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In situ UV —Visible Spectroscopic Measurements of Kinetic Parameters and Active Sites for
Catalytic Oxidation of Alkanes on Vanadium Oxides
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In situ diffuse reflectance UVvisible spectroscopy was used to measure the dynamics of catalyst reduction
and oxidation during propane oxidative dehydrogenation (ODH) oR/@l,0s. Transients in UV-visible

intensity in the near-edge region were analyzed using a mechanistic model of ODH reactions. Rate constants
per site for the kinetically relevant reduction step& bond activation) measured using this analysis are
slightly larger than those obtained from steady-state ODH rates normalized by surface V. The ratio of these
values provides a measure of the fraction of the V surface sites that are active for OBH.{Q.6or V

surface densities of 22334 V nm?). This suggests that some of the V atoms are either inaccessible or
inactive. Reoxidation rate constants, which cannot be obtained from steady-state analysis; Agetifies

larger than those for the-€H bond activation reduction step.

Introduction aqueous solutions of ammonium metavanadate (99%, Aldrich,

. - . Inc.) and oxalic acid (Mallinckrodt A. G.) (1:2 by weight, pH

of ?E(feuS;éiprifqtiingfrgcivrlzlb()l? Z?Secggz(ao%gj L(J)sxeiéLgSpArobe ~2). The impregnated samples were dried, crushed, treated in
P dry air at 773 K, and ground into fine powders 4500 um)

number of studies have shown that in situ B¥sible spec- . . .
troscopy can probe the extent of reduction under steady-stateUSIng a mortar and pestle. Details of the catalyst synthesis

catalysis-2° Few studies have explored in situ transient- procedure and structural characterization data are reported

. = elsewheré* Three WLOs/y-Al,03 samples with 3.5, 10, and
response methods using UWisible spectroscopy for the 30 wt% V,0s5 and vanadia surface densities of 2.3, 8.0, and 34

Etue rggz_iemcilsc(i)e,tﬁ:)nr;"enI:fgthkemree?)c;rt% %rivrgf;e;z;%;aer:ﬁrr?eedniﬁg Y, nmfz, respectively, were used in this stu%lﬁ/Before each
reduction and oxidation cycles that occur during the oxidative expenTenF, samples were treaged at 773K in 5%('@9‘3‘3’0
dehydrogenation (ODH) of alkanes, a reaction that proceedsgg'ggg /.0)’ in He (Airgas, 99.9999%), orin Ar (_A|rgas, 99.999%).
via a Mars-van Krevelen redox cycle using lattice oxygen UV—visible and Raman spectroscopic stud|e§ showgd that 3.5
atoms in metal oxidek-424-30 wit% V,0s5/Al 03 (2.3 V nnT2) contains predominantly isolated
monovanadate species, 10 wt%Q#Al,0z (8.0 V nnT?

in l: ttrr;ﬁ;teuniyrhvggerfgzr:utge tl:]See dOfngX;igbﬁ ?gggg%si?gg for consists of polyvanadate domains coexisting with trace amounts
y y Y of V,0s crystallites, and 30 wt% ¥0s/Al,O3z (34 V nnT?)

catalytically active centers involved in propane ODH on contains large YOs crystallites23
alumina-supported vanadia catalysts. The analysis of these data . 9 5 CTY ) ) ]
leads to the determination of the rate coefficients for the UV —Visible spectra were collected using a Cary 4 Varian
reduction and reoxidation of active centers. Since the first of SPectrophotometer with a Harrick Scientific diffuse reflectance
these rate coefficients can also be obtained from steady-staté2itachment (DRP-XXX) and a reaction chamber (DRA-2CR).
data, it is possible to assess the fraction of the exposed V sitesThe reactor cell was modified with a quartz frit to support
that are active for ODH. The rate coefficient for site reoxidation Samples in order to improve flow uniformity. A kinetic

is also provided by the transient-response-tiNsible data; it spectrophotometer mode was used to collectWigible spectra

is not available from steady-state rate measurements. by monitoring the intensity at a single energy (1.86 eV) in the
preedge region of transient responses with a time resolution of
Experimental Section 0.1-1 s during propane ODH after abrupt changes inod®

C3Hg concentrations.

Total flow rates were kept at 1.67 éra* using mass flow
controllers (Porter Instrument) for individuaki@g/Ar, Ox/Ar
 Part of o Vichel Boudart Festechrif or O,/He, and Ar streams in order to achieve the desired
art of the special issue “Michel Boudart Festschrift”. ;
* Authors to whom correspondence should be addressed. E-mail: concentrations O.f each react_alnt._;l'hese flow rates corresponded
bell@cchem.berkeley.edu (A.T.B.); iglesia@cchem.berkeley.edu (E.l.). 10 @ space velocity of 50 chs 1 g~ for catalyst amounts used
*Current address: University of Wyoming, Department of Chemical and in this study ¢30 mg). Rapid switches between one reactant

Petrole;um Engineering, Department 3295, 1000 E. University Avenue, composition and another were made using an electrically
Laramie, WY 82071.

§ Current address: Chevron-Texaco Research and Technology Company,aCtU"J}ted four-way valve (Valco Instruments Company)._ The
100 Chevron Way, Richmond, CA 94802. reaction temperature was held at 603 K and treatmentsin O

VO,/Al, O3 catalysts were prepared by incipient wetness
impregnation ofy-alumina (Degussa, A. G., 1002fg) with
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dynamics of catalytic turnovers. The procedure described
previously?® was used to isolate the portion of each transient
that reflects catalytically relevant processes. The resulting
transients are shown in Figures-2. We note that transients
involving increasing or decreasing concentrations were identical,
except for the sign of the transient, and that repeated transients
were highly reproducible.

The observed transient responses were fitted to the time
dependence of the concentration of reduced centers derived from
a previously reported mechanism of ODH proceg8é%modi-
fied to account for combustion pathways (Scheme 1, reactions
1-5). The concentrations of four surface intermediates in the
mechanism were considered initially: oxygen ([O*]), vacancies
(I*1), hydroxyl groups ([OH*]), and isopropoxide species
([C3sH70*]). The combustion steps were not analyzed in detail,
as indicated by the ellipsis in reactions 3a and 3b. The sequence
of elementary steps leading to combustion products ultimately
0 , , , : results in the formation of the number of reduced-surface species

0 2 4 6 8 shown in reactions 3a and 3b. These steps are known to involve

Time (ks) surface oxygen and reduced-surface species because lattice
] ] i i oxygen atoms from the catalyst are incorporated in all combus-
Figure 1. Extent of reduction during step changes isHgconcentra- tion products, as shown by isotopic labeling studfes! The

tion of 300 s duration, starting from the fully oxidized catalyst [10 . I .
W% V04Al,05 (8.0 V nn?), 603 K, 4.0 kPa @ each cycle first step was assumed to be quasi-equilibrated with a dfall

progresses through 0, 1.0, 2.0, 4.0, 8.0, 16, 8.0, 4.0, 2.0, 1.04Ra c  Value. Consequently, the concentration of physisorbed propane
balance Ar, 603 K]. Adapted from ref 20. [(C3HgO*]) can be neglected in the site balance. Step 2 is the
kinetically relevant step?—3° and rate constants of subsequent
containing streams were carried out at 773 K to re-oxidize Steps are, therefore, inaccessible from steady-state rate data.
samples. A thermocouple located within the catalyst bed was A set of coupled, nonlinear differential equations were derived
used to measure local temperatures; another thermocoupldo described the time-dependent response of the surface spe-
inserted within the heater beneath the sample holder recordeccies®! These equations were then non-dimensionalized using
temperatures as much as 100 K above sample temperatures, d6€ ratio of each surface species concentration to the total
previously reported:11 Propane ODH experiments were con- concentration of active surface sites ([L]). Thys= [OH*]/
ducted at 603 K using 4Eg (Airgas, 99.9%) and @(Airgas, [L], ¢ =[*V[L], 0 =[C3HO*/L], v =[O*/[L], and x + ¢
99.99%) reactants diluted to the desired partial pressures with+ 6 + 1y = 1. As aresult, only three of the differential equations
Ar (Airgas, 99.999%). Partial pressures for each reactant wereare independent, and the time-dependent response of the fourth
varied independently from 1.0 to 16 kPa, while keeping the other surface species may be obtained from this overall site balance.

reactant at 4.0 kPa; the intervals between composition changesThe three differential equations describing the surface-reduced
were 300 s. species and the algebraic equation representing the fraction of

surface oxygen, derived from the site balance, are given by eqgs
Results and Discussion 1-4. A derivation of these equations is given in ref 31.

0.3

o
N
.

Extent of Reduction (e’/V)
=}

UV —visible measurements were carried out during transient g 5 1
ODH reaction conditions. The experiments were carried out g, — (l=x—0—-¢)"+4 [CaHql 0—
using a catalyst treated for 300 s of exposure to 4.0 kiPahe 3
inlet stream was then switched to one containingi£and Q [H,O]
for 300 s. The partial pressure of one of the reactants was held 2€3 [CoHg]
constant for the duration of the ODH experiment, while the other
was varied every 300 s. Absorption intensities (at 1.86 eV) were

€y 2

2 +
[CHg ©

A-x—-0-¢) (1)

converted to extent of reduction and the catalytically irrelevant 4o _ A—y—60—¢)Y°— “ 0 2
portion of the measured absorbance was excluded using methods dz [C5Hgl

previously reported?2° Figure 1, which was adapted from a

previous publicatiod? shows reduction transients resulting from dp €, 0+ € [H,0] 1 0
step-wise changes ingls pressure at constang@ressure; each dr 2 [CH] [CH] X2 €3 [CH] A-x

cycle feed composition cycle was followed by a treatment in 4

kPa @ at 603 K for 300 s. Results similar to those shown in $)p — 2€ (O] ¢2 3)
Figure 1 were obtained with Opartial-pressure cycles (not 4[C3H8]
shown). In this latter case, the experiment was started by

switching from a stream containing 4 kPa t© one consisting Yy=1l—-y—0—¢ (4)

of 16 kPa Q and 4 kPa of gHs.
As noted previously? transient responses, such as those The dimensionless reduced timejs defined as the actual time

shown in Figure 1, contain two components rapid response  divided by the characteristic time for the kinetically relevant
with a time-scale of catalytic turnovers<{000 s) and a  C—H bond activation step:

significantly slower process, which reflects changes in the t

structure of the vanadia domains or oxygen removal from the 7 =—= K k[C3Hg]t (5)
internal crystalline region, without direct relevance to the T



2416 J. Phys. Chem. B, Vol. 109, No. 6, 2005

-
c 1
S e
X o
w s
g Sos
5
[ 4
Es ol : : :
S 0 0.0005 0.001 0.0015
Reduced Time
o :
1 .
(]
; c
i 3
Lo} Q
o 3 05]
E%s
S 0 . . .
(] 0.001  0.002 0.003
Reduced Time
c
1
;E c
w2
TS os
Ng
© o
Evs o , . .
2 0 0002 0004 0.006
Reduced Time
t
1
£s
w S
TS5 os
N3
[l 4
Es ol . :
2 0 0.005  0.01
Reduced Time
t
1
Q
‘; c
4
o 0.5 -
Q =
N3
© K
g s o . :
3 0 0.01 0.02

Reduced Time

Argyle et al.

L
o 1
‘3 c
a2
3 é 0.5 -
N3
4
§."6 0 . . :
Z 0 0.002 0.004 0.006
Reduced Time
c
L e ki
X o
w 5
]
o ]
E g 0.5
© 2
Es
S 0 : . -
0 0.002 0.004 0.006
Reduced Time
€
1 4
.3 c
® 2 051
Ng
© 0
E% 0 , . :
Z 0 0.002 0.004 0.006
Reduced Time
t
1 y
(]
§ c
a8
S 3 05
NE
[ 4
55.'6 0 . , .
4 0 0.002 0.004 0.006
Reduced Time
t
1 4
£s
w3
TS o5
5
N4
Es o : : :
2 0 0002 0004 0.006

Reduced Time

Figure 2. Experimental data (heavy lines) compared with the simplified model results (light lines) for normalized extent of reduction response
during 300 s transients. Figure-2a are GHs concentration transients [(a) 1.0, (b) 2.0, (c) 4.0, (d) 8.0, and (e) 16 KRaaf 4.0 kPa @. Figure
2f—j are G concentration transients [(f) 16, (g) 8.0, (h) 4.0, (i) 2.0, and (j) 1.0 kPat@.0 kPa GHg). [3.5 Wt% V>0s/Al ;05 (2.3 V nn1?), 603

K].

The other four parameters,, are defined as

GpE e i T he e ©
21N 2'M 2'M 21N
The factorsl; are defined as
A=T7—6x (7a)
Ay =3(2— 2%, — X,) (7b)

wherex; andx, are the fractional selectivities to propene and
CO, respectively.

The numerical solution of eqs-# was fitted to the transient
response data shown in Figures£by adjusting the values of
koK1, ks, ka4, k-4, andks. The reactant concentrations used in
egs 4 were those prevailing during the transient. Since the

conversions of gHg and Q were small €1% and <5%,
respectively), inlet concentrations were used. The water con-
centration during the transient could not be reliably measured
by mass spectroscopy; instead, it was calculated based on the
stoichiometric amount expected for the observed concentrations
of propene, CO, and CO Since steady-state observations
showed the selectivity to4Els and CO to be nearly independent

of feed composition at low reactant conversions, the values of
X1 andx, were taken to be constant (see Tabléd).

The extent of reduction, defined as the number of one-electron
reduced centers per V atom;), was calculated by adding the
fractional coverages of all reduced species after doubling
vacancy concentrations, which represent two-electron reduction
events (eq 8). The parametersand ¢; were obtained using

n=yx+60+2 (8)
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Figure 3. Experimental data (heavy lines) compared with the simplified model results (light lines) for normalized extent of reduction response
during 300 s transients. Figure-3a are GHs concentration transients [(a) 1.0, (b) 2.0, (c) 4.0, (d) 8.0, and (e) 16 KRaaf 4.0 kPa @. Figure

3f—j are G concentration transients [(f) 16, (g) 8.0, (h) 4.0, (i) 2.0, and (j) 1.0 kkPat@.0 kPa GHg]. [10 wt% V,0s/Al,03 (8.0 V nnT?), 603

K].

standard nonlinear regression techniques in Mathematica 4.0.conclusion, the steady-state valuesfodre small, e.g.0 < 4
The initial values ofr, and ¢ were varied over 8 orders of x 107*at 16 kPa GHg, 4 kPa G on 10 wt% \LOs/Al,03. The
magnitude to ensure that the chosen parameters correspondeiisensitivity of the model to the value e and e3 suggests
to global error minima in the estimation procedure. that water-formation steps are quasi-equilibrated, as assumed
These methods of analysis indicate that vacancies are the!l Previous mechanlstlgzanalyses and confirmed by kinetic and
) ; " _ isotopic tracer studie®¥: 32 The steady-state valuesphre also
predominant reduced species € [*]/[L] = 0.05 at 16 kPa
small (e.g.,y < 0.003 at 16 kPa §Hs, 4 kPa Q on 10 wt%
CsHg, 4 kPa Q on 10 wt% \WOs/Al,0O3) at the low-water- .
ncentration conditions prevalent in this studv. Th m V,0s5/Al;03). The small values of) and y lead to a simple
concentration conditions prevale s study. The same expression for the concentration of reduced centers (eq 9):
conclusion was drawn from steady-state reaction rat&s.
Vacancies account for most 00%) of the reduced species for N =2 )
all catalysts and reactant ratios. Consistent with this, the best p=2¢
fit of the model to the data was insensitive to the values;pf
€2, and es. The insensitivity of the model to the value ef The model was then simplified by applying the pseudo-
suggests that isoproproxide conversion rate constants aresteady-state hypothesis oandy ([CsH,O*)/[L] and [OH*]/
significantly larger than those for its formation; henéegaches [L], respectively), which implies that the derivatives éfand
steady-state more rapidly tham. In agreement with this  y with respect tar are small and do not vary significantly with
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Figure 4. Experimental data (heavy lines) compared with the simplified model results (light lines) for normalized extent of reduction response
during 300 s transients. Figure4a are GHg concentration transients [(a) 1.0, (b) 2.0, (c) 4.0, (d) 8.0, and (e) 16 KRaaf 4.0 kPa @. Figure

4f—j are G concentration transients [(f) 16, (g) 8.0, (h) 4.0, (i) 2.0, and (j) 1.0 kPat@.0 kPa GHg]. [30 wt% V,0Os/Al,O3 (34 V nnT?), 603

K].

TABLE 1: Initial Propane ODH Selectivities to C3Hg (X4), SCHEME 1
CO (xz), and CO; (x3) Obtained from Steady-State ODH
Experiments?2 K, ®
C3H; + O* 52 C3H0* 1
catalyst CsHs CO CO, . ks o ®1)
(Wt% V205 selectivity selectivity selectivity CiHRO* + O* — C;H,0* + OH* R2
on A|203) (Xl) (XZ) ()Q;) . x1k3 7 ( )
35 0.85 0.086 0.064 CsH07 —> CsHg + OH* ®R3)
10 0.84 0.11 0.05 Xzk3 . L as
30 074 0.19 007 oo+ - 3C0 +TOH* +3 (R3a)
2603 K, 14 kPa @GHg, 1.7 kPa @, balance He. (1-x1-x2)k3
...3CO, +70H* + 6* (R3b)
+120*
time in the time scale of the transient response of turnover rates . K . s R4
for the entire catalytic sequence. Since steady-sptat@lues 20H ‘zka H0+0%+ (R4)
are small €0.05), v was taken to be~1.0. With these ks
simplifying assumptions, the time-dependent response of the 0, +2* —» O0*+0O* R5)
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TABLE 2: Values of €4 Obtained from Steady-State
Propane ODH Experimentg02

catalyst (Wt%

0.09 -

V205 on A|203) €4 b
35 101 000
10 1900
30 1700

2603 K, 1.0-16 kPa GHg, 1.0-16 kPa Q, balance He.

TABLE 3: Comparison of Propane ODH Rate Constants
Obtained from UV —Visible Transient Data® with Those

Extent of Reduction (Ae cat/Vsurface atom)

C3H3: 02 Ratio

Figure 5. Dependence of the extent of catalytically relevant reduction
per surface V atom on the;8s:0; ratio for VO/AI O3 catalysts during
propane ODH ([filled symbols, $£s dependence (1-016 kPa GHs,

4.0 kPa @, balance Ar, 603 K); open symbols,@ependence (4.0
kPa GHs, 1.0-16 kPa Q, balance Ar, 603 K); diamonds, 3.5 wt%
V,05/Al;03 (2.3 V nnT?); squares, 10 wit% M0s/Al,05 (8.0 V nnT?3);
triangles, 30 wt% VYOs/Al,O; (34 V nnr?); filled circles are GHg
dependence (8.0 kPaQ1.0—12 kPa Q, balance Ar, 603 K) for 10
wt% V,05/Al,03 (8.0 V nnT2)]. Adapted from ref 20.

reduced centers reduces to one nonlinear differential eqation

dn)  d(2p) [O,] 2
I ara 2%, + 1+ 1) — 64[C3H8](2¢) (10)
with the solution:
_ (a\vAl- Cl’ﬁ_zrﬁ)
=(2) - a1
@+ eV
nSS2_ Sst
Cip= - r (12)

anSZ + anSI

wherea = 2/12 + (1 + /11), bz = €4 [02]/[C3H8] evaluated at

the reactant concentrations prevalent during the transient, and

n;Y is the value ofn, at steady-state either at the start of the
transienti = 1, or at the endj = 231
At steady-state, the surface concentration of reduced centers

;S is given by:
2, + (1+ A7) [CaHg] |05

== 0]

(13)

€4

Equation 13 predicts that for each catalystonly depends on
([C3Hg)/[O2])°®. Assumingl; andi, to be independent of feed
composition g4 can be determined for each catalyst from a fit
of eq 13 to a plot of* versus ([GHg]/[O2])°® data, as shown
in Figure 5. The values of, determined in this manner are
given in Table 2 for each catalyst.

0.06 1 Obtained from Steady-State Kinetic Experiments 2
catalyst V surface ks P Kiko P Kiko &d
(Wt% V.05 densi [cm3(mols [cm®(mols [cm3(mols Vscaf
on Al,O3) (Vnm™2) active site)!] active site)!] Vo1  Vsde
3.5 2.3 3.4x 10° 34 25 0.71
0.03 10 8.0 5.9x 108 310 180 0.58
30 34 4.6x 1P 280 190 0.63

2603 K, 14 kPa @Hg, 1.7 kPa @, balance HeP Results from UV~

visible transient experiment$Results from steady-state propane ODH
experimentg. ¢V, represents surface vanadia, assuming that a maxi-
mum of 7.5 V nm? are exposed: Vs cafepresents catalytically relevant
surface vanadia.

The transient-response data obtained for each catalyst were

fitted to the numerical model solution of eq 10 by adjusting the
value of Kik;, assuming the value oy = ks/koK; to be that
obtained from steady-state data (see Table 2). The results of
the simplified model are compared with experimental data in
Figures 2-4, for 3.5, 10, and 30 wt% XDs/Al ,03, respectively.

The ordinate in these plots is the normalized extent of reduction,
n*, which is given by:

_ (nr - anSI)

* -

= (14)
G

In eq 14,n>> is the extent of reduction at steady-state

immediately before a step change in inlet concentration, and
n>>2is the steady-state extent of reduction reached at the end

of the imposed transient. The dark lines in Figuregt2epresent
experimental data, and the lighter lines represent model predic-

tions. The leftmost columns in Figures-2 (labeled a-€) show

experiments in which g partial pressure was varied at
constant @ pressure. The rightmost columns (labeledj)f
contain results of varying £at constant gHg partial pressure.

This single-parameter model accurately describes transient
data at short times but becomes less accurate at longer times
(Figures 2-4), suggesting that different types of surface sites
with a range of turnover frequencies may be involved in the
reaction, as expected for surfaces with V atoms in various
geometries (e.g., edges and plateaus). In addition, the model
tends to underestimate the initial slope at lowHg and Q
partial pressures and to overestimate the slope at higlg &d
O, partial pressuredNo explanation for this behavior can be
given at this time.

Table 3 shows the rate parameters obtained from this transient
model. The values oKik> obtained from these data increase
with increasing vanadia surface density in a manner similar to
that observed for th&;k, values obtained from steady-state
rate dat&?30 As discussed previoushp;2°30 this pattern is
attributable to the greater reducibility of oxide domains as they
evolve from monovanadate to two-dimensional polyvanadate
structures with increasing V surface density. More-reducible
catalysts are able to stabilize most effectively the transition states
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required for C-H bond activation, which in turn require  compared with the same rate constant obtained from an analysis
delocalization of electron density by vanadium centers. of steady-state kinetic rate data to estimate the fraction of the

The rate coefficient for reoxidation of catalytically active sites exposed vanadia that is catalytically active. This fraction lies
is large (~10° cm® mol~1 s71), but decreases in magnitude with  between 60 and 70%, suggesting that some of the surface V
increasing vanadia surface density. It is also evidentkfiat atoms are either inaccessible for propane ODH or are not active
significantly larger tharK1kp, consistent with the low extent of  catalytically. The rate coefficient for vanadia reoxidation+s53
reduction during steady-state catalysis. We also note that fororders of magnitude faster than that for reduction, and conse-
equal driving forces ([¢] = [C3Hg] and [*] = [O*]), the rate quently, only a small fraction of the catalytically active V sites
of reoxidation (ox = ks[O2][*] #[L]) is about 1G larger than is reduced under steady-state conditions.
the rate of reduction geq= Kiko[C3Hg][O*] %/[L]) for the range
of O, and GHg partial pressures used in this investigation. The ~ Acknowledgment. The authors wish to thank Nick Ohler
decrease in the value & with increasing V surface density is  for providing the Mathematica program used to model the
consistent with the observed changeseinand Kik,. This experimental data and to determine the global minima. This
suggests that the activation barrier to reoxidation of reduced work was supported by the Director, Office of Basic Energy
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