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Abstract—Differential scanning calorimetry is used to study in situ the properties of strongly bound (lattice)
oxygen in vanadium-containing supported catalysts for the oxidative dehydrogenation of paraffins C,—C,. Evi-
denceisfound that the process occurs via a stepwise redox mechanism with the participation of lattice oxygen
from the catalyst. When the supported component is modified by an antimony additive, the amount of reactive
oxygen increases and redox processes accel erate. Simultaneously, the rate of coke formation decreases. Addi-
tional modification by Bi and Baleads to afurther increase in the amount of reactive oxygen. In all cases, oxy-
gen bound to vanadium atoms is responsible for the redox properties of the systems. The observed effects are
analyzed from the standpoint of the ratio between different forms of active oxygen.

INTRODUCTION

Oxidative dehydrogenation of light paraffins is
given attention as a potential process for the synthesis
of valuable akenes, for which demand is constantly
growing. The absence of efficient catalysts that would
combine high productivity, selectivity to olefins, and
stability prohibit this processfrom being widely used in
industrial practice. Currently, this problem remains
unsolved despite intensive studies along these lines
(see, for instance, review papers [1-3]).

Of al catalysts, vanadium-containing systems,
which are efficient in the oxidative dehydrogenation of
paraffins C,—C, at temperatures above 500°C, attract
the greatest attention. However, these systems have
some limitations: they rapidly lose activity during the
catalytic process and their selectivity is not high in
some cases.

Earlier, when studying the oxidative dehydrogena
tion of propane and isobutane, we showed [4] that vana-
dium-containing oxide systems supported on Al,O; are
more active and selective than bulk catalysts and that
their catalytic properties are substantially improved
when the composition of the supported component
becomes somewhat more complex. Literature data on
the structures of supported vanadium-containing sys-
tems and on the mechanism of their catalytic action
usually refer to nonmodified samples (see, for instance,
review papers [5, 6]). Therefore, it is interesting to
determine which of the properties of a supported sys-
tem change upon modification and trace how these
changes are reflected in the catalytic properties.

Note that the widely used kinetic model of catalytic
processes that occur viathe stepwise redox mechanism

was first developed by Mars and van Krevelen to
describe the oxidation of aromatic hydrocarbons on a
supported vanadium-containing (V-Mo-P/Al,0O,) cat-
alyst [7]. Since that time, many catalytic oxidation
reactions were found to occur via the redox mecha-
nism. In the simplest case, the process is described by
the scheme

LO+A — L+ AO, (Ta)
L+ 1/20, — LO. (Ib)

In step (1a), the oxidative site LO on the surface is
reduced by the reactant molecule A to form the oxida-
tion product AO. In step (Ib), the reduced site L is oxi-
dized by oxygen from the gas phase. It isimportant that
oxygen capable of transferring to the product is so
strongly bound to the catalyst that step (1b) can be con-
sidered irreversible. Due to the high binding strength,
oxygen isoften considered to belong to the oxide | attice
(which explains the term lattice oxygen).

Mars and van Krevelen [ 7] derived and analyzed the
rate law named after them:

w = KakalAI"OI" W
kred[A] +kox[02]

where w is the rate of the steady-state process; k.., and
k. are the rate constants of steps (1a) and (Ib), respec-
tively; [A] and [O,] are the concentrations of reactants
in the gas phase; m and n are the kinetic orders of steps
(1) and (1b) with respect to reactants A and O,, respec-
tively.

Since step (Ib) isvirtualy irreversible, Eq. (1) does
not include adsorption/desorption terms. A guidelinein
deciding whether the process bel ongsto thisclassisthe
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equality or proximity of the rates of product formation
at the steady state and in the absence of oxygen in the
gas phase when the degree of catalyst oxidationisclose
to a stationary one. This makes it possible to study the
regularities of the steps of catalyst reduction with prod-
uct formation (1a) and reoxidation (1b) separately.

According to the published data [5, 6], even non-
modified supported vanadium catalysts contain differ-
ent forms of the active component (monomeric and
polymeric surface structures containing vanadium ions
with different coordination, clusters, and crystallites of
vanadium oxides having different sizes, structures, and
morphology). These forms are present in different con-
centrations in the samples depending on the type of
support, the concentration of active component, and the
preparation procedure. They have different reactivities
and contribute differently to the overall reactivity of the
system and to the overall catalytic process.

It follows from reactions (Ia) and (Ib) and Eqg. (1)
that the whole set of contributes properties of the cata-
Iytic system is reflected in the reaction through the
reactivity of active oxygen forms. Thus, the character-
istics of oxygen largely determine the overall activity
and selectivity of the catalyst. One of the main charac-
teristicsisthe binding energy of oxygen with the oxide
lattice, because this value contributes the activation
energies of both steps ((Ia) and (b)) and, therefore,
determines the overall processrate[8]. Asnoted above,
the oxide system contains several structures, which
tend to change during the process. Consequently, the
properties of reactive oxygen are nonuniform from the
beginning and also change in redox transformations.

In view of the above information, our goal was to
trace how the complication of the elemental composi-
tion of supported catalysts changes the thermochemical
parameters and reactivity in the processes of oxygen
exchange with gas-phase molecules. Our method was
based on finding the rel ationships between the extent of
reduction, oxygen binding energy, reactivity, and selec-
tivity. Differential scanning calorimetry (DSC) was
used in situ together with pulsed supply of reactants.
This enabled usto trace the dynamics of the state of the
catalyst active component, which directly participates
in the reaction in the catalytic system [9].

The methods for estimating the strength of oxygen
binding to the catalyst can be categorized as direct and
indirect. Indirect methods are temperature-pro-
grammed desorption (TPD) of oxygen and tempera-
ture-programmed reduction (TPR). The direct determi-
nation of thermal effectsin reactions with scission and
formation of oxygen bonds with a lattice (catalyst
reduction and reoxidation) can be done using calori-
metric measurements. TPD/TPR methods make it pos-
sible to separate the desorption processes of different
oxygen forms over temperatures. However, they usu-
aly do not distinguish the effects of energy and other
factors that determine temperature intervals of regis-
tered processes. Also, the TPD method is better appli-
2001
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cableto weakly bound forms of oxygen. Calorimetry is
a universal method, but it has limited sensitivity and
somewhat low temporary resolution. Therefore, it is
more suitable for more firmly bound oxygen compared
to TPD. The in situ DSC method makes it possible to
combine advantages of both approaches and character-
ize the complete spectrum of oxygen forms.

Vanadium-containing samples supported on y-Al,O;
were chosen for the study. These samples differed in
the concentrations of modifying additives. The study of
catalytic properties of these samples in the oxidative
dehydrogenation of C,—C, paraffins has been carried
out earlier [4]. Because the use of calorimetric data for
calculating the strength of oxygen binding to the lattice
requires some quantitative information on the forma-
tion of al products of paraffin oxidation (carbon
oxides, olefins, partial oxidation products, cracking
products, etc.), more errors may appear in quantitative
measurements when the initial molecule becomes more
complex. Therefore, in this work, we used ethane as a
model substance. In some cases, hydrogen isused as a
reducing agent.

In this work, we do not discuss the details of the
phase composition and structure of the surface of our
samples. These issues are considered elsewhere [4].

EXPERIMENTAL

We studied samples with the following composi-
tions: 5.83% V,0s/y-Al,O;, 11.9% Sb,05/y-Al,Os,
5.83% V,05~11.9% Sb,05/y-Al,05, and 5.5% V,05—
11.5% Sb,04-5.5% Bi,0,—0.1% BaO/y-Al,0O,. These
are denoted henceforth as follows: V/Al,0;, Sb/AlL,O5,
V-Sb/ALO;, and V-Sb-Bi-Ba/Al,O;, respectively.
The sampleswere prepared by the impregnation of sup-
port (microspherical y-Al,O; supplied by MNTK
Katalizator, Novosibirsk; the specific surface area was
85 m?/g; the particle size was 0.3-0.8 mm) by aqueous
solutions of ammonium metavanadate, SbCl,, and bis-
muth and barium nitrates taken in appropriate amounts.

The interaction with reducing gases (hydrogen,
ethane, and ethane—helium mixtures) and air was stud-
ied in a setup that involved a DSC-111 scanning calo-
rimeter and two gas chromatographs. A sample loading
(80—100 mg) was charged into a quartz cell, which was
then placed into a measurement channel of the calori-
metric block of the calorimeter. Preliminary treatment
of the samplesincluded heating in aflow of air at 650°C
for 30 min and cooling to 550°C in aflow of air. During
a run, samples were purged by specialy purified
helium at a flow rate of 30 ml/min. Pulses of reaction
gases (0.5 ml each) were dosed into ahelium flow using
a six-way valve. The flow passed over a sample and
then to two serial chromatographs for analyses. Col-
umns were packed with Porapak N and zeolite 5A.
Thermal-conductivity detectors were used. The system
allowed us to measure the concentrations C,Hg, C,H,,
CO,, H,, 0,, N,, CH,, and CO.
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Fig. 1. TPD of oxygen from the samples (1) V/AI,Os,
(2) SH/ALL03, (3) V-S/ALL,O3, and (4) V-Sb-Bi-Ba/Al ,05.
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Fig. 2. Ethane conversion during the interaction of the sam-
ples with 35% ethane + He pulses at 550°C: (1) Sb/Al,O3,

(2) V/A|203, and (3) V—Sb/A|203

To strike a carbon balance more reliably, the selec-
tivity to ethylene was calculated using two methods:

S = 2C¢,u,/(Cco, t Ceo +2Cc,4,) X 100%,

S, = Cen,/(Ce,n,—Ceyn,) X 100%,
where C, is the volume concentration of ethane or the

products of its conversion (vol %) and ngHe isthevol-

ume concentration of ethane when no reaction occurs
(vol %).

At all temperatures, water is evolved in the interac-
tion of the systems with ethane or hydrogen immedi-
ately after passing a reducing-gas pulse. Therefore, a
calorimetric signal consisted of a narrow exothermic
part and a broad endothermic part [9]. Their algebraic
sum is the overall thermal effect of the reaction

between hydrogen (Q,,) and ethane (Qc . ):
H, + O], — H,0 +| |, +Qu,, kJ/mol H,

[Ol,

C2H6 —— XC2H4 + yCO
+2C0, + (6 - 4X)/2H,0, +Qc ., kJ,

BYCHKOV et al.

where |O]. and | |, are the lattice oxygen atom and an
oxygen vacancy, respectively. Since the reaction with
ethane yields many products, the value of Q. Was

not referred to any specific substance.

Thevaluesof Q,, and Qc ., canbeused asabass

to calculate the thermochemical characteristics of cata-
lyst oxygen that reacted with the pulse of reducing
agent pulse. This can be done if we take into account
the heats of overall reactions

2H, + 0, — 2H,0, Q, =241.8 kJ/mol H,,
C,Hg + 7/20, —= 2CO, + 3H,0,
Q, = 713.8 kJ/mol CO,,
C,Hg + 5120, —= 2CO + 3H,0,
Q, = 430.8 kJ/mol CO,
C,Hg + /20, —= C,H, + H,0,
Q, = 104.8 kJ/mol C,H,.

The thermochemistry of lattice oxygen can be charac-
terized quantitatively using different values related to
each other by simplelinear relationships. These are, for
instance, the heat of MO, oxide formation or the bind-
ing energy of oxygen to thelattice. For convenience, we
chose the heat of reoxidation (Q,,) of the reduced
oxide:

O, +2| | —= 2|0}, +Q.,, kJ/mol O,.

The value of Q,, is measured directly in the calorimet-
ric experiment on the reoxidation of a sample contain-
ing oxygen vacancies| |.. It can aso be calculated from
experimentally measured heat of sample reduction by
hydrogen (Qy,,) or ethane (Qc, ) using the following
formulas

Qox = 2(21 - 2(QH2 ’

Qox = (Nco, Qy + NcoQs + Ne,iy, Qs — Qe i, )/ No, -

where n; is the number of moles of the ith substance (a
reacted reducing agent or aproduct), no, isthe number

of moles of oxygen supplied by the oxide to form the
necessary amount of oxidation products.

The accuracy of calorimetric measurementsis about
1.0%, as it was determined by measuring the heats of
standard sample melting (aluminium and zinc).

Temperature programmed desorption of oxygen
was studied at temperatures ranging from 50 to 700°C
and a heating rate of 10°C/min. Helium flow through a
cell with a sample had arate of ~5 ml/min from which
samples were withdrawn for chromatographic analyses.
In the case of vanadium-containing samples, tempera-
ture was kept below ~650°C to prevent V,0s melting.

Thedetailed description of the setup withthe DSC-111
calorimeter and chromatographic analysis of the gas
KINETICS AND CATALYSIS  Vol. 42
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phase, the system for gas supply, and purification of the
carrier gas (helium) were described in [10].

RESULTS
Thermal Desorption of Oxygen

Thermal desorption data for oxygen are shown in
Fig. 1. The overall amounts of oxygen evolved during
thermal desorption and further keeping samples for
25-30 min at afinal temperature after their heating are
specified in Table 1. An insignificant amount of oxygen
is evolved from the V/Al,O, sample. Desorption from
the Sb/Al,0, sample becomes more pronounced start-
ing from 590°C. However, in the case of V-Sb/Al, 05,
the amount of desorbed oxygen is much larger even at
530°C.

Reduction of Samples

Sb/AL,0;. The interaction of the Sb/Al,O; sample
with pulses of the 10% H, + He mixtures was studied at
550°C. This is lower than temperature when thermal
desorption of oxygen from Sb/Al,O, begins. Therefore,
before the beginning of reduction, oxygen removed by
TPD is present in the sample. During reduction
68 umol H,/g was consumed and 34 umol O,/g was
removed. Figure 2 shows the values of ethane conver-
sionsin the reaction of the Sb/Al,0; sample with 35%
ethane pulses at 550°C. Table 1 indicates the overal
amounts of removed oxygen.

These data show that about the same amount of oxy-
gen (~30 umol/g) of the Sb/Al,O; system can react
with hydrogen or ethane and evolve during TPD.

During the interaction of Sb/Al,O; with ethane, we
observed a triple increase in the ratio of the evolved
heat vs reacted ethane. This points to the occurrence of
an additional thermal process whose nature is unclear.
Wefailed to calculate Q,, for thisrun. Thisvalue can be
calculated from the runs on the reduction of the sample
with hydrogen. The experimental data are summarized
inFig. 3.

The Sb/Al,0; sample reduced by ethane at 550°C
can be reoxidized to the initial state in a flow of air at
650°C with further cooling in a flow of air to 550°C.
Second reduction isvirtually identical to thefirst onein
this case. However, the interaction of the sample
reduced by ethane at 550°C with air pulses at 550°C
does not lead to the noticeable consumption of oxygen
and the corresponding heat evolution. The formation of
carbon oxides was not observed either. That is, when
ethane interacts with the sample at 550°C sampleis not
coked.

V-containing systems. Figures 2 and 4 show the
data on ethane conversion and selectivity to ethylene
when 35% ethane + He pulses interact with the
V/Al,0, sample. The conversion is several times higher
than on Sb/Al,Os. As follows from Table 1, V/AL,O4
loses a considerable amount of oxygen in this process.
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Fig. 3. Dependence of Qg on the amount of oxygen
removed from the samples (1) Sb/Al,03, (2) V/AI,O3, and
(3) V=Sb/Al,03.

Assuming that the initial state corresponds to the V,0;
stoichiometry, it changes during the experiment and
becomes V,0, ,,. Furthermore, in the process of ethane
oxidation, the sample is substantially coked. This fol-
lows from the comparison of the selectivity values for
ethylene S, and S;: S, takes into account only gaseous
products being much higher than S,. For this run, car-
bon imbalance is 187 umol C,H¢/g. During the reoxi-
dation of the reduced sample, we observed the evolu-
tion of CO, in large amounts.

Intensive coking prevented us from calculating the
values of Q using the data of this experiment, but we
managed to measure the strength of oxygen binding for
the V/AlL,O, sample using hydrogen as a reducing
agent. In the case of hydrogen, lower extents of vana-
dium reduction are observed. The resulting data are
presented in Fig. 3.

Figures 2 and 4 show the experimenta data for the
interaction of the V-Sb/Al,0, sample with helium
pulses containing 35% ethane. It is seen that, in this
case, the conversion of ethane and the amount of active
oxygen are greater than for V/Al,0;: if we again con-
sider that theinitial stateis V,0s, then it becomes V,0,

Table 1. Overall amount of oxygen removed during thermal
desorption and during the interaction of the catalyst with 10—
15 pulses of ethane

Reduction,

Sample TPD, umol O,/g umol O,/g*
Sb/Al,05 28.0 315
V/AI,O4 0.9 128.0
V-Sb/Al,O4 52.0 370.5
V-Sb-Bi-Ba/Al,04 35.0 443.5

* Calculated as the overall amount of oxygen removed as O, and
products of ethane oxidation.
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Fig. 4. Selectivity to ethylene in the reaction between the
samples (1, 2) V/AI,O3 and (3, 4) V-Sb/Al,05 and 35%
ethane + He pulses at 550°C calculated from the overall
amount of products (S;, curves 1 and 3) and ethane conver-

sion (S, curves 2 and 4).
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Fig. 5. Selectivity to ethylene S; vs. amount of oxygen
removed from the V—Sb/Al,O5 sample in the reaction with
(2) 35% ethane + He and (2) 100% ethane pulses at 550°C.

after the reaction. The selectivitiesto ethane S, and S,
are close, which points to low coking. During reoxida-
tion of the V-Sb/Al1,0; sample reduced by ethane, only
0.55 pumol CO,/g evolved.

In contrast to the V/Al,O; sample, at alow extent of
reduction, the V-Sb/A1,0; sample gives mostly carbon
oxides. If before the beginning of reduction by ethane,
the V-Sb/Al1,0, sample is heated in a flow of the inert
gas a 550°C, the selectivity to ethylene in the first
pulse increases by 7-8%. In further reduction of V-
Sb/Al,04, the selectivity increases, but remains lower
than S, in the case of V/AlL,O5. The selectivity does not
increase monotonically, but has aslight maximum at an
intermediate extent of reduction.

Figure 5 shows a change in the selectivity to ethyl-
ene depending on the amount of oxygen removed from
the V-Sb/Al,O; catalyst. The use of 100% ethane
pulses results in deeper reduction of the V-Sb/Al,0,
system. At the same time, adrastic growth in the selec-
tivity is observed when ~700 pg-at O/g is removed.

BYCHKOV et al.

Thereduction of V-Sb/Al,0; by ethaneisaccompa-
nied by an increase in the binding energy of oxygen
being removed from the sample (see Fig. 3).

The reoxidation of vanadium-containing samples by
oxygen pulses at 550°C is much faster than in the case
of Sb/Al,O,. For the V-Sb/Al,0; sample reduced by
ethane, reoxidation by several pulses of air results in
the complete recovery of the catalyst except for the
least weakly bound oxygen, which shows itself in the
first TPD pulse during reduction by ethane.

The V-Sb-Bi-Ba/Al,0; sample contains more
active oxygen than any other catalyst studied in this
work (see Fig. 1 and Table 1). The reduction of V-Sb—
Bi-Ba/Al,O; was studied using pulses with different
ethane concentrations: 12.3, 35.0, and 100%. Figure 6a
shows the values of the selectivity to ethylene depend-
ing on the amount of oxygen removed from V-Sb-Bi—
Ba/Al,O5 during reduction by ethane pulses. Asin the
case of V-Sb/Al,0;, the interaction of ethane with the
completely oxidized sample mostly leads to the for-
mation of carbon oxides. The selectivity increases
with an increase in the extent of V-Sb—Bi—Ba/Al,05
reduction and reaches the maximum (~50%) when
300-350 pg-atom/g of oxygen is removed. Further
reduction leadsto adecrease in the selectivity to ~40%.

The V-Sb-Bi-Ba/Al,0; sample was not cocked in
reduction by ethane, so we were able to calculate Q,,.
Figure 6b shows the values of Q,, depending on the
extent of sample reduction achieved in the experiment.

Interaction with the Ethane-Air Mixture
in a Pulse Mode

The interaction of samples with pulses of the
ethane—air mixture allowed us to correlate a change in
the catalytic activity and selectivity of the system with
the extent of catalyst reduction. Figure 7 shows data on
the ethane conversion, the selectivity to ethylene, and
the amount of oxygen removed during the interaction
of 15% ethane + 25% air + helium pulses with V-Sb—
Bi-Ba/Al,O; at 550°C. During the first pulses, the cat-
alyst is partidly reduced. Then, the reaction rates
approach some constant (“ stationary”) value. A similar
behavior was observed for other samplesaswell. Table 2
shows the parameters of the catalytic reaction at this
state and the amounts of oxygen removed during the
experiment.

DISCUSSION

Theresults of thisstudy point to asubstantial differ-
ence in Sb/Al,0; and vanadium-containing samples.
Because approximately the same amount of oxygen
(~30 umol/g) in the Sb/Al,0; sample can react with
hydrogen or ethane and evolve in TPD, we conclude
that only one form of active oxygen is present in the
system. According to the reference data [11], the fol-
lowing consecutive oxidative transformations can
occur in the antimony—oxygen system:

KINETICS AND CATALYSIS  Vol. 42

No. 4 2001



THERMOCHEMISTRY AND REACTIVITY OF LATTICE OXYGEN

2Sb + 3/20, — Sb,0;, —471.52 kJmol O,, (1)
Sb,0, + 1/20, —= Sb,0s, ~171.36 k¥mol 0,. (IV)

The values of Q,, found in our experiments for
Sb/Al1,05 ~200 kJ/mol O,) correspond only to the tran-
sition from Sb,05 to Sb,0,. It is likely that some por-
tion of antimony in Sb/Al,O; is capable of being oxi-
dized to Sb(V) as aresult of treatment in anair flow at
650°C. Then, it is reduced by the reaction with hydro-
gen or ethane.

In the vanadium—oxygen system, many oxide
phases are known, which are intermediate between
V,0; and V,0s [12]. The heats of some consecutive
oxygenation processes are shown below. These heats
are calculated from the enthal pies of formation of indi-
vidual oxides:

2VO + 1/202 —_— V203, —710 kJ/mO| 02, (V)
V,0; + 120, —= V,0,, 442 kJmol 0,,  (VI)
V,0, + 1/20, —» V,05, 224 kJmol 0,.  (VII)

Comparison of these values with data shown in
Fig. 3 suggeststhat the heats expected for the transition
between V3* and V?* are not observed in the experi-
ment. It islikely that a gradual changein the Q,, value
points to amost continuous series of transitions
between the states of vanadium ions from V>* to V3*,
which are within the interval of the heats of reactions
(V1) and (VII).

Our data on the heats of supported vanadium oxide
oxidation agree well with earlier results [13] for the
oxidation heats of hydrogen-reduced V,0s/y-Al,O;
measured by an analogous DSC-111 calorimeter.
Andersen and Kung [13] also observed a continuous
change in the heat of vanadium oxide oxidation
depending on the extent of reoxidation in the interval
between 200 and 360 kJ/(mol O,).

However, we failed to reproduce the results
obtained by Bars et al. [14], who studied the reduction
of V,04/y-Al,0; by ethane and found the removal of up
to 3.8 oxygen atoms per one vanadium atom during
reduction at 450°C. In our experiments, the extent of
reduction was at most 1-1.2 oxygen atoms per vana
dium atom.

From the standpoint of understanding the mecha-
nism of catalytic action, an important issueis the effect
of vanadium component modification on its properties.
Oxygen TPD data (Fig. 1 and Table 1) show that, inthe
case of the two-component V-Sb/Al,O; system, the
amount of desorbed oxygen substantially increases
compared to one-component systems, and desorption
begins at alower temperature. This may indicate that a
new form of active oxygen is present in the mixed sys-
tem.

A relatively low selectivity to ethylene in the first
pulses of the V-Sb/Al,0, sample reduction by ethane
KINETICS AND CATALYSIS  Vol. 42
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Fig. 6. Dependence of (a) the selectivity S; to ethylene and
(b) Qoyx 0N the amount of oxygen removed during the inter-
action of V—Sb-Bi—-Ba/Al,03 with pulses of mixtures con-
taining (1) 12.3, (2) 35, and (3) 100% ethane in helium at
550°C and 10% H, + He at 300°C at (4) 300, (5) 400, and
(6) 550°C.
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Fig. 7. Interaction of V-Sb-Bi-Ba/Al,O3 with pulses
15% C,Hg + 25% air + He at 550°C: (1) ethane conversion,
(2) selectivity to ethylene, and (3) amount of oxygen
removed from the catalyst.

and an increase in the selectivity after preliminary heat-
ing points to the fact that active oxygen that desorbs at
530-670°C during TPD is responsible for an increase
in the rate of compl ete oxidation.

The use of pure ethane pulses results in the deeper
reduction of the V-Sb/Al,0; system. At high extents of
reduction, a drastic increase in the selectivity is
observed. It is likely that the process mode changes:
oxidative dehydrogenation becomes nonoxidative.

Additional complication of the catalyst composition
(the addition of bismuth and barium to the supported
component) results in a further increase in the amount
of active oxygen and an increase in the strength of its
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Fig. 8. Dependence of (1, 2) ethane conversion and
(3, 4) selectivity to ethylene on the amount of oxygen
removed in the reaction of (a) Sb/Al,O3, (b) V-Sb/AI, O3,
and (c) V-Sb-Bi-Ba/Al,O5 with pulses (1, 3) ethane + air +
helium and (2, 4) ethane + helium.

binding to the lattice. However, the heats measured for
all the three vanadium-containing systems correspond
to the energetics of transitions between V3* and V5.
That is, we may consider that these ions determine the
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redox properties of systems under study.

Results shown in Fig. 6 point to a continuous
increase in the binding strength of oxygen to be
removed with oxide and to a complex change in ethane
oxidation selectivity, which has a flat maximum at
300-400 pg-atom O per gram of the sample. The high
fraction of carbon oxides at low extents of reduction
can be explained by the presence of active oxygen with
low binding energies and a relatively large amount of
reactive oxygen in the oxide at this stage. On the con-
trary, the observed decrease in the selectivity to ethyl-
ene with an increase in the extent of sample reduction
from 400 to 500 pg-atom O/g takes place when the
binding strength of lattice oxygen is higher. This effect
isreproducible in the experiments with different ethane
concentrations in reactant pulses. In this case, an
increasein the extent of hydrocarbon oxidation is prob-
ably due to an increase in the lifetime of carbon-con-
taining intermediates on the oxide surface resulting in
the higher probability of their further oxidation to form
carbon oxides. This, in turn, can result from the forma-
tion of low-coordination ions of reduced vanadium on
which firmer adsorption of organic moleculesis possi-
ble. The partial reduction of bismuth oxide to metallic
bismuth [15] also can be another reason for this effect.

Comparison of experimental results on the interac-
tion between the oxide system and ethane pulses with
and without oxygen supports the idea that vanadium-
containing samples conduct the oxidative dehydroge-
nation of ethane via the redox mechanism. Figure 8
summarizes various dependences of ethane conversion
and selectivity to ethylene on the extent of reduction of
the V-Sb/Al,0; and V-Sb-Bi-Ba/Al,0; samples. As
noted in the introduction to this paper, the proximity of
these values measured in the catalytic and reductive
processes points to the occurrence of the catalytic reac-
tion via the reduction—reoxidation Mars-van Krevelen
mechanism [7].

At the steady state, acertain extent of catalyst reduc-
tion is achieved, which depends on the ethane-to-oxy-
gen ratio in the initial mixture. It is seen from Table 2
that, for the V-Sb/AlL,O; and V-Sb-Bi-Ba/Al,O;
samples, the steady-state degree of reduction was
~340 pg-atom O/g. The selectivity of the catalytic pro-
cess (47.1 and 47.5%, respectively) should be close to
the selectivity of the simple sample reduction by oxy-

Table 2. The results of the interaction of samples with 15% ethane + 25% air + helium pulses at 550°C in the “ stationary”

region

Sample XeHgr 70 Xo, % Cco» % Cco, % Cep, % S, % |20, pg-atom/g
V-Sh-Bi-Ba/Al,0O4 34.5 95.2 2.67 2.27 2.24 47.5 335
V—Sh/Al,O4 24.9 954 2.69 1.08 1.68 47.1 347
SO/ALLO, 58 205 0.53 0.55 0.19 265 31

Note: XCzHﬁ and XOZ are the conversions of ethane and oxygen, respectively; C; is the concentration of the reaction products; S; is the
selectivity to ethylene; 2O is the overall amount of oxygen removed from the catalyst from the first to the last pulse.
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gen-free ethane (~48%) when the same extent of reduc-
tion isachieved. Thisisobserved in Figs. 5, 6a, and 8.

Earlier [4], we showed that the optimal efficiency of
supported vanadium catalystsis observed at an paraffin
: oxygen ratio of 2-3 : 1 and that oxide additives
improve the catalytic properties of samples. Results
obtained in this work help to understand better the rea-
sons for these dependences. Since we found that the
reaction occurs via the reduction—reoxidation mecha
nism, the highest ethylene yield should be observed at
a steady-state extent of catalyst reduction (~300 pg-
atom O/g). Because the rate of oxidation by oxygen for
our samples is much higher than the rate of reduction
by ethane, it is necessary to use the reaction mixture
enriched in the reducing agent (paraffin) to achievethis
high steady-state degree of reduction.

Furthermore, itis seen from Fig. 7 that, at extents of
reduction of ~300-400 pg-atom O/g, the V-Sb-Bi-
Ba/Al,0, sample is characterized by a higher rate of
reduction by ethane (higher ethane conversion in the
C,Hg—He pulse) than the V-Sb/Al,0; sample. Corre-
spondingly, in the case of ethane—air—helium pulses
under pseudostationary conditions, a high conversion
of ethane and a high yield of ethylene are observed.
Thus, additional modification of the catalyst in this case
stipulated an increasein the rate of sample reduction by
the paraffin.

A different pattern is observed for the Sb/Al,O; sys-
tem. Compared to vanadium-containing samples,
Sb/Al, 05 is reduced less readily and oxidized much
more slowly. According to Table 2, at the steady state,
the catalyst loses 31 ug-atom O/g. At the sametime, the
steady-state selectivity to ethylene (26.5%) is lower
than the selectivity in oxygen-free pulses (50-60%) at
a close degree of reduction and is not higher than the
selectivity for the reduction of the completely oxidized
sample (Fig. 8). It islikely that, during the interaction
of Sb/Al,0; with the ethane—air mixture, only alimited
fraction of the products are formed due to active oxy-
gen species that we observed in the processes of
Sb/Al,O reduction. However, because these species
are present in a smaller amount (compared to other
samples) and becauseitsrecovery isslow at 550°C, this
process does not result in a high conversion of starting
reactants. All data suggest that another short-lived form
of oxygen exists on Sb/Al,O; in the presence of gas-
phase oxygen under stationary conditions. Thisform of
oxygen reacts with ethane to produce mostly carbon
oxides.
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CONCLUSION

Thus, we showed that all studied samples contain
active oxygen capable of reacting with ethane. The
vanadium-containing samples contain the largest
amount of reactive oxygen. The addition of the second
supported component (antimony oxide) leads to a sub-
stantia increasein the amount and reactivity of catalyst
oxygen, to the formation of the additional form of
active oxygen, and to a substantial decrease in the rate
of coking during interaction with ethane.
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