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OXIDATIVE DEHYDROGENATION
OVER FERRITE CATALYSTS

JOE W. HIGHTOWER
Rice University
Houston, TX 77001

A COMPLETE STUDY OF heterogeneous catalytic
reactions should include the reaction path-
ways, kinetics, mechanisms, rate limiting steps,
nature of the active sites, solid state effects, de-
activation, and transport properties. It is
normally very difficult to obtain reliable informa-
tion about all these factors for a single system.
However, in the case of butadiene production
from n-butenes via catalytic oxidative dehydro-
genation, we have been able to approach this ob-
jective. The purpose of this paper is to summarize
results obtained during the last several years with
ferrite catalysts [1, 2].

CATALYTIC ROUTES TO BUTADIENE

Two major catalytic approaches have been
used commercially to prepare butadiene. The first
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is direct dehydrogenation over a chromia/alumina
or promoted iron oxide catalyst [3, 4], viz.

10”4
Ka71c 10 (1)

Although the reaction is relatively selective, it
suffers from being thermodynamically limited
(requires high temperature and low partial pres-
sures), endothermic (requires addition of costly
heat), and coke-forming (loss of hydrocarbons).
A second approach involves addition of oxygen
to the feed hydrocarbon stream to remove the
hydrogen as water, viz.

+
CaHg* /2 Op—+CaHg * He0  Kazic=10'>  (2)
k/Y\_/

\_)_ . nt2lo
COp * Hy0  Kgpyc=IO (3

In contrast to straight dehydrogenation, this re-
action (2) is essentially irreversible and auto-
thermal. Unfortunately, the addition of gaseous
oxygen can lead to deep oxidation (total com-
bustion to CO, and H,0, as illustrated in reaction
(8). This reaction of course decreases the yield
of butadiene. In fact, from the equilibrium
constants given in Egs. (2) and (3), it is obvious
that only CO, and H.O would be the products if
thermodynamics alone were controlling the
product selectivity. Of the several catalysts that
give good selectivities (>90% butadiene at low
conversion), ferrites are among the most notable.
Ferrites are well-crystallized spinel oxides (or
partially inverted spinels) that have the general
formula

M Fe2 04 (4)

where M can be any of a number of alkaline earth
or transition metal ions, e.g. Mg, Ca, Co, Cu, etc.
The work described herein will be limited to mag-
nesium ferrite.
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REACTION PATHWAYS

When oxygen and butenes are passed over
MgFe,0,, both the desired butadiene and some
by-product CO. are formed. The CO, may come
directly from burning butene (reaction II) or
from burning the product butadiene (reaction
IIT), as illustrated by the scheme

C4qHg ——I—> (C4H6)
1 llll (5)

CO2

By adding a small amount of very highly radio-
active butadiene to the reactant butene/O. mix-
ture and examining the radioactivity in the CO,
as a function of time, one can quantitatively deter-
mine the relative reaction rates [5]. If none of the
radioactivity appears in the CO,, the rate ratio r;/
ry = 0. For maximum production of butadiene
in this case, one would want to carry out the re-
action at the highest possible conversion. On the
other hand, if all the CO, were formed by burning
butadiene, the initial specific activity of the CO.
(after correction for the different number of
C atoms in the two molecules) would be exactly
the same as that of the butadiene from which
it was exclusively formed. The rate ratio rm/
ry in this case would be infinity.

In our case with magnesium ferrite [1] the
rate ratio ru/ru; is about 1.5 at approximately
50% conversion of the butene. This implies the
existence of an optimal degree of conversion in
order to maximize butadiene yield. Too high a
conversion will raise the product butadiene con-
centration to the point where it will be rapidly
combusted to CO,. Moreover, a plug flow reactor
will give a much higher selectivity to butadiene
than will a CSTR. It is also advantageous to add
the reactive oxygen a little at a time at various
points along the reactor bed instead of carrying
the entire lot of O, all the way through the reactor
where it can cause combustion. Steam also helps
to moderate the exothermic reaction and minimize
hot spot formation.

KINETICS

Over MgFe.,O, the major OXD reaction (2)
is zero order in oxygen and near first order in
the partial pressure of n-butene. Neither CO, nor
butadiene affects the rate significantly in the pres-

FALL 1982

Since electrical conductivity

is primarily a surface phenomenon,

we postulated that there should be notable
changes in this parameter as the catalyst is
transformed from the oxidized to

the reduced state.

sure range studied. The reaction orders were de-
termined by varying the partial pressures one
at a time (making sure not to get into the ex-
plosion regime!) and noting the effect on the
initial reaction rate. These results suggest a Lang-
muir-Hinshelwood model with the O, and C,H,
being adsorbed noncompetitively on neighboring
sites. If the O, were adsorbed dissociatively, the
rate equation can be written as

¥o,Po, || XaPs
. - o | LA

where Ko, and Kg are the adsorption equilibrium
constants for O. and butene, respectively, and k
is the zero order Langmuir-Hinshelwood rate
constant. The ¢’s are fraction coverage of the re-
spective surface sites by oxygen and butene. When
0, is strongly adsorbed (i.e. VKo,Po,>>1) and
butene is weakly adsorbed (i.e. KgPp<<1), the
rate of butadiene formation rg, reduces to

8D = kKBPB (7)

which fits the observed kinetic data.

At higher partial pressures, terms must be
added in the denominator to account for inhibi-
tion by steam and butadiene.

MECHANISM, RATE LIMITING STEP

During the OXD reaction at temperatures as
high as 400°C, there is very little isomerization
of the n-butenes. For example, if the starting
hydrocarbon is 1-butene, it remains 1-butene
until it either is partially oxidized to butadiene
or burned to CO.. Very few 2-butenes are ob-
served. This implies that the reaction may be
relatively simple with two H atoms being removed
as shown below.

c=C~- (8)

&I-o
&«I-0
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A mixture of 1:1 = C,H;:C,Ds (in presence of a
stoichiometric amount of O,) was used to test this
reaction scheme. Indeed there was essentially no
scrambling of H and D atoms among the mole-
cules, as the only OXD products formed were
C.H;, and C.,D;. Furthermore, the lightweight
C,H: molecules reacted about 2.5 times more
rapidly than did the heavier C,Ds molecules, which
indicates a large primary Kkinetic isotope effect
and pinpoints the rate limiting step in the reaction.

C4Hg | C4Hg 2.5
cToS‘T’ -574‘15%6( =1 18
Since the C-D bond has a lower zero point energy
than does the C-H bond [6], such an isotope effect
would be expected if cleavage of a carbon-hydro-
gen bond were involved in the rate limiting step.
In other words, C-D bonds are more difficult to
break than are C-H bonds.

This kind of information is useful in develop-
ment of more active catalysts. If one could in-
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FIGURE 1. Electrical conductivity measurements on
pellet of CoFe,O, at 400° C; effect of change in
gaseous environment. (Note: This figure should be
rotated 90° and read with “Time, Mins” at the bottom.)
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clude in the catalyst recipe a pinch of C-H bond
breaking ability and still keep all other parameters
the same, a more active catalyst should result.
Such information is critical in establishing the
point where additional research may be pro-
ductive.

ACTIVE SITES

Much previous research has clearly es-
tablished that this type of general reaction in-
volves an oxidation/reduction cycle with some
component of the catalyst being alternately
oxidized and reduced [7-9]. Chemical intuition
would suggest that it is the iron switching between
the Fe? and Fe* states that provides this
property. Magnesium is not easily reduced. Such
a switch might occur if oxygen were alternately
added to and removed from the surface. In other
words, a reduced Fe*> might react with gaseous
O, to form an oxide surface species, viz.
+2 3

Fe o (10)

* /20, — Fe’
These O- ions might then dissociate the C-H bonds
in butene to form an adsorbed C,H; species and an
OH- ion. A second such hydroxyl ion formation
would result in adsorbed C,H; (perhaps negatively
charged) which can release an electron to reduce
the Fe*® back to Fe*> and finally desorb into the
gas phase as butadiene. Two OH groups might
coalesce to split out H,O and regenerate the site
on which more O, can adsorb.

Evidence for this sequence of events comes
from some electrical conductivity measurements
made with a cobalt ferrite catalyst [10]. Since
electrical conductivity is primarily a surface phe-
nomenon, we postulated that there should be
notable changes in this parameter as the catalyst
is transformed from the oxidized to the reduced
state. To test this, a pellet of the catalyst was
prepared by compressing the powder in an infra-
red pellet press. Two electrical leads were at-
tached, and the pellet was placed inside a reactor
connected to a vacuum system through which
different gases could be admitted.

The pellet was first exposed to oxygen and
evacuated at about 400°C. Presumably this left
the catalyst surface in a fully oxidized state, Fe*®.
The conductivity was low and remained low during
the evacuation. However, when 2-butene was ad-
mitted at the same temperature (see point B,
Figure 1), the conductivity rapidly increased. At
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From this information one can draw a cyclic representation of the chemistry that is occurring.

Let us imagine that the reaction takes place on active centers located near the edge of a crystallite. In the
reduced state a surface oxygen ion is missing (anion vacancy, ). If the lattice were to be continued in the
vertical direction, another iron atom would be located above the oxide layer (cation vacancy ), . . .

the same time, a small amount of butadiene was
observed to form in the reactor. The amount cor-
responded approximately to 1 butadiene mole-
cule/surface O atom (assuming the surface is
covered with O- ions each occupying 1042 of sur-
face space). This would leave the surface in a “re-
duced” state according to the equation

Fe'20" + C4Hg —=Fe2 4 C4Hg * H0 (1D

By moving in the direction of a more “metallic-
like” reduced surface, one might expect the ma-
terial to be a better conductor than in the oxide
state, as was observed. The slow increase in the
conductivity after the initial rapid rise may have
been due to slow removal of bulk O atoms.

Addition of O, (Point D) quickly returned
the catalyst to its oxidized condition, which it re-
tained during brief evacuation.

At Point E a stoichiometric mixture for the
OXD reaction (C,Hs:0, = 2:1) was admitted,
and both reactions (2) and (3) proceeded. Be-
cause the deep oxidation reaction (3) requires a
lot of oxygen, the gaseous O, is depleted before
the butene is all consumed (Point F). At this
point, reactions (2) and (3) cease, and the
catalyst is reduced by the unreacted butene, as in
reaction (11). Accordingly, the conductivity in-
creases rapidly. Note that so long as there is any
gaseous 0,, the catalyst remains in the fully
oxidized state. This is evidence that oxygen is
very strongly adsorbed.

OXD REACTION CHEMISTRY

From this information one can draw a cyclic
representation of the chemistry that is occurring.
Let us imagine that the reaction takes place on
active centers located near the edge of a crystal-
lite. In the reduced state a surface oxygen ion is
missing (anion vacancy, O). If the lattice were
to be continued in the vertical direction, another
iron atom would be located above the oxide layer
(cation vacancy, @), as shown below.

[
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FIGURE 2. Proposed cyclic scheme for OXD reaction
occurring on MgFe,0, catalyst. Oxidation/
reduction of Fe, adsorption/desorption
from cation vacancy M and anion vacancy
O active site pairs. The symbol A indicates
rate limiting step.

These two vacancies are assumed to be the inde-
pendent sites suggested by the Langmuir-Hinshel-
wood kinetics. Butene presumably adsorbs re-
versibly on the cation sites, and O, reacts with
the anion vacancy to oxidize the Fe*? to Fe*. As
the reaction progresses in a clockwise direction
(see Figure 2), two H atoms are sequentially re-
moved from the butene and placed on the oxide
ions, Reduction occurs when the butadiene is re-
leased into the gas phase, and condensation of
two hydroxyl groups (along with water removal)
returns the catalyst to the reduced state shown
in (12).

The fact that no radioactivity appears in the
butenes when butadiene-*C is admitted supports
the irreversible clockwise direction within this
scheme. The absence of isomerization and H/D
scrambling among the hydrocarbon molecules
confirms the directional irreversibility.

SOLID STATE EFFECTS

So far I’ve presented only the good news. Un-
fortunately, the MgFe.0, catalyst slowly loses its
activity irreversibly. The deactivation is not
caused by coke build-up, and alternate oxidation/
reduction cycling during pretreatment will not
regenerate the catalyst. This suggests that some

Continued on page 204.
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OXIDATIVE DEHYDROGENATION
Continued from page 151.

solid state changes may be occurring deep within
the bulk phase that affect the catalytic activity.

Several techniques were used to test this
possibility. First of all, X-ray diffraction patterns
were taken on the fresh catalyst and on samples
that were progressively deactivated. The fresh
catalyst was about 90% MgFe,0,, but 5% of the
material was iron oxide, «-Fe,O,. Deactivated
catalysts showed only MgFe,0,. This suggested
that the true “catalyst” was not the ferrite but
was in fact the Fe,O; which was possibly present
as a surface coating on the MgFe,O, base. Auger
spectroscopic measurements confirmed the ab-
sence of Mg in the surface layers of the catalyst.
Both magnetic susceptibility and Mossbauer
spectroscopy confirmed the conclusions derived
from the X-ray data, namely that the iron oxide
was present in the fresh active samples but was
absent in the used inactive catalysts.

Upon inquiring about how the catalyst was
synthesized [11], we were informed that it was
made by the high temperature fusion reaction

MgO *+ Fep03 —x—> MgFe204 (13)

The reaction was carried out to only 90% com-
pletion during synthesis . . . and this is one of the
secrets of preparing this active catalyst! As heat
was released by the exothermic OXD reaction, the
iron oxide reacted with the MgO dissolved in solid
solution to carry the reaction (13) to completion.

TRANSPORT EFFECTS

The catalyst has a low surface area (about
7 m?/g) and large pores. Furthermore, the re-
action was carried out in an all-Pyrex batch re-
circulation reactor at low temperature to keep the
rate slow. These factors resulted in a very small
Thiele modulus and no mass transport limitations.
On the other hand, it was very difficult to keep
the reactor isothermal due to the large exo-
thermicity of the reaction. Dilution of the catalyst
bed with inert particles helped, but still the re-
action was difficult to control. Only data obtained
under conditions where the temperature remained
essentially constant were used in the Kkinetics
analysis.

As mentioned in the previous section, it is
likely that the slow dissipation of the heat of re-
action away from the active sites could have
caused localized hot spots in the vicinity of the
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active site pairs that led to the progression of the
solid state reaction (13) [12].

CONCLUSIONS

It is rare that one can find a catalytic system of
commercial interest that can be studied in detail
by such a variety of techniques. The small mole-
cules are easily handled in the laboratory and can
be labeled with both radioactive and stable iso-
topic tracers. Being well crystallized and contain-
ing iron, the catalyst itself is amenable to study
by a wide range of solid state techniques.

The results can be summarized by the follow-
ing points.

e A redox mechanism (Fet2/Fet3 interconversion)

occurs.

e C-H cleavage is rate limiting.

® Two sites are involved (anion and cation vacancies).

e Non-competitive Langmuir-Hinshelwood kinetics are
obeyed.

e Surface oxygen is added and removed; the surface is
fully covered so long as there is even a small amount
of O, in the gas phase.

® The catalyst is easily reduced by hydrocarbons in
absence of O,.

o Activity correlates with the presence of a-Fe,O,,
which is probably present as a thin coating on the
MgFe,0, spinel support.

® Deactivation occurs when MgO reacts with Fe,O,
to form MgFe,0,.

RELATED WORK AT RICE UNIVERSITY

In related work we have studied the oxidative
dehydrodimerization (OXDD) of propylene over
Bi,O; to form 1,5-hexadiene and benzene [13-14].
We have also looked at the OXD of butane to form
n-butenes and butadiene over a commercial Ni-
Sn-P oxide catalyst [15]. Finally, the ferrite work
has been expanded to other catalysts such as
CoFe.0, [10] and manganese ferrite [16]. While
some of the questions about the nature of catalytic
activity of these materials have been answered,
many more questions remain in this exciting area
of heterogeneous catalysis. O
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book reviews

PLANT DESIGN AND ECONOMICS FOR
CHEMICAL ENGINEERS, 3RD EDITION
By Max S. Peters, Klaus D. Timmerhaus
McGraw-Hill Book Company, NY

Reviewed by Oran L. Culberson
University of Tennessee

This book in its third edition continues to be
among those classics which should be in the
personal library of every chemical engineer. It
is, however, basically unchanged from the second
edition and may not merit acquisition by those
who own the second edition.

The following chapters in the new edition
contain very much the same information that
was in second edition chapters: (1) Introduction,
(2) Process Design Development, (4) Cost and
Asset Accounting, (5) Cost Estimation, (6) In-
terest and Investment Costs, (7) Taxes and In-
surance, (8) Depreciation, (9) Profitability,
Alternative Investments and Replacements, (11)
Materials and Fabrication Selection, (12) The
Design Report, (13) Materials Transfer, Handling
and Treating Equipment, (14) Heat Transfer
Equipment and (16) Statistical Analysis in De-
sign. There is now an appendix dealing with SI

FALL 1982

units, but SI seldom appears anywhere else in
the new edition. (This is not a significant fault in
the opinion of this gray-haired reviewer.) Ap-
pendices for Auxiliary and Utility Cost Data, for
Design Problems and for Tables of Physical
Properties and Constants are presented much as
in the prior edition.

The erstwhile appendices on Linear Pro-
gramming and Dynamic Programming have been
moved into Chapter 10, Optimum Design and
Design Strategy. This was perhaps a mistake.
These two optimization algorithms have little ap-
plication in design. Geometric programming
would have been a more appropriate offering. It is
also unfortunate that the material on linear pro-
gramming does not note that modern computer
programs do not use the Simplex algorithm de-
scribed; this omission will be confusing and ag-
gravating to the reader who wants to use library
programs on computers. A better use of the space
would have resulted from exposition on the
Critical Path Method and for the Project Evalu-
ation and Review Technique which are valuable
for the scheduling and control of projects.
Chapter 10 has been expanded also to explain the
concept of cash flow and to show how the effects
of inflation might be covered in economic analysis.

Chapter 3 on General Design Considerations
has been more than doubled to include information
on design requirements to protect against thermal,
air, liquid and solid waste pollution. Chapter 15,
formerly devoted exclusively to Mass Transfer
Equipment, now treats Reactor Equipment also.
This material is from an appendix of the second
edition, with some augmentation.

A great strength of this book has always
been the voluminous bibliography at the end of
each chapter. These literature references have
been updated and are very valuable to anyone
wanting to delve into a topic beyond the limited
treatment which can be made in the book. The
new edition is still replete with equipment costs,
now updated to January 1, 1979. A table of the
costs of chemicals appears in the new edition
which unfortunately contains neither a date nor
a warning to the neophyte that these costs can
change rapidly.

Another quite useful feature of this book is
the extensive sets of problems for each chapter,
but the problems have not been changed in the
two editions. This reviewer overheard a professor
bemoaning this fact at the AIChE meeting in
Chicago. O
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