% (A3b)

ODH rates (per surface V-atom), which is expected for a K, +120 *

catalytic redox cycle occurring at accessible V centers. The 20H*G—PH,0 + 0% + % (A4)

agreement between the trends in extent of reduction and ODH ks S (AS)

rates corroborates that the reduced centers deemed catalytically 0, % 2% = 0% + O*

relevant are indeed participating in the turnovers that result in

propene production. wherex; andx; are the carbon-normalized selectivities tgHg
The extents of reduction reported here for active redox centersand CO, respectively.

on VO/AI 03 are much lower than previously reported on¥O The nonlinear differential equations describing the time-

ZrO, at similar propane ODH conditions and YQurface dependent response of the surface species are
densities, from changes in intensity at the tiisible absorption

edgel”20 Here, we measure 0.12°g/V on 8.0 V/nn? VO,/ d[O*] [0%]2

Al;0s at 603 K at 8:1 GHg/O», while these previous studies - —2K,K{[C5Hgl O

report values of 0.60&V on 8.0 V/nn? VO,/ZrO; at 6:1 GHg/ L )

0O, and lower temperatures (573 K)2° Spectator reduced e [OH*]"
centers, perhaps even on Zr€ipports,” may account for these 3(4 = 4% = X%)klCH,0" + k4 [L]

differences, as well as for the much higher ,C$@lectivities O 12
measured on Zr@supported samplest’ k4[H20][ iy 4 2|<5[02][ ] (A6)

[L] [L]

Conclusions d[OH] [0
The number of catalytically relevant reduced centers measured™ g koK4[C3Hgl I + (7 — 6x)k;[CH,07] —
during propane ODH on vanadia catalysts (6-:02L3 Ae™ ¢4/ w2 s
V) is small compared to stoichiometric suboxides &f\and [OH] [01]
; . 2k_, + 2k4[H, 0] (A7)
V4+, Surface oxygen species are the most abundant reactive [L] [L]
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d[C,H,0%] 0*2
T T RKICHI T~ K0T (A8)
d[* OH*?
5] = 32— 2% — X)kJCoH0%] + Kk} [L]] -
GlH01 5 — 201 (A9)

[L] [L]

The pseudo-steady-state solutions for the surface intermedi-
ates are

o7_,_OHT 1 _

[L] [L]
[OH¥] = {(8 — 6x)(kK,/2K_[CsHg +
(ky/2k_,)[H,0][2(10 — 9x — 3x,) (KK /ks) x
([CHI/ODI YA H0%] (A1)

[CsH,0%]

] (A10)

[*] = [2(10 —9%, — 3%,)(K,K,/4ks) ([CsHgl/[O,])]*7[0%]
(A12)
[C3H7O*] = (kZKl/ ks)[csHa][O*] 2l [L] (A13)
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