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Catalysts consisting of zinc-chromium ferrite and magnesium-chromium ferrite
have been studied for the oxidative dehydrogenation of butene-2 to butadiene. These
catalysts have a spinel structure with Cr* replacing Fe™ in octahedral sites. The
substitution of chromium for iron (in the spinel) greatly increases the efficiency
of the catalyst for oxidative dehydrogenation and stabilizes the catalyst against
bulk reduction in a hydrocarbon atmosphere. Data for both oxidative dehydro-
genation and butene isomerization indicate that the reaction proceeds via an
allylic intermediate. The dehydrogenation reaction involves two oxygen species, an
adsorbed oxygen ion and an O lattice oxygen. Mossbauer spectra and magnetic
susceptibilities are discussed along with effects of varying the chromium concen-
tration on the physical properties and catalytic activity of these spinels.

INTRODUCTION

The oxidative dehydrogenation of butene
to butadiene has become an important
commercial process, and superior catalysts
consisting of gine—chromium ferrites and
magnesium-chromium ferrites have been
developed for this process (I, 2). Both
catalysts exhibit a high activity and selec-
tivity for this reaction. These catalysts
have the A*?B,*Q, spinel type structure.
Within this structure three different forms
are possible. These forms, which are shown
in Table 1, are: (1) a normal spinel in
which the divalent cations are in tetrahe-
dral sites and the trivalent cations are in
octahedral sites; (2) an inverse spinel in
which the divalent ecations are in octahe-
dral sites, and the trivalent cations are
distributed half in tetrahedral sites and half

in octahedral sites; (3) a random spinel in
which divalent and trivalent cations are
distributed in both tetrahedral and octahe-
dral sites. MgCrFeO, has the random struc-
ture except that Cr** always oceupies
octahedral sites. The addition of Cr to
form compounds of ZnCr,Fe, 0, results in
the replacement of Fe*® in octahedral sites
with Cr*3, On the other hand, the addition
of Cr® to form compounds of the type
MgCr,Fe, O, results in the rearrangement
of both Mg*? and Fe*® cation distributions
since Cr* goes into octahedral sites oc-
cupied by both Mgt and Fe*s. It is pos-
sible to vary the structure over the complete
range from normal to random to inverse
as ¢ goes from 0 to 2 in MgCr,Fe,,0,.
This does not happen in the system
ZnCr,Fe, ,0, which has the normal spinel
structure over the entire range of x from

TABLE 1
SPINEL CATALYSTS
Type Structure Examples
Normal (A™) B0, ZnFe:04 ZnCrFeOy
ZnCr:0,; MgCrs0O4
Inverse (BH3)[A2B+3]0, MgFe.0,
Random (A V2B, [AT BT, 1O, MgCrFeO,
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0 to 2. Therefore, differences in both the
catalytic activity and physical properties
would be expected as the chromium to iron
ratio is varied in the MgCr,Fe,.,0, systems.
Variation of the chromium to iron ratio in
the ZnCr,Fe, ;0. system, on the other hand,
would be expected to have a lesser effect on
the catalytic behavior.

The following is a summary of some of
the results obtained in a study of the cat-
lytic properties of the zinc and magnesium-
chromium ferrites for the oxidative dehy-
drogenation of butenes.

EXPERIMENTAL

Catalysts were prepared by coprecipita-
tion from the nitrate salts with NH,OH
or NaOH. Detailed methods of preparation
of the zinc and magnesium—chromium fer-
rites are given in the patent literature
(1, 2). The binary ferrites were precipitated
at room temperature in either NH,OH or
NaOQH. After filtering and washing, the
catalysts were dried at 120°C for 16 hr,
then caleined for 16 hr at the desired tem-
perature (usually 650°C).

Catalyst evaluations were carried out in
a stainless steel flow reactor, using pure
oxygen as the oxidant and steam as the
inert carrier gas. Blank runs at reaction
temperatures showed no reaction in the
absence of catalyst. Experiments performed
in stainless steel, quartz-lined stainless steel,
and quartz-tube reactors showed no meas-
urable effect of reactor material on catalytic
activity. All reactants were reagent grade
and used without further purification.

After calcination, all catalysts were an-
alyzed by X-ray diffraction using CuK,
radiation and a gas proportional counter
with pulse amplitude discrimination to
minimize background due to fluorescence.
The stoichiometry of each preparation was
verified by X-ray fluorescence analysis, and
surface areas were determined by standard
BET nitrogen adsorption.

Before catalytic activity measurements
were made all catalysts were given a stand-
ard pretreatment consisting of a 30-min.
oxidation in a flow of steam and oxygen
at a 10 to 1 mole ratio and a GHSV of
6600 hr* at 500°C, followed by reduction
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in a flow of steam and butene in a 10 to
1 molar ratio at GHSV of 6600 hr' at
500°C.

Initial testing was carried out under es-
sentially adiabatic conditions, and analyses
were carried out by on-stream GLC after
the reaction had reached a steady-state.

REsvuLTs

Zinc Spinel Catalysts

Table 2 shows the composition and struc-
tural features of the different catalysts used
in this study. All of the catalysts with the
exception of the freshly calcined zinc—chro-
mium ferrites were well erystallized, single-
phase compounds. The oxidation state of
the iron in the catalysts was determined
to be Fe*3, as will be shown later.

TABLE 2
DescripTioN oF CATALYSTS
Surface
area
Catalyst Composition (m?/g)
ZnCrFe0Qq Major spinel phase 11
Minor (FeCr)O; and ZnO
ZnCr 55Fe;r,704 Major spinel phase 10
Minor (FeCr)O,
ZnCr  Fe, 04  Major spinel phase 10
Minor (FeCr)O,
ZnFey0y Single-phase spinel 10
a-FeCrO; Single-phase (FeCr)O; 11
a-Fe 03 Single-phase (a-Feq0;) 10
ZnCry0, Single-phase spinel 26

Table 3 shows data obtained under adi-
abatic conditions for the oxidative dehy-
drogenation of butene-2 over the various
catalysts listed in Table 2. All of these
catalysts, with the exception of the zinc
chromite, show selectivity for the formation
of butadiene. However, the a-Fe;0; shows
selectivity only at lower temperatures. At-
tempts to increase the yield of butadiene
by increasing temperature or oxygen pres-
sure resulted in a drastic loss in selectivity.
The same is true for a-FeCrO; but to a
lesser degree. The ZnFe,O, shows a high
selectivity but a lower activity than any
of the iron containing catalysts. The zinc—
chromium ferrite catalysts all show both
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TABLE 3
Comparativee Data For T OXIDATIVE DEHYDROGENATION OF BUTENE-2 1O BUTADIENE,

GGHSV = 450 axp

STiAM

/4118

Selectivity
Conversion to C4Hs Yield C,H;
Catalyst T°C 0./C, (mole %) (mole ¢) (mole %)
ZnCrFeQ, 325 .67 58 91 53
ZHCI‘,gaFeL']sO‘; 325 . 67 56 90 50
ZnCr 1Fe; 404 325 .67 46 92 42
ZnFe;0,4 325 .67 20 89 18
375 .67 47 88 41
a-FeCrO; 325 .67 50 84 43
375 1 57 76 43
a-Fe Oy 325 .67 35 83 29
375 1.00 23 43 11
ZnCrq04 325 .67 15 16 2

a high activity and high selectivity to buta-
diene. The effect of varying the chromium
concentration in ZnCr,Fe, ,0, from z =1
to x = 0 has very little effect on the selce-
tivity to butadiene, but conversion decreases
as the chromium content decreases.

Since the FeCrO; catalyst shows high
activity, and all three of the fresh zinc—
chromium ferrite catalysts contain minor
amounts of a Cr,Fe, ,0; phase, the pos-
sibility was raised that the higher activity
of the chromium containing zine ferrite is
due not to incorporation of Cr* into the
spinel lattice but to the presence of the
Cr,Fe.,0; phase. However, X-ray diffrac-
tion analysis of the used zinc—chromium
ferrites showed that this Cr.Fe, .0, phase
had disanpeared completely, and only a
well-crystallized single-phase spinel was
present. X-Ray analysis also showed that
the amount of this Cr,Fe...,0. phase de-

creases as the temperature of calcination
Inereases.

These results indicate that the diffusion
of the Cr® and Fe*® from the CryIe,.0;
phase into the spinel lattice occurs more
readily in the presence of hydrocarbon than
in air. Quite likely this occurs during the
reduction step of the catalyst pretreat-
ment. The effect of this reduction on the
catalytic activity of these catalysts is
shown in Table 4. Both of the zinc-
chromium ferrite catalysts show an in-
crease in activity after reduction, whereas
this reduction has no effect on the activity
of the ZnFe.O, catalyst. Here again the
freshly ecaleined zinc—chromium ferrites
contain a minor Cr.Fe..0; phase, which
is not present in the used catalyst. It is
quite certain then that the Cr.Fe..,0;
phase in the fresh zinc-chromium ferrites
is not responsible for their high activity,

TABLE 4
Errrcr oF PrEREDUCTION ON ZIN¢ CONTAINING FERRITES
Conver- Yield
sion C.H;
Catalyst Pretreatment T°C 0,/Cy (mole 9%,) (mole 9)

ZnCrFeQ, Fresh calcined no reduction 400 (1) 60 46
ZnCrFeO, Fresh calcined reduced in butene 500°C 400 (1) 70 58
ZnCr 25Fe; 7504 Fresh calcined no reduction 400 (1) 61 46
ZnCr 35Fe; 7504 Fresh calcined reduced in butene 500°C 400 1) 71 58
ZnFe 0, Fresh calcined no reduction 400 (1) 62 48
ZnTFe, 04 Fresh calcined reduced in butene 500°C 400 (1) 60 47
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but this activity is due to the incorpora-
tion of Cr+ into the spinel lattice. In order
to gain more information into the nature
of the disappearance of the Cr,Fe;,Os
phase, magnetic susceptibility measure-
ments were made on a ZnCrFeQ, catalyst
caleined at different temperatures along
with a used ZnCrFeO, catalyst initially
calcined at 500°C.

The results of these measurements are
presented in Fig. 1 which shows the sat-
uration moment as a function of applied
magnetic field strength. It is obvious that
the saturation moment, although quite
small for all of the catalysts, increases
with calcination temperature for the fresh
catalysts, and the moment for the used
catalyst is even higher than that for the
catalyst caleined at 1000°C. The used cat-
alyst was not exposed to a temperature
over 500°C during use.

Indirect exchange mechanisms which
produce spontaneous magnetization in
spinels have been the subject of extensive
studies, and the suggestion has been made
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TF1e. 1. A plot of saturation moment, in ps, vs
the applied magnetic field strength showing the
effect of calcination temperature and hydrocarbon
atmosphere on the ZnCrFeO, catalyst.
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by Wickham and Goodenough (3) that
direct interactions between octahedral site
cations are possible under certain condi-
tions. These conditions are related to the
extent to which the A-site and the B-site
t;* and e, orbitals of the involved cations
are filled. In the case of Cr** and Fe*, the
conditions are precisely those postulated
for strong B-B interactions. These B-B in-
teractions would tend to increase as the
Cr,Fe.,0; phase disappears by diffusion
into the spinel lattice, with a resultant in-
crease in saturation moment. Thus, the
magnetic susceptibility measurements sup-
port the earlier conclusion that the diffusion
of the Cr.Fe,,0; phase into the spinel
lattice is facilitated in a hydrocarbon
atmosphere,

Magnesium Spinel Catalysts

Table 5 shows data obtained for the oxi-
dative dehydrogenation of butene-2 to bu-
tadiene over a series of magnesium spinel
catalysts along with data for «-FeCrO,
and e-Fe,O0;. These data were obtained
under the same conditions as described for
the zine spinels. Again it can be seen that
the magnesium chromite shows very little
selectivity for butadiene. The increase in
activity when half of the iron in MgFe,O,
is replaced with chromium is not as marked
as for the similar substitution in zine
ferrite. However, MgCrFeQ, is significantly
more active than MgFe.O, under the same
conditions.

In the MgCr,Fe, 0, system varying z
from 0 to 2 has a profound effect on the
structure of the catalyst in that the chro-
mium replaces both magnesium and iron
in octahedral sites. It would be expected
that varying the chromium to iron ratio
would also have a significant effect on the
catalytic properties of this system. A series
of magnesium-chromium ferrites was pre-
pared in which z was varied from 0 to 1.75.
The distribution of Fe** and Mg*? in tetra-
hedral sites of the spinel Iattice (for each
catalyst) was determined from analyses of
the relative intensities of the lines in the
X-ray diffraction powder patterns. In
Fig. 2 the catalytic activity and the frac-
tion y of the Fe™ occupying tetrahedral
sites is plotted as a function of = in
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TABLE 5
CompaRATIVE DaTa FOR THE OXIDATIVE DEHYDROGENATION OF BUTENE-2 TO BUTADIENE
Selectivity
Conversion C,H, Yield C,H,
Catalyst T°C 0,/C, (mole %) (mole %) (mole %)
MgCrFeO, 325 .67 64 90 58
MgFe,0, 325 .67 53 86 46
a-FeCrO; 325 .67 50 84 43
a-Fes0s 325 .67 35 83 29
MgCr:0, 325 1 28 32 9

MgCr,Fe, 0, Catalytic activity i1s ex-
pressed in terms of first-order rate con-
stants, k, for the production of butadiene
which have been normalized to a standard
surface area. The drastic change in activity
with z is quite evident. The reason for the
maximum in activity at £ =16 is not
understood. Such a maximum does not
occur in the zinc—chromium ferrite system.
Although the magnesium—chromium ferrite
and zinc—chromium ferrite systems differ
in this respect, the catalytic properties of
the compositions ZnCrFeO, and MgCrFeO,
are surprisingly similar. They differ in
relative activity but show the same selec-
tivities, product distribution and the same
temperature dependence.

Méssbauer Studies

Mdossbauer spectra were obtained at room
temperature for selected samples of these
ferrite catalysts. The source was Co®" in
chromium, and an NBS sample of sodium
nitroprusside was used as a calibration
standard.

A Maossbauer spectrum can provide in-
formation concerning (1) the valence state
of the nuclide, in this case Fe; (2) the
electric field gradient, if any, at the site of
the nuclide; and (3) the strength of the
magnetic field at the nucleus. The valence
state is deduced from the magnitude of the
isomer shift, S, and an electric field gradient
at the site of the nuclide is manifested

gy

Fi1a. 2. Fraction Fe*? in tetrahedral sites and rate constants for the formation of butadiene as a funetion

of z in MgCr.Fe._,0,.
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(a)

—|2 -!O -8 -6 —4 -

VELOGITY (mm/sec.)

F1a. 3. Room temperature Mossbauer spectra of used samples of (a) MgFe:0y4, and (b) ZnkFe.O4.

by a quadrupole splitting, AE, of the res-
onance absorption line. The presence of a
magnetic field at the nucleus produces a
Zeeman splitting of the nuclear energy
levels and this results in hyperfine struc-
ture in the Mossbauer spectrum. The posi-
tions of the hyperfine lines can be used to
caleulate the strength, H, of the magnetic
field experienced by the nucleus.

The room temperature spectra of
MgFe.0, and ZnFe,0, after use for the
oxidative dehydrogenation of butenes are
shown in Fig. 3, and the corresponding
spectra  for FeCrO,, MgCrFeO, and

ZnCrFeO, are shown in Fig. 4. The isomer
shift, quadrupole splitting, and magnetic
field at the nucleus were calculated for
these five samples, and the results are
summarized in Table 6. Data from the
literature for bulk «-Fe,O; also are in-
cluded for comparison.

It has been shown (4) that for well-
characterized ferric ions, the isomer shift
is approximately 0.5 mm/sec, and on this
basis it is clear from Table 6 that the iron
is present as Fe*® in all of these catalysts.
The quadrupole splitting data shown in
column 3 were calculated from the central

W(“
! 2 3 4 5 6

(b)
—_———
\/\(\ (C)
: : L L1 : ) I
-6 - 6 8

-8

VELOGITY (mm/sec.)

Fic. 4. Room temperature Méssbauer spectra of used catalysts (a) (Fe,Cr):Os, (b) ZnCrFeOs, and (c)

MgCrFeO,.
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TABLE 6
IsoMER SHIFT, QUADRUPLE SPLITTING, AND MAGNETIC FIELD AT THE IRON NUCLEUS AS DETERMINED
FROM THE MOSSBAUER SPECTRA OF FERRITE CATALYSTS

Isomer shift

Quadrupole Magnetic field at

Catalyst (mm/sec) splitting (mm /sec) nucleus, H (oersteds)
a-Fe O3 0.5 — 5.17 X 108
a-(Fe,Cr),0, 0.45 (a) 4.21 X 108
ZILF6204 0.5 03 57 X 108
MgFe 04 0.5 — 5.65 X 10

5.36 X 108

~4 .84 X 10°

ZnCrFeO, (used) 0.48 0.36 Not observed
MgCrFeO, (used) 0.54 0.57 Not observed

¢ Quadrupole splitting for MgFe;04 not measured (inadequate resolution).

line which corresponds to a phase in which
the energy levels are not subject to Zeeman
splitting. The results show that the electric
field gradient at the iron atoms is the same
in the two zinc-containing samples, and is
smaller than in MgCrFeQ,. The central
line of the spectra of the remaining two
samples apparently was a doublet also, but
the resolution was not adequate to permit
a determination of the quadrupole splitting.

The magnetic field strength, H, at the
iron nucleus was calculated from the sep-
aration of the two outermost lines of the
hyperfine spectrum, and the calculation
was based on the value 3.3 X 10° oersteds
for metallic iron (5). The nature and in-
tensity of the hyperfine spectrum varies
widely among these samples, as illustrated
in Figs. 3 and 4. In ZnFe,0,, the magnetic
phase is only a minor component, while
in MgFe,0,, it is the major component,
and iron nuclei are located in at least three
different types of site. It also is worth noting
that in a-FeCrOs;, which has the same type
of crystal structure as e-Fe;0s, the principal
phase is magnetic, but the magnetic field H
is much weaker than in a-Fe,O;. The hy-
perfine lines of this spectrum are asym-
metric on the low velocity side, and this
indicates that some of the iron nuclei are
located in sites where the magnetic field
is even weaker than that indicated in
Table 6.

The room-temperature spectra of used
ZnCrFeO, and MgCrFeO, catalysts are
nearly identical. The substitution of Cr**

for one-half of the Fe** in the MgFe,0,
structure has a very pronounced effect, but
this effect is much less pronounced when a
similar substitution is made in the ZnFe,O,
lattice. The similarity and nature of the
room-temperature spectra for ZnCrFeO, and
MgCrFeO, suggest that in both cases the
introduction of Cr*® into the structure re-
duces the magnetic domain size to the point
where superparamagnetic behavior (6, 7)
is observed. If this is the case, then low
temperature Mossbauer spectroscopy, at
temperatures where the superparamagne-
tism disappears, should disclose the exact
role of the Cr*® in the two different cat-
alysts. These experiments have not been
completed.

Isomerization of Unreacted Butene-2

Early in the study of the oxidative de-
hydrogenation of butene-2 over the zinc
and magnesium-chromium ferrites, it was
noted that the unreacted butenes contained
only small amounts of butene-1. In all
cases the mole fraction of butene-1 was
well below the calculated equilibrium values
as illustrated in Table 7 which lists typical
data showing the extent of isomerization
vs conversion to butadiene for both zine-
chromium ferrite and magnesium-chromium
ferrite. Under normal reaction conditions,
the amounts of butene-1 were always sub-
stantially less than 50% of equilibrium.
These results suggest that rapid isomeriza-
tion is occurring, but the butene-1 formed
is being preferentially converted to buta-
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TABLE 7
IsomeRriZATION AND BuTabikNe YIELD FOR THE
OX1pATIVE DEHYDROGENATION OF BUTENE-2
oviR ZnCrFeO, anp MgCrFeQO,

Equilib-
Yield rium

C:H; Butene-1 butene-1

Catalyst T°C (mole ¢;) (mole 9) (mole %)
ZnCrFeO; 325 20.7 4.5 14.9
350 45.4 6.8 16.0
375 59.7 8.1 17.2
MgCrFeO, 325 10.4 2.6 14.9
350 30.6 6.2 16.0
375 46.0 7.6 17.2

dicne, so that the concentration of butene-1
would be expected to be less than equilib-
rium. If this were the case, the oxidative
dehydrogenation of butene-1 to butadiene
should occur at a faster rate than the con-
version of butene-2. To test this, a series
of experiments was carried out isothermally
over ZnCrFeQ, catalysts alternately using
butene-1 and butene-2 as the reactant.
Representative results of these experiments
are listed in Table 8 At both high and

TABLE 8
COMPARATIVE DATA FOR THE OXIDATIVE
DEHYDROGENATION OF BUTENE-1
AND BUTENR-2 OVER

ZnCrFeQy
Equilib-
Yield rium
C.H, Isomer isomer
T°C Feed (mole 9,) (mole %) (mole %)
325 Butene-1 14.6 16.1¢ 85.1
325 Butene-2 14.7 2.60 14.9
350 Butene-1 49.5 24 .62 84.0
350 Butene-2 50.0 8.3b 16.0

2 Butene-2 formed from butene-1.
® Butene-1 formed from butene-2.

low butene conversion, the yield of buta-
diene is the same regardless of whether
butene-1 or butene-2 is used as reactant.
Again regardless of whether butene-1 or
butene-2 is used the amount of the double-
bond isomer found in the unreacted butenes
is far less than the calculated equilibrium
values. This suggests that the oxidative de-
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hydrogenation of both butene-1 and butene-
2 over these catalysts proceeds via the same
intermediate, and that under reaction con-
ditions the rate of dehydrogenation is faster
than the rate of isomerization.

Reactions in the Absence of Oxygen

It has been reported that butene may be
dehydrogenated to butadiene over some
oxide catalysts in the absence of oxygen
by reaction with lattice oxygen and sub-
sequent bulk reduction of the catalyst (8,
9). A series of experiments was conducted
in the absence of oxygen over both the
zine and magnesium—chromium ferrite cat-
alysts. These experiments were carried out at
360 and 460°C in a 10 to 1 steam to butene
atmosphere with a butene GHSV of 600 hr.
Before each experiment, the catalyst was
treated with a 10 to 1 steam to oxygen
stream at 500°C for 30 min. At 360°C for
both butene-1 and butene-2, butadiene and
CO, were formed in small amounts for the
first few minutes of reaction. After a few
minutes, the CO, disappeared. The initial
product contained 2 mole % butadiene and
fell to zero within a maximum of 40 min.
Isomerization of the butenes occurred over
the entire period and approached steady-
state after 40 min. The steady-state yields
of CO.,, butadiene and double-bond iso-
merization at 360°C are shown in Table 9.

TABLE 9
REACTION IN THE ABSENCE OF OXYGEN
oveRr ZnCrFeOy

C.H; CO, Isomer
T°C Feed  (mole 9) (mole ¢,) (mole %)
360 Butene-2 0 (] 12.1
360  Butene-1 ) 0 33.3
460  Butene-2 3.3 2 27.8
460 Butene-1 3.9 3 72.1
460¢  Butene-2 2.8 1 21.8

@ MgCrFeO,.

Figure 5 is a plot of butadiene and butene-1
formed in the reaction of butene-2 over
ZnCrFeO, in the absence of oxygen at
360°C vs time. The yield of CO, is too
low to appear in this plot. Since, due to
the sampling technique, the points at 2 min
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F1a. 5. Reaction of butene-2 over ZnCrFeO, in the absence of oxygen at 360°C.

represent the initial reaction products
formed, it is possible from these data to
estimate the total amount of oxygen con-
sumed in the formation of these produects.
For both butene-1 and butene-2, the total
oxygen consumed is equivalent to 1 to 2
monolayers based on the surface area of
the catalyst. It thus appears that when the
loosely bound surface oxygen is removed
the oxidative reaction ceases, and there is
no bulk reduction of the catalyst.

These experiments were repeated at
460°C. At this temperature any bulk re-
duction should be rapid and quantitatively
measureable.

As shown in Table 9 small but signifi-
cant amounts of both CO, and butadiene
are formed at 460°C. However, at this
temperature the rate of formation of both
products is constant with time over periods
of many hours. If these products were
formed by a reaction of butene with lattice
oxygen, their rate of formation should de-
crease rapidly as the lattice oxygen is con-
sumed. From the composition of the catalyst
and the stoichiometry of the reaction,

C4H;s + 30: — CiHe + H:0, (1

and
C4H3 + 601 - 4COz =+ 4H20, (2)

it can be calculated that at the above rate

of product formation, all lattice oxygen
would be depleted in 3 hrs if these products
were formed by a reaction with catalyst
oxygen. In one experiment over ZnCrFeO,
at 460°C in the absence of oxygen using
butene-2, CO., butadiene and butene-1
were formed at a constant rate over a 12
hr period. Activity measurements after 12
hrs showed no change in catalyst activity
for oxidative dehydrogenation. Mass spec-
trometric analysis of the product stream
over the 12-hr reaction period showed sig-
nificant amounts of hydrogen formed at a
constant rate. Under these conditions, the
formation of butadiene, CO,, and hydrogen
can be explained by the following reactions:

A
C4H3 — C4HG + H-g; (3)
CHs— 4'C' + 4H,, (4a)
and
4'C’ + 8H,0 — 4CO; 4- 8Hy, (4b)

where reaction 3 is a nonoxidative catalytic
dehydrogenation, and reactions 4a and 4b
represent a water—gas shift in which ‘C’ is
a carbonaceous residue, which is removed
from the catalyst surface by reaction with
steam. The hydrogen concentrations in the
product streams are in excellent agreement
with those expected from the above reac-
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tions, as shown in Table 10. Therefore, in
the absence of gas-phase oxygen, there is
no formation of butadiene or CO, via bulk
reduction of the zinc or magnesium-chro-
mium ferrite catalysts.

TABLLE 10
HyprogrEN CONCENTRATION IN THE: PropUCT FFrOoM
THE NONOXIDATIVE [SOMERIZATION OF
BuTkNE-2

Hydrogen
concentration

Hydrogen

Reaction time concentration

(hr) (mole 9;) caled (mole ) exptl

0.5 5.03 4 .96

7.0 5.43 4.96

7.5 5.49 5.19
Discussiox

It 1s generally conceded that olefin oxida-
tive reactions over metal oxide catalysts
proceed via a redox cycle, involving the
reduction of at least ome metal cation to
a lower oxidation state by reaction with
the hydrocarbon and subsequent reoxida-
tion baeck to the higher oxidation state by
oxygen from the gas phase. In the case of
the zine and magnesium—chromium ferrites,
the redox cycle involves Fe*® and Fe*?) and
in the absence of gas-phase oxygen the
oxidative dehydrogenation of butene will
not proceed once surface reduction of the
catalyst has been achieved. It has been
shown (10) that for zinc—chromium ferrite,
the Fe*® is not reduced beyond Fe'* even
under high temperature reduction in hy-
drogen. 1t was also shown that when this
catalyst is reduced in butene, reduction of
Fe*® to Fe*? occurs only to the extent that
a monolayer of lattice oxygen is removed.

A reaction mechanism which is consistent
with all of the experimental data obtained
for the oxidative dehydrogenation of bu-
tenes over zinc—chromium ferrite would be

1+ CiHs + Fe™ + Oa~ — (C,H,-Fe)*3 4+ OH,
(CyHs-Fe)™3 + Oy — CyHy + Fe™2 4+ OH-,
20H- — H:O + 0z + [,
and
Fet2 4+ 10, — Fe®s 4 Qa~.

Here [] is an anion vacancy adjacent to
an Fe*® jon, O, is an adsorbed oxygen
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radical ion, O is a lattice oxygen, (C.H;-
Fe)** is a complex of Fe® and an allylic
radical. The existence of such an allyl in-
termediate has been shown by Adams
(11) and Sachtler and deBoer (12). The
reversal of step 1 would give rise to the
double-bond isomerization in the presence
of gas-phase oxygen. Since in the presence
of oxygen the rate of isomerization is less
than the rate of dehydrogenation, then the
reversal of step 1 must be slower than step
2. Either step 1 or 2 could be rate con-
trolling.

This mechanism has four main features;
(1) it does not require the reduction of an
oxidation state less than Fe'?; (2) in the
absence of gas-phase oxygen, butadiene
will be formed only until the adsorbed
oxygen is consumed and there will be only
a corresponding surface reduction to Fe*?;
(3) since either step 1 or 2 would be rate
controlling, this model would predict that
the formation of butadiene should be zero
order in oxygen, and (4) it prediets that
if reversal of step 1 is solely responsible
for the double-bond isomerization, then
there should be no steady-state double-
bond isomerization in the absence of oxygen.

The first two points have been discussed
previously and will be discussed in detail
in the following paper. With respect to the
third point, a complete kinetic study of the
oxidative dehydrogenation of butene-2 to
butadiene over ZnCrFeO, has been com-
pleted (18). A nonlinear regression program
on a digital computer was used to fit the
reaction parameters of a differential kinetic
model. Numerical integration of the dif-
ferential rate cquation was used to fit the’
experimental data.

The results of this study show the rate
of formation of butadiene to be zero order
in both oxygen and butene over the range
of conditions used for oxidative dehydro-
genation. The zero-order oxygen dependence
is in agreement with the proposed model.
The fact that the reaction is also zero order
in butene is interesting, but consistent with
the model which shows a noncompetitive
adsorption of butene and oxygen on two
different adsorption sites.

With respect to the fourth point, it has
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been shown that double-bond isomerization
of butenes is faster in the absence of oxygen
than when oxygen is present. It seems
certain then that the isomerization in the
absence of oxygen does not occur via re-
versal of the initial hydrogen abstraction
step,

CH; + Fe*s + O~ = C,H; — Fe'™ + OH-,

since in the absence of oxygen neither the
Qg nor the Fe** would be present in any
significant amount in the catalyst surface.
Therefore, the isomerization observed in
the absence of oxygen must proceed via
a route different from the elementary steps
leading to dehydrogenation, The most likely
mechanism for the double-bond isomeriza-
tion would involve the adsorption of a bu-
tene molecule on a reduced iron (Fe*?)
site, followed by abstraction of a hydrogen
to form an allylic radical complexed with
an Fe*® ion. Since this step cannot proceed
to a second hydrogen abstraction, read-
dition of a hydrogen would result in double-
bond isomerization. It is possible that isom-
erization occurs via this route even in
the presence of oxygen, since there is a low
but finite concentration of Fe*? sites present
during the redox cycle. In order to test this
hypothesis the zinc—chromium ferrite cat-
alyst was reduced in hydrogen under con-
ditions at which it had been determined
that most of the Fe*®* is reduced to Fet?
(10).

Reactions of butene-2 were carried out
over the prereduced catalyst in the absence
of oxygen at 360 and 460°C under the same
conditions as the experiments listed in
Table 9. The results of these experiments
are listed in Table 11 along with com-

TABLE 11
REACTION IN THE ABSENCE OF OXYGEN OVER H,
Repuckp ZnCrFeO,

Bu-
C 4H6 CO 2 tene-1
Pre- (mole (mole (mole
T°C treatment Feed %) %) %)
360 H,350°C Butene2 0 0 13.0
460 H500°C Butene-2 2.9 .1 25.1
460 0:-500°C  Butene-2 3.3 2 27.8
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parable data obtained on the same catalyst
which was not prereduced in hydrogen. It
can be seen that the extent of double-bond
isomerization over the prereduced catalyst
is essentially the same as the steady-state
isomerization over the unreduced catalyst.
It seems clear then that the isomerization,
at least in the absence of oxygen, is via
an interaction of butene with an Fe* site,
and is in agreement with the proposed
reaction model.

CONCLUSIONS

The incorporation of chromium into both
the zinc and magnesium—ferrite spinel cat-
alysts greatly increases both activity and
selectivity for the oxidative dehydrogena-
tion of butenes to butadiene. The Cr* is
incorporated into octahedral sites in the
spinel lattice, and inhibits the bulk re-
duction of the catalyst. The role of the
Cr** in enhancing the catalytic activity is
not completely understood at present, but
it has been determined that changes in the
activity are not due to the presence of a
chromium-rich phase.

The formation of butadiene over these
catalysts is postulated to proceed via a
redox cycle involving Fet* and Fe'2, with
the active hydrocarbon intermediate being
an allylic C, radical ecomplexed with an
Fets, The active adsorbed oxygen species
is postulated to be an O- radical ion. In
the absence of gas-phase oxygen, the oxi-
dative dehydrogenation reaction ceases
when the adsorbed oxygen is consumed,
and there is no reaction of butene with bulk
lattice oxygen to give bulk reduction of
the catalyst.
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