


nominally calculated to be 10 wt%, which corresponds to a
vanadium surface density of 7 V nm? for the measured BET
surface area of 100 ig . The substantial absence of bands
for V ;05 in the Raman spectrum of the catalyst indicated that
the vanadia is highly dispersed and the content of crystalline
V,0s is below 19%1%1°

Temperature-programmed reduction (TPR) of the catalyst
was carried out with 400 mg of catalyst using a 1.5% H...Ar
mixture "owing at 1 cm® s ! and a heating rate of
0.33 K s ! starting at ambient temperatures up to 950 K
and subsequently cooling to 773 K under a "ow of
He. Hydrogen consumption was recorded by an MKS
Mini-Lab quadrupole mass spectrometer. One maximum
in hydrogen reduction was observed and KO was the
only product detected. Prior to each experiment, the catalyst
was treated in a 10% Q...He "ow at 773 K for 45 min
and cooled down to 323 K. After purging in He for 15 min,
the "ow of hydrogen was initiated. Following reduction,
oxygen was pulsed over the catalyst at 773 K, each pulse
corresponding to an amount of 1.8 mmol O,, in order to
calculate the number of reduced sites. This method was found
to give a reproducible measure of the extent of catalyst
reduction, since the amount of hydrogen consumed during
the TPR does not correspond to the total number of active
sites being reduced®

Unsteady-state reaction of ethane was carried out at one
atmosphere and 773 K using a “xed bed, quartz reactor “lled
with 400 mg of catalyst and 1 g of quartz, both with a particle
size between 75 and 150m in order to avoid hot spots in the
reactor. A mixture of C,Hg in He and Ar was fed into the
reactor (C;He...He...Ar = 16.2 : 82.95 : 0.85) at a "ow rate of
0.5 cn? s 1. The reactor e uent was analyzed by an MKS
Mini-Lab quadrupole mass spectrometer. Data collection was
done for four masses every 2 s. Response factors were deter-
mined for C,Hg, CoH 4, CO, and CO relative to Ar, which was
used as an internal standard (atomic mass units recorded were
44, 30, 28 and 26). A matrix deconvolution procedure was
used to deconvolute the dat&' Numerical analyses of the
transient-response data were done with MAPLE V Release 4
Student Edition.

Fig. 1 The decrease in O/V ratio with temperature observed during
H, TPR of fully oxidized VO ,/Al ;03.

3. Results and discussion

Fig. 1 shows the change in the O/V ratio during the course of
H, TPR. The initial value of the O/V ratio is taken to be 2.5,
under the assumption that all of the V is in the 5+ state prior
to the onset of reduction, an assumption well supported by a
number of prior studies of fully oxidized alumina-supported
vanadia®92%--2fhe change in the O/V ratio after reduction
was then determined from the amount of Q required to
reoxidize the catalyst. At 950 K, the O/V ratio decreased to
2.05, suggesting that all of the V* had been reduced to V*
or that half of the V® had been reduced to V' or that
di erent ratios of V 5", V** and V3" were present.

The extent to which alumina-supported vanadia can be
reduced in hydrogen has also been a subject of discussion.
Weckhuysen and Keller have repded that following reduction in
H, at 853 K for 30 min, the average oxidation state of 5 wt%
V,05/Al ;03 decreased from 5+ to 3.8+, leading to an
estimated O/V ratio of B 0 2.0° Similar observations have
been reported more recently by Wtet al.?® Since the average
oxidation state was determined by hydrogen consumption
without correction, the reported O/V ratio after reduction is
likely too low. If the same correction used in the study
presented here is applied to the data of the two reports
mentioned above, then the O/V ratio for the reduced catalyst
would be B 2.0, in reasonable agreement with what is observed
in Fig. 1. Deconvolution of the XPS spectrum of the reduced
catalyst reported by Weckhuysen and Keller indicated that the
V cations are distributed in the following manner: VP*, 21%;
V* | 37%; and V3*, 38%.% Evidence for V** following H »
reduction was also supported by EPR spectroscop’f Similar
results have been reported by Kloset al.2® for a sample of
4 wt% V ,05/Al 5,03.

The results of transient-response ODH of ethane are
illustrated in Fig. 2 for a fully oxidized and a partially reduced
sample of VQ/AIl ;03. Partial reduction was achieved by heating
the catalyst in H, at 823 K to remove half of the reducible oxygen
from the vanadia, resulting in an initial O/V ratio of 2.25. The
observed transient responses for £, C,H4, CO, and CO, were
qualitatively the same for both experiments. The concentration
of C,Hg was zero initially, increased monotonically with time,
and reached the inlet level of 6 10 ® mol cm 2 after 150 s for
both experiments. The concentration of GH, increased rapidly
during the “rst 20...25 s and then decreased slowly to a level of
3 10 " mol cm 3, independent of whether the catalyst
was oxidized or partially reduced prior to the onset of the
experiment. It was also noted that the peak in the concentra-
tion of C,H,4 was roughly 50% higher for the pre-reduced
catalyst. Sharp transients were observed for CO and COThe
maximum in both products was three-fold higher for the fully
oxidized catalysts, but in both experiments the concentration
of CO and CO fell to zero at the end of the experiment.

The residual amount of ethylene produced at the end of
each experiment was attributed to non-oxidative dehydro-
genation occurring on reduced catalyst sitesia the process
Co,Hg - CoH4 + H 5. Consequently, the values of ethane
conversion and ethene selectivity ascribed to ODH had to be
corrected for this process. To determine the contribution of
non-oxidative dehydrogenation, a fully reduced catalyst was
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Fig. 2 Product concentration pro les observed during exposure of
fully oxidized (A) and pre-reduced (B) VO,/ALO; to a mixture
containing 16.2% C,Hg 82.95% He 0.85% Ar owingat 0.5 em’ s~
exposed toa ow of ethane at 773 K witha ow rate of 0.5cm®s ™.
This resulted in an ethane conversion of 4% and an ethene
selectivity of 100%. No reaction occurred on bare alumina
under the same conditions. Therefore, the corrected values of
conversion and ethene selectivity are given by:

XODP = Xtotal - Xnonox (1)

Stotal Xtotal - Snonox Xnonox
(Xtotal - Xnonox)

Sopp = (2)
where X; and S; are the conversion and selectivity, respectively,
for total and non-oxidative conversion of ethane.

The dependence of ethene selectivity on ethane conversion is
shown in Fig. 3 for experiments carried out with a fully
oxidized catalyst and one in which half of the reactive
oxygen had been removed by H, reduction at 823 K. In both
experiments, the mass of catalyst was the same, 400 mg. It is
evident that the ethene selectivity was signi cantly higher
when the catalyst was partially reduced than when it was fully
oxidized. Fig. 3 also shows data for an experiment in which the
mass of fully oxidized catalyst was reduced from 400 mg to
200 mg. In this case, the conversion observed at the outset of
the treatment with ethane was nearly the same as that for the
case in which half of the reactive oxygen had been removed by
reduction; however, the trace of the ethene selectivity versus
ethane conversion was nearly identical to that of the fully
oxidized catalyst. These results suggest that the conversion of
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Fig. 3 Plots of ethene selectivity versus ethane conversion for a fully
oxidized and pre-reduced VO,/Al,O3.

ethane to products depends only on the surface concentration
of reactive oxygen but not on how that concentration was
reached. On the other hand, the ethene selectivity is sensitive
to the means by which a given concentration of oxygen was
attained.

The conversion of ethane and the selectivity to ethene versus
time for the rst 100 s of each experiment are shown in Fig. 4.
In all cases, both the conversion and the ethene selectivity
have been corrected for non-oxidative dehydrogenation.

Fig. 4 Temporal pro les of ethane conversion (A) and ethene
selectivity (B) observed during exposure of fully oxidized and partially
reduced VO, /AL, O3 to a stream containing 16.2% C,Hg 82.95% He
0.85% Ar owing at 0.5 cm® s~ ! at 773 K.
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It is evident that the conversion of ethane was always
lower but the selectivity to ethene was higher for the
pre-reduced catalyst. This gure also shows results of an
experiment in which the mass of the fully oxidized catalyst
was reduced from 400 mg to 200 mg. In this case, the ethane
conversion pro le with time was identical to that for the case
in which half of the reducible oxygen had been removed by
reaction with H,, further supporting the conclusion presented
above that the rate of ethane conversion is dependent solely on
the surface concentration of reactive oxygen.

The transients in product concentration were used to
calculate the concentration of oxygen associated with vanadium
as a function of time and the corresponding O/V ratio.
The initial O/V ratio for the oxidized catalyst was 2.5 and
that for the pre-reduced catalyst was 2.25. Fig. 5 shows that in
both cases the O/V ratio decreased from its initial value to a
value of 2.1. The nal O/V ratio was virtually the same as that
achieved by reduction in H, (see Fig. 1), indicating that the
amount of oxygen associated with vanadium that can be
removed by reaction with C;Hg and H, is the same.

The results presented in Fig. 2 5 can be interpreted in terms
of the following reaction scheme:

Reactions 1 3 are assumed to be rst order in either CoHg or
C,H,4 and st order in the surface concentration of reactive
oxygen.

Assuming the catalyst bed to behave as a plug- ow reactor,
the partial di erential equations describing the concentrations
of C,Hg and C,H4 can be written as

9C, 9C,

(;;Hﬁ - aCZZH(j - pcat(kl + kZ)CO* CCZH() (3)
(’)CGH 8CC H.

o~ Vo T PekiCoCan, (4)

- pcatk3 Cor CC2H4

Fig. 5 Temporal pro les of the lattice oxygen concentration and O/V

ratio observed during exposure of fully oxidized and partially reduced

VO,/AlL,O; to a stream containing 16.2% C,Hg 84.2% He 0.85% Ar
owing at 0.5 cm® s~! at 773 K.

where Ccn, and Cc,n, are the gas-phase concentrations of
C,H¢ and C,Hy, respectively; Co« is the concentration of
reactive oxygen associated with vanadium; z is the distance
from the inlet to the catalyst bed; ¢ is time; v is the linear
velocity; and k; is the rate coe cient for the ™ reaction. Since
the space time for the catalyst bed was 2 s, whereas the time
scale of the experiment was B150 s, eqn (1) and (2) can be
rewritten as quasi-steady-state relations.

oC

ac,;Hé = _pcat(kl + kz)CO*CCZHG (5)
aCe,
% = pcalkl Co* CCzH(, — pcatk3 CO* CC2H4 (6)

where 7 is de ned as z/v. The initial conditions for eqn (3) and
(4) are that Ce,n, = C¢yy, and Cep, = 0 att = 0.

It is further assumed that the concentration of active oxygen
is uniformly distributed along the length of the catalyst bed
and changes with time slowly. This simpli cation allows
eqn (5) and (6) to be solved explicitly to give

e —Peat (k1 +k2)Cox
Ceng = Clop @ Peat(ki+ka)Cort (7

and

5C 1, €Xp (= 1.2p¢ k1 Cor 1) pearkt Cor
Spcatk3C0* - 6pcatk1CO*

Ce,n, =

ngHéeXP(—Pcmk.? Cor 1)peatki Cox Peatk3 Cox
5pcatks Cox —6pcark1 Cox (8)
5pcatk3Cor — 6pcaik1 Cor

=25

+ 30 Sl P Ao ARG
5peatks Cor —6peuiki Cox
5pcatk3Cor — 6pcaik1 Cor

Eqn (7) was rst used to determine (k1 + k,)Co~ from the
experimental dataset (Ccn,, ng He» Cc,n, T and peyy). Assuming
that ky/(k; + k,) = 0.2 (based on the ethene selectivity
observed at near zero ethane conversion), eqn (8) was then
used to determine k3;Cq+ for each chosen time ¢, corrected for
the e ects of non-oxidative dehydrogenation. Fig. 5 and 6
show how (k; + k,)Co+ and k3Co+ change with Co«. The data
in Fig. 6 show that (k; + k;)Co= increased nearly linearly
with Co+ for both the oxidized and pre-reduced samples.
Deviations at low and high values of Co+ are due to low
signal intensities of reactants or products. The value of
(k1 + k») was somewhat higher for the pre-reduced catalysts,
6.8 x 107" cm?® g_' s~!, than for the oxidized catalyst,
42 % 107" em® g7 s7!. These results suggest that pre-reduction
does not have a strong e ect on the ODH activity of the
catalyst. Fig. 7 shows that k3Co+ decreases rapidly with Co»
(starting with high concentrations of active lattice oxygen at
the start of the experiment) for values of Co« below 0.4 mol g,
but then decreases linearly with Co+ for smaller values of Cox.
The plot of k3Cox versus Co« for the pre-reduced sample is also
linear for Co« concentrations below 0.2 mol g~', but the slope
is much smaller than that for the oxidized sample. For the
range of Co+ where both samples show a linear relationship,
the value of k5 is 8.3 cm® g~! s™! for the oxidized sample and
7.0 x 107! cm® g7! s7! for the pre-reduced sample. Thus,
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Fig. 6 Plots of rq(ks + ky)Co« versus G- for fully oxidized and
partially reduced VO,/Al ,03.

Fig. 7 Plots of r .4k3Co+ versus G for fully oxidized and partially
reduced VQ/Al 50s.

pre-reduction reduces signi“‘cantly the rate coe cient for
ethene combustion.

The results of this study are compared with those of
Argyle et al.*® Since the latter investigation was carried out
at steady state, we compared the reported steady-state rates of
ethane consumption at 773 K and an ethane and oxygen
partial pressure of 0.16 atm and 0.02 atm, respectively, with
the rate of ethane consumption determined for the fully
oxidized catalyst at the start of the transient reaction carried
out at 773 K in the presence of 0.16 atm of ethand.€., when
Co+ was at its maximum value). Under these circumstances,
the rate of ethane consumption per V atom exposed at the
catalystis 0.5 10 ?s Yinourworkand2.5 10 °s inthe
study of Argyle et al.*® In both cases, the reaction is assumed
to occur in the presence of 0.16 atm of ethane on a fully
oxidized catalyst at 773 K under conditions of a di erentially
small conversion of ethane. Given the di erences in methods
of catalyst preparation and the procedures required to
calculate the rate of ethane consumption at 773 K from those
reported for 663 K in the work of Argyle et al.'® the
agreement in the rates of ethane consumption is good. The
value of kay/k, reported here and those reported in the previous
studies can also be compared. The value ds/k; found in
this study is 10...14&ersus4.5 in the work of Argyle et al.*®

The reason for the higher value observed in the present work is
likely due to the means by whichks/k; was determined in
the present studyversusthat used for the workup of the
steady-state data.

The results of this study show that the ODH activity of the
catalyst depends only on the concentration of active O atoms,
Co+, and not on the way in which that concentration was
achieved. As shown in Fig. 4A, the same ethane conversion
versustime trajectory is obtained for 200 mg of fully oxidized
catalyst as for 400 mg of catalyst in which one half of the
active oxygen had been removed by Hreduction prior to the
onset of the transient-response experiment. This observation
suggests that the ODH requires the presence of monomeric, or
preferably oligomeric, vanadate species, in which all of the V is
present in the 5+ oxidation state.

By contrast, Fig. 3 demonstrates that for the same ratio of
Co/Fc,n, (where Fey is the molar "ow rate of ethane),
corresponding to an ethane conversion of 40%, the ethene
selectivity is signi“cantly higher for the 400 mg catalyst sample
from which half of the active O had been removed by H
reduction relative to the 200 mg sample of fully oxidized
catalyst. The higher ethene selectivity observed on pre-reduced
VO,/Al ;O3 might be explained in the following way: for
ethene to combustvia reaction 3, it must “rst adsorb from
the gas phase. This might occur by reaction of g, with
V...OH groups produced during the formation of GH,4 from
V...OCHCH; groups? Alternatively, ethene adsorption could
occur via interaction with Lewis acid centers, such as ¥,
V# and V3* . Evidence for ethene and propene adsorption
on V cations has been presented by Chet al>” and Redekina
et al,?® respectively. As the oxidation state of V cations
decreases, their ionic radius increases together with the
number of electrons in the 3d orbital. These changes decrease
the Lewis acidity of the cation and, hence, its ability to accept
electrons from the p-orbital electrons of ethene, which should
result in a decrease in the ability of the V cation to adsorb
ethene. As noted earlier, several investigators have reported
the formation of both V#* and V3" upon reduction of
alumina-supported vanadia and that the distribution between
these states of oxidation depends on the reducing agefit®°
Therefore, it is reasonable to propose that reduction in H
leads to a lower ratio of V** to V3* than reduction in C,Hg. If
this hypothesis is correct, then the higher ethene selectivity
observed for the H, reduced catalyst could be attributed to this
e ect. It should be noted, however, that the participation of
OH species formed upon B reduction in ODE cannot be
excluded. Such species could contribute to the change in Lewis
acidity. It should be stressed, however, that the role of Lewis
acidity in controlling the readsorption of ethene is a hypothesis
that needs to be tested by experiments.

Another possibility is that a vanadium aluminate is formed
upon reduction via the substitution of V3" cations into the
surface of the alumina support®! As noted earlier, Martinez-
Huerta et al'® have suggested that the formation of such
species does not a ect the formation of ethene but decreases
the formation of CO and CO,. Hence, there may be several
reasons why H reduction of dispersed vanadia leads to an
increase in ethene selectivity without a loss in ethane ODH
activity for a given concentration of active oxygen.
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