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This invention relates to a process for ldehydrogenating 
organic compounds and relates more particularly to the 
dehydrogenation of hydrocarbons at elevated temperatures 
in the presence of oxygen and a particular catalyst. 
We have now discovered that greatly improved yields 

and high selectivities of unsaturated hydrocarbons are 
obtained by dehydrogenating under certain speci?ed con 
iditons hydrocarbons in the vapor phase at elevated tem 
peratures in the presence of oxygen and a catalyst contain 
ing nickel ferrite. 

Nickel ferrite is a known commercial product which 
has uses such as in the formulation of coatings suitable 
for high temperature applications. One method for the 
production of nickel ferrite is [by the addition of nickel 
ous oxide to an aqueous slurry of yellow iron oxide hy 
drate with the reaction mixture containing a small amount 
of the hydrate of potassium chloride as a catalyst. This 
reaction composition is uniformly mixed and then heated 
at a relatively low temperature above 100° C. for a 
period of several hours. The composition is then reacted 
for about 30 minutes at a temperature of 900° C. The 
reaction product is then ground and pelleted into catalyst 
particles. 

Hydrocarbons to be dehydrogenated according to the 
process of this invention are hydrocarbons of 4 to 7 
carbon atoms and preferably are aliphatic hydrocarbons 
selected from the group consisting of saturated hydro 
carbons, monoole?ns, diole?ns and mixtures thereof of 
4 to 5 or 6 carbon atoms having a straight chain of at 
least four carbon atoms and cycloaliphatics. Examples of 
preferred feed materials are butene-l, cis-butene-2, trans 
butene-2, Z-methylbutene-l, 2-methylbutene-2, 2~methyl 
butene-3, n»butane, ‘buta-diene-LZ, methyl lbutane, 2-meth 
ylpentene-l, cyclohexene, 2-methylpentene-2 and mixtures 
thereof. For example, n»'butane may be converted to 
a mixture of butene-l and butene-Z or may be converted 
to a mixture of butene-l, b-utene-Z and/or butadiene-1,3. 
A mixture of n~butane and butene-2 may be converted to 
butadiene-1,3 or to a mixture of butadiene-l,3 together 
with some butene-2 and butene-l. Vinyl acetylene may 
be present at a product, particularly when butadiene-1,3 is 
used as a feedstock. Thus, the process of this invention 
is useful in converting hydrocarbons to less saturated hy 
drocarbons of the same number of carbon atoms. The 
major proportion of the hydrocarbon converted will be 
to less saturated hydrocarbons of the same number of 
carbon atoms. Particularly the preferred products are 
butadiene-l,3 and isoprene. Useful feeds may be mixed 
hydrocarbon streams such as re?nery streams, or the 
ole?n containing hydrocarbon mixture obtained as the 
product from the dehydrogenation of hydrocarbons. In 
the production of gasoline from higher hydrocarbons by 
either thermal or catalytic cracking a hydrocarbon stream 
containing predominantly hydrocarbons of 4 carbon atoms 
may be produced and may comprise a mixture of butenes 

10 

20 

25 

30 

4:0 

45 

55 

60 

65 

3,303,230 
Patented Feb. ‘7, 1967 

2 
together with butadiene, butane, isobutane, isobutylene and 
other ingredients in minor amounts. These and other 
re?nery by-products which contain normal, ethylenically 
unsaturated hydrocarbons are useful as starting mate 
rials. Although various mixtures of hydrocarbons are 
useful, the preferred hydrocarbon feed contains at least 
50 Weight percent of a hydrocarbon selected from the 
group consisting of butene-l, butene-2, n-butane, buta 
diene-l,3, Z-methylbutene-l, Z-methylbutene-Z, Z-methyl 
b-utene-3 and mixtures thereof, and more preferably con‘ 
tains at least 70 weight percent of one or more of these 
hydrocarbons (with both of these percentages being based 
on the total weight of the organic composition of the 
feed to the reactor). Any remainder may be, for ex‘ 
ample, essentially aliphatic hydrocarbons. This inven 
tion is particularly useful to provide a process whereby 
the major product of the hydrocarbon converted is a de 
hydrogenated hydrocarbon product having the same numl 
ber of carbon atoms as the hydrocarbon fed. 
Oxygen will ‘be present in the reaction zone in an 

amount within the range of 0.2 to 2.5 mols of oxygen 
per mol of hydrocarbon to be dehydrogenated. Gener 
ally, better reuslts may be obtained if the oxygen con 
centration is maintained between about 0.25 and about 1.6 
mols of oxygen per mol of hydrocarbon to be dehydro 
genated, such as between 0.35 and 1.2 mols of oxygen. 
The oxygen may ‘be fed to the reactor as pure oxygen, 
as air, as oxygen-enriched air, oxygen mixed with diluents 
and so forth. Based on the total gaseous mixture entering 
the reactor, the oxygen ordinarily will be present in an 
amount from about 0.5 to 25 volume percent of the total 
gaseous mixture, and more usually will be present in an 
amount from about 1 to 15 volume percent of the total. 
The total amount of oxygen utilized may be introduced 
into the gaseous mixture entering the catalytic zone or 
sometimes it has been found desirable to add the oxygen 
in increments, such as to different sections of the reactor. 
The above described proportions of oxygen employed 
are based on the total amount of oxygen used. The oxy 
gen may ‘be added directly to the reactor or it may be 
premixed, for example, with a diluent or steam. 
The temperature for the dehydrogenation reaction will 

be greater than 250° C., such as greater than about 
300° C. or 375° C., and the maximum temperature in 
the reactor may be about 650° C. or 750° C. or perhaps 
higher under certain circumstances. However, excellent 
results are obtained within the range of or about 300° 
C. to 575° C. such as from or about 325° C. to or about 
525° C. The temperatures are measured at the maxi 
mum temperature in the reactor. An advantage of this 
invention is that lower temperatures of dehydrogenation 
may be utilized than are possible in conventional dehy 
drogenation processes. Another advantage is that large 
quantities of heat do not have to be added to the reaction 
as was previously required. 
The dehydrogenation reaction may be carried out at 

atmospheric pressure, superatmospheric pressure or at sub 
atmospheric pressure. The total pressure of the system 
will normally be about or in excess of ‘atmospheric pres 
sure, although sub-atomspheric pressure may also desir 
albly be used. Generally, the total pressure will be be 
tween about 4 p.s.i.a. and about 100 or 125 p.s.i.a. Prefer 
ably the total pressure will be less than about 75 p.s.i.a. 
and excellent results are obtained at about atmospheric 
pressure. 
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The initial partial pressure of the hydrocarbon to be 
dehydrogenated will be equivalent to less than one-half 
atmosphere at a total pressure of one atmosphere. Gen 
erally the combined partial pressure of the hydrocarbon 
to be dehydrogenated together with the oxygen will also 
be equivalent to less than one-half atmosphere at a total 
pressure of one atmosphere. Preferably, the initial partial 
pressure of the hydrocarbon to be dehydrogenated will 
be equivalent to no greater than one~third atmosphere or 
no greater than one-?fth atmosphere at a total pressure 
of one atmosphere. Also, preferably, the initial partial 
pressure of the combined hydrocarbon to be dehydro 
genated plus the oxygen will be equivalent to no greater 
than one-third or no greater than one-?fth atmosphere 
at a total pressure of one atmosphere. Reference to the 
initial partial pressure of the hydrocarbon to be dehydro 
genated means the partial pressure of the hydrocarbon as 
it ?rst contacts the catalytic particles. An equivalent par 
tial ‘pressure at a total pressure of one atmosphere means 
that one atmosphere total pressure is a reference point and 
does not imply that the total pressure of the reaction must 
be operated at atmospheric pressure. For example, in a 
mixture of one mol of butene, three rnols of steam, and 
one mol of oxygen under a total pressure of one atmos 
phere, the butene would have an absolute pressure of one 
?fth of the total pressure, or roughly six inches of mercury 
absolute pressure. Equivalent to this six inches of mer 
cury butene absolute pressure at atmospheric pressure 
would be butene mixed with oxygen under a vacuum such 
that the partial pressure of the butene is 6 inches of 
mercury absolute. The combination of a diluent such as 
nitrogen, together with the use of a vacuum may be 
utilized to achieve the desired partial pressure of the hy 
drocarbon. For the purpose of this invention, also equiv 
alent to the six inches of mercury butene absolute pres 
sure at atmoshperic pressure would be the same mixture 
of one mol of butene, three rnols of steam and one mol 
of oxygen under a total pressure greater than atmospheric, 
for example, a total pressure of 20 p.s.i.a. Thus, when 
the total pressure in the reaction zone is greater than one 
atmosphere, the absolute values for the pressure of the 
hydrocarbon to be dehydrogenated will be increased in 
direct proportion to the increase in total pressure above 
one atmosphere. 
The partial pressures described above may be main 

tained by the use of diluents such ‘as nitrogen, helium or 
other gases. Conveniently, the oxygen may be added as 
air with the nitrogen acting as a diluent for the system. 
Mixtures of diluents may be employed. Volatile com 
pounds which are not dehydrogenated or which are dehy 
drog-enated only to a limited extent may be present as 
diluents. 

Preferably the reaction mixture contains a quantity of 
steam, with the range generally being between about 2 
and 40 mols of steam per mol of hydrocarbon to be de 
hydrogenated. Preferably steam will be present in an 
amount from about 3 to 35 mols per mol of hydrocarbon 
to be dehydrogenated and excellent results have been 
obtained within the range of about 5 to about 30 111015 
of steam per mol of hydrocarbon to be dehydrogenated. 
The functions of the steam are several-fold, and the steam 
does not merely act as a diluent. Diluents generally may 
be used in the same quantities as speci?ed for the steam. 
Excellent results are obtained when the gaseous composi 
tion fed to the reactor consists essentially of hydrocar 
bons, inert diluents and oxygen as the sole oxidizing agent. 
The gaseous reactants may be conducted through the 

reaction chamber at a fairly wide range of flow rates. The 
optimum flow rate will be dependent upon such variables 
as the temperature of reaction, pressure, particle size, and 
whether a ?uid bed or ?xed bed reactor is utilized. De 
sirable ?ow rates may be established by one skilled in the 
art. Generally, the ?ow rates will be within the range 
of about 0.10 to 25 liquid volumes of the hydrocarbon to 
be dehydrogeanted per volume of reactor containing 
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4 
catalyst per hour (referred to as LHSV), wherein the 
volumes of hydrocarbon are calculated at standard condi 
tions of 25 ° C. and 760 mm. of mercury. Usually, the 
LHSV will be between 0.15 and about 5 or 10. For 
calculation, the volume of reactor containing catalyst is 
that volume of reactor space excluding the volume dis 
placed by the catalyst. For example, if a reactor has a 
particular volume of cubic feet of void space, when that 
void space is ?lled with catalyst particles, the original void 
space is the volume of reactor containing catalyst for 
the purpose of calculating the How rate. The gase 
ous hourly space velocity (GHSV) is the volume of the 
hydrocarbon to be dehydrogenated in the form of vapor 
calculated under standard conditions of 25° C. and 760 
mm. of mercury per volume of reactor space containing 
catalyst per hour. Generally, the GI-ISV will be between 
about 25 and 6400, and excellent results have been be 
tween about 38 and 3800. Suitable contact times are, for 
example, from about 0.001 or higher to about 5 or 10 
seconds, with particularly good results being obtained be 
tween 0.01 and 3 seconds. The contact time is the cal 
.culated dwell time of the reaction mixture in the reaction 
zone, assuming the rnols of product mixture are equiv 
alent to the rnols of feed mixture. For the purpose of 
calculation of residence times, the reaction zone is the 
portion of the reactor containing catalyst. 
The catalytic surface described is the surface which 

is exposed in the dehydrogenation zone to the reactor, 
that is, if a catalyst carrier is used, the composition 
described as a catalyst refers to the composition of the 
surface and not to the total composition of the surface 
coating plus carrier. Catalyst binding agents or ?llers 
may be used, but these will not ordinarily exceed about 
50 percent or 60 percent by weight of the catalytic sur 
face. These binding agents and ?llers will preferably 
be essentially inert. The quantity of catalyst utilized will 
be dependent upon such variables as the temperature of 
reaction, the concentration of oxygen, the age of the 
catalyst, and the ?ow rates of the reactants. The cata 
lyst will by de?nition be present in a catalytic amount 
and generally the nickel ferrite together with any nickel 
and iron atoms not combined as nickel ferrite will be 
the main active constituents. The amount of catalyst 
Will ordinarily be present in an amount greater than 10 
square feet of catalyst surface per cubic foot of reaction 
zone containing catalyst. Of course, the amount of cata 
lyst may be much greater, particularly when irregular 
surface catalysts are used. When the catalyst is in the 
form of particles, either supported or unsupported, the 
amount of catalyst surface may be expressed in terms 
of the surface area per unit weight of any particular 
volume of catalyst particles. The ratio of catalytic sur 
face to weight will be dependent upon various factors, 
including the particle size, particle size distribution, ap 
parent bulk density of the particles, amount of active 
catalyst coated on the carrier, density of the carrier, and 
so forth. Typical values for the surface to weight ratio 
are such as about one-half to 200 square meters per gram, 
although higher and lower values may be used. 
The dehydrogenation reactor may be of the ?xed bed 

or fluid bed type. Conventional reactors for the produc 
tion of unsaturated hydrocarbons are satisfactory. Ex 
cellent results have been obtained by packing the reactor 
with catalyst particles as the method of introducing the 
catalytic surface. The catalytic surface may be intro 
duced as such or it may be deposited on a carrier by 
methods known in the art such as by preparing an aqueous 
solution or dispersion of a catalytic material and mixing 
the carrier with the solution or dispersion until the active 
ingredients are coated on the carrier. If a carrier is 
utilized, very useful carriers are silicon carbide, pumice 
and the like. When carriers are used, the amount of 
catalyst on the carrier will generally be between about 
5 to 75 weight percent of the total weight of the active 
catalytic material plus carrier. Another method for in— 
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troducing the required surface is to utilize as a reactor 
a small diameter tube wherein the tube wall is catalytic 
or is coated with catalytic material. Other methods may 
be utilized to introduce the catalytic surface such as by 
the use of rods, wires, mesh, or shreds and the like of 
catalytic material. 

According to this invention, the catalyst is autoregener 
ative and the process is continuous. Moreover, small 
amounts of tars and polymers are formed as compared 
to some prior art processes. 

In the following examples will be found speci?c em 
bodiments of the invention and details employed in the 
practice of the invention. Percent conversion refers to 
the mols of hydrocarbon consumed per 100 mols of hy 
drocarbon fed to the reactor, percent selectively refers 
to the mols of product formed per 100 mols of hydro 
carbon consumed, and percent yield refers to the mols 
of product formed per mol of hydrocarbon fed. 

EXAMPLE 1 

A nickel ferrite catalyst was prepared from 37.4 grams 
of nickelous oxide, 79.9 grams ferric oxide and 74.6 
grams of potassium chloride. The dry ingredients were 
mixed thoroughly and then reacted at 900° ‘C. for a 
period of 1% hours. After cooling to room temperature, 
hot'distilled water was used to extract the potassium 
chloride from the reacted mixture. A highly magnetic 
dark brown solid was obtained after the reaction mixture 
was dried in an oven at 110° C. The product was found 
to be nickel ferrite by X-ray diffraction analysis.~ 
The nickel ferrite was coated on 4 to 5 mesh alumina 

supports (Carborundum Company type AMC). Butene 
2 was dehydrogenated at atmospheric pressure in a 
Vycor1 glass reactor (36” x 1" OD.) having a 35 cc. 
catalyst bed. The remainder of the reactor was ?lled 
with 1/4" x 1A" Vycor Raschig rings. Butene-Z, oxygen, 
and steam were introduced into an adapter located on 
top of the glass reactor, and the e?luent gases were passed 
through a cold water condenser to remove most of the 
steam. Samples of the e?luent gases were withdrawn 
with a syringe at the exit from the condenser. They 
were analyzed in a vapor chromatograph. The tempera 
ture inside the reactor was measured by a type J iron 
constantan thermocouple enclosed in a 7 mm. O.D. 
Vycor tubing thermocouple well. The oxygen was fed 
as C.P. oxygen, 99.5 mol percent minimum oxygen. 
The butene-2, oxygen and steam was fed to the reactor 

in an amount of 0.6 mol of oxygen per mol of butene-2 
and 30 mols of steam per mol of butene-2. The liquid 
hourly space velocity was 1.0 (with the calculation being 
based on the volume of the reactor containing catalyst, 
that is, the 35 cc. catalyst section). At a maximum 
temperature in the reactor of 470° C., the yield of 
butadiene-1,3 was 64 mol percent per pass. 
An X-ray diffraction pattern was obtained on the cata 

lyst of Example 1. The powder pattern was obtained 
using a Norelco constant potential diffraction unit, type 
number 12045, equipped with a wide range goniometer 
type No. 42202, chromium tube type No. 32116, Geiger 
counter type No. 34473; all coupled to the Norelco cir 
cuit panel-type No. 12049. The chromium K alpha 
radiation was supplied by operating the tube at a constant 
potential of 40 kilovolts and a current of 10 milliamperes. 
A vanadium ?lter was used to remove K beta radiation. 
The Geiger tube detector was operated at 1575 volts. 
A 1° divergence, 0.006 inch receiving, and 1° scatter slits 
were used. Strip chart recordings used for identi?cation 
were made with a scanning speed of 1° 2 theta per 
minute with a chart speed of one-half inch per minute. 
A time constant of 2 seconds and a full scale chart 
reading of 100 counts per second was used. Under the 
above conditions, the patterns noted below were found. 

1 Vycor is the trade name of Corning Glass Works, Corning, 
N.Y., and is composed of approximately 96 percent silica 
with the remaining being essentially B203. 
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The values of I/Il noted are those for NiFe2O4. A small 
amount of aFe2O3 was found in the patterns. The data 
is reported in the table. 

Table 

d: UL 
4.82 _________________________________ __ 14 

2.948 ________________________________ __ 31 

2.698 ________________________________ __ weak 

2.513 ________________________________ .._ 100 

2.406 ________________________________ __ 13 

2.082 ________________________________ __ 23 

1.702 ________________________________ __ 10 

1.606 ________________________________ __ 24 

1.474 ________________________________ __ 40 

1.453 ________________________________ __ weak 

1.31s ________________________________ __ 4 

EXAMPLE 2 

The general procedure of Example 1 was repeated with 
the exception that potassium chloride was not used in the 
formation of the nickel ferrite. The yield of butadiene 
1,3 was 63 mol percent. 

EXAMPLE 3 

A nickel ferrite catalyst was prepared from nickel car 
bonate and hydrated yellow ferric iron oxide. The ratio 
of ingredients was such that there were two atoms of iron 
per atom of nickel. The nickel carbonate and iron oxide 
were thoroughly mixed in an aqueous slurry and the 
slurry thereafter was dried.v The dry cake was broken 
into lumps and a 4 to 8 mesh fraetionwas reacted for 30 
minutes at 950° C. to form the nickel ferrite. The cat 
alyst was evaluated for the dehydrogenation of butene-2 
to butadiene-1,3. A stainless steel reactor one inch in 
diameter was used and 20 cc. of the 4 to 8 mesh catalyst 
was utilized. 30 mols of steam and 0.6 mol of O2 (fed as 
air) were fed per mol of butene-2. The flow rate of 
butene-2 was 1.0 LHSV. At a reactor temperature of 
400° C., the selectivity to butadiene was greater than 90 
mol percent of the butene consumed. 

EXAMPLE 4 
Example 3 was repeated with the exception that the cat 

alyst contained 2.5 atoms of iron per atom of nickel. At 
a reactor temperature of 400° C., the conversion was 64 
percent and the selectivity to butadiene was 93 percent. 

EXAMPLE 5 

Example 3 was repeated with the exception that the‘ cat 
alyst contained 1.67 atoms of iron per atom of nickel and 
the amount of oxygen used was increased to 0.75 mol ‘of 
02 per mol of butene-2 fed. At a reactor temperature of 
400° C., the selectivity to butadiene-1,3 was 86 percent. 

EXAMPLE 6 

The, procedure of Example 1 was repeated using the 
catalyst of Example 1. Additionally, 0.03 mol of bromine 
(fed as an aqueous solution of HBr) per mol of butene 
was fed to the reactor. Oxygen was fed at a rate of 0.85 
mol of 02 per mol of butene and steam was employed in a 
ratio of 20 mols of steam per mol of butene fed. The flow 
rate of butene was 0.6 LHSV. At a reactor temperature 
of 550° C., the yield of butadiene was 74 mol percent per 
pass. 
When an equivalent amount of iodine and chlorine 

were substituted for the bromine in Example 6, excellent 
yields of butadiene-1,3 were obtained. 
The catalysts are not limited to those illustrated in the 

examples. Other methods of preparation and other com 
positions may be employed. The atoms of iron will pref 
erably be present in an amount from about 20 to 95 weight 
percent, based on the total weight of the atoms of iron and 
nickel in the catalyst surface, but generally will be between 
40 and 90 and a preferred ratio is from 50 to 85 weight 
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percent iron. Particularly preferred are catalysts having 
a weight percent of iron from or about 55 to 81 percent 
by weight iron based on the total weight of atoms of iron 
and nickel. Valuable catalysts were produced comprising 
as the main active consti-tutents iron, nickel and oxygen in 
the catalytic surface exposed to the reaction gases. High 
yields of product are obtained with catalysts having iron 
as the predominant metal in the catalytic surface. Pref 
erably at least about 50 and generally at least about 65 
weight percent of the atoms of nickel and iron will be 
present as nickel ferrite. Included in the de?nition of 
ferrites are the active intermediate oxides. The preferred 
nickel ferrite has a cubic face-centered crystal structure. 
Ordinarily the nickel ferrite will not be present in the most 
highly oriented crystalline structure, because it has been 
found that superior results may be obtained with catalysts 
wherein the nickel ferrite is relatively disordered, that is 
where there are defects in the crystalline structure. The 
desired catalyst may be obtained by conducting the reac 
tion to form the active catalyst at relatively low tempera 
tures, that is, at temperatures lower than some of the very 
high temperatures used for the formation of nickel ferrite 
prepared for semiconductor applications. Generally the 
temperature of reaction for the formation of the catalyst 
comprising nickel ferrite will be less than 1300° C. and 
preferably less than 1150° C. Of course, under certain 
conditions momentary temperatures above these tempera 
tures might also be permissible. The reaction time at the 
elevated temperature in the formation of the catalyst may 
preferably be from about ?ve minutes to four hours at 
elevated temperatures high enough to cause formation of 
nickel ferrite but less than about 1150° C. Any iron not 
present in the form of nickel ferrite will desirably be 
present predominantly as gamma iron oxide. The alpha 
iron oxide will preferably be present in an amount of no 
greater than 40 weight percent of the catalytic surface, 
such as no greater than about 30 weight percent. ‘ 
Although excellent results are obtained with the cat 

alysts of this invention with a feed containing only the 
hydrocarbon, oxygen and perhaps steam or a diluent, it 
is one of the advantages of this invention that halogen 
may also be added to the reaction gases to give excellent 
results. The addition of halogen to the feed is partic 
ularly effective when the hydrocarbon to be dehydro 
genated is saturated. 
The source of halogen fed to the dehydrogenation 

zone may be either elemental halogen or any compound 
of halogen which would liberate halogen under the con 
ditions of reaction. Suitable sources of halogen are such 
as hydrogen iodide, hydrogen bromide and hydrogen 
chloride; aliphatic halides such as ethyl iodide, methyl 
bromide, 1,2-dibromo ethane, ethyl bromide, amyl bro 
mide and allyl bromide; cycloaliphatic halides such as 
cyolohexylbromide; aromatic halides such as benzyl 
bromide; halohydrins such as ethylene bromohydrin; 
halogen substituted aliphatic acids such as bromoacetic 
acid; ammonium iodide; ammonium bromide; ammonium 
chloride; organic amine halide salts such as methyl amine 
hydrobromide; and the like. Mixtures of various sources 
of halogen may be used. The preferred sources of halo 
gen are iodine, bromine and chlorine and compounds 
thereof such as hydrogen bromide, hydrogen iodide, hy 
drogen chloride, ammonium bromide, ammonium iodide, 
ammonium chloride, alkyl halides of one to six carbon 
atoms and mixtures thereof, with the iodine and bromine 
compounds being particularly preferred, and the best re 
sults having been obtained with ammonium iodide, bro 
mide or chloride. When terms such as halogen liberat 
ing materials or halogen materials are used in the speci 
?cation and claims, this includes any source of halogen 
such as elemental halogens, hydrogen halides or am 
monium halides. The amount of halogen, calculated as 
elemental halogen, may be as little as about 0.0001 or 
less mol of halogen per mol of the hydrocarbon com 
pound to be dehydrogenated to as high as 0.2 or 0.5 
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8 
or higher. The preferred range is from about 0.001 to 
0.09 mol of halogen per mol of the hydrocarbon to be 
dehydrogenated. 

Improved catalysts may be obtained by reducing the 
catalyst of the invention. The reduction of the catalyst 
may be accomplished prior to the initial dehydrogenation, 
or the catalyst may be reduced after the catalyst has 
been used. It has been found that a used catalyst may 
be regenerated by reduction and, thus, even longer cat 
alyst life obtained. The reduction may be accomplished 
with any gas which is capable of reducing iron oxide 
to a lower valence such as hydrogen, carbon monoxide 
or hydrocarbons. Generally the ?ow of oxygen will be 
stopped during the reduction step. The temperature of 
reduction may be varied but the process is most eco 
nomical at temperatures of at least about 200° C., with 
the upper limit being about 750° C. or 900° C. or even 
higher under certain conditions. 
The preferred catalyst surface will generally have X 

ray diffraction peaks at d spacings within or about 4.79 
to 4.85, 2.92 to 2.98, 2.48 to 2.54, 2.05 to 2.11, 1.57 
to 1.63, and 1.44 to 1.49, with the most intense peak 
being between 2.48 to 2.54. Particularly preferred cat 
alysts will have d spacings within or about 4.80 to 4.84, 
2.93 to 2.97, 2.50 to 2.53, 2.07 to 2.10, 1.59 to 1.61, 
and 1.46 to 1.49, with the most intense peak falling within 
or about 2.50 to 2.53. These X-ray determinations are 
suitably run with a cobalt tube. 
We claim: 
1. A process for the dehydrogenation of hydrocarbons 

having at least four carbon atoms which comprises con~ 
tacting in the vapor phase at a temperature of greater 
than 250° C. a mixture of the said hydrocarbon to be 
dehydrogenated and from 0.2 to 2.5 mols of oxygen per 
mol of the said hydrocarbon ‘with a catalyst for the de 
hydrogenation comprising nickel and iron wherein the 
atoms of iron are present in an amount of about 20 to 
90 weight percent based on the total weight of the atoms 
of iron and nickel, to produce a dehydrogenated hydro 
carbon product having the same number of carbon atoms 
as the said hydrocarbon. 

2. A process for the ‘dehydrogenation of hydrocarbons 
having at least four carbon atoms which comprises con 
tacting in the vapor phase at a temperature of greater 
than 250° C. a mixture of the said hydrocarbon to be 
dehydrogenated and from 0.2 to 2.5 mols of oxygen 
per mol of the said hydrocarbon with a catalyst for the 
dehydrogenation comprising nickel ‘ferrite to produce a 
dehydrogenated hydrocarbon product having the same 
number of carbon atoms as the said hydrocarbon. 

3. A process for the dehydrogenation of hydrocarbons 
having from 4 to 5 carbon atoms which comprises con 
tacting in the vapor phase at a temperature of greater 
than 250° C. a mixture of the said hydrocarbon to be 
dehydrogenated and from 0.2 to 2.5 mols of oxygen per 
mol of the said hydrocarbon with a catalyst for the de 
hydrogenation comprising nickel ferrite wherein the atoms 
of iron are present in an amount of about 40 to 90 weight 
percent based on the total weight of the atoms of iron 
and nickel, to produce a dehydrogenated hydrocarbon 
product having the same number of carbon atoms as the 
said hydrocarbon, the initial partial pressure of the said 
hydrocarbon being equivalent to less than one-half at 
mosphere at a total pressure of one atmosphere. 

4. A process for the dehydrogenation of a hydrocarbon 
selected from the group consisting of n-butene, n-butane 
and mixtures thereof which comprises contacting in the 
vapor phase at a temperature of greater than about 325° 
C. a mixture of the said hydrocarbon to be dehydrogen 
ated and from about 0.25 to about 1.6 mols of oxygen 
per mol of the said hydrocarbon with a catalyst for the 
dehydrogenation comprising nickel ferrite to produce a 
dehydrogenated hydrocarbon product having the same 
number of carbon atoms as the said hydrocarbon, the 
initial partial pressure of the said hydrocanbon being 
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equivalent to less than one-half atmosphere at a total 
pressure of one atmosphere. 

5. A process for the dehydrogenation of aliphatic hy 
drocarbons having at least four carbon atoms which com 
prises contacting in the vapor phase at a temperature 
of from about 325° C. to 525 ° C. a mixture of the said 
hydrocarbon to be dehydrogenated and from 0.2 to 1.6 
mols of oxygen per mol of the said hydrocarbon with 
a catalyst for the dehydrogenation comprising nickel and 
iron wherein the atoms of iron are present in an amount 
of 50 to 85 weight percent based on the total weight of 
the atoms of iron and nickel, to produce a dehydrogenated 
hydrocarbon product having the same number of carbon 
atoms as the said hydrocarbon, the initial partial pressure 
of the said hydrocarbon being equivalent to less than one 
half atmosphere at a total pressure of one atmosphere. 

6. A process for the dehydrogenation of aliphatic hy 
drocarbons having at least four carbon atoms which com 
prises contacting in the vapor phase at a temperature of 
greater than 325° C. a mixture of the said hydrocarbon 
to be dehydrogenated from 0.2 to 2.5 mols of oxygen 
per mol of the said hydrocarbon and from 2 to 40 mols 
of steam per mol of the said hydrocarbon with a catalyst 
for the dehydrogenation comprising nickel ferrite to pro 
duce a dehydrogenated hydrocarbon product having the 
same number of carbon atoms as the said hydrocarbon. 

7. A process for the dehydrogenation of aliphatic hy 
drocarbons having at least four carbon atoms which com 
prises contacting in the vapor phase at a temperature 
of greater than 325° C. a mixture of the said hydro 
carbon to be dehydrogenated and from 0.2 to 2.5 mols 
of oxygen per mol of the said hydrocarbon with an auto 
regenerative catalyst for the dehydrogenation comprising 
nickel and iron wherein the atoms of iron are present 
in an amount of 55 to 81 weight percent based on the 
total weight of the atoms of iron and nickel, to produce 
a dehydrogenated hydrocarbon product having the same 
number of carbon ‘atoms as the said hydrocarbon, the 
initial partial pressure of the said hydrocarbon being 
equivalent to less than one-half atmosphere at a total 
pressure of one atmosphere. 

8. A process for the dehydrogenation of hydrocarbons 
having from 4 to 5 carbon atoms which comprises con 
tacting in the vapor phase at a temperature of at least 
about 375° C. a mixture of the said hydrocarbon to be 
dehydrogenated and from 0.35 to 1.2 mols of oxygen 
per mol of the said ihydrocarbon with a catalyst for the 
dehydrogenation comprising nickel ferrite wherein the 
atoms of iron are present in an amount of 55 to 81 weight 
percent based on the total weight of the atoms of iron 
and nickel, to produce a dehydrogenated hydrocarbon 
product having the same number of carbon atoms as 
the said hydrocarbon, the initial partial pressure of the 
said hydrocarbon being equivalent to less than one-third 
atmosphere at a total pressure of one atmosphere. 

9. A process for the dehydrogenation of a hydrocarbon 
selected from the group consisting of n-butene, n-butane 
and mixtures thereof which comprises contacting in the 
vapor phase at a temperature of ‘from 375° C. to 525° 
C. and at a pressure of 4 p.s.i.a. to 125 p.s.i.a. a mixture 
of the said hydrocarbon to be dehydrogenated and from 
about 0.25 to about 1.6 mols of oxygen per mol of the 
said hydrocarbon with a catalyst for the dehydrogena 
tion comprising nickel ferrite to produce a dehydrogenated 
hydrocarbon product having the same number of carbon 
atoms as the said hydrocarbon, the initial partial pres 
sure of the said hydrocarbon being equivalent to less 
than one-?fth atmosphere at a total pressure of one at 
mosphere. 

10. A process for the dehydrogenation of butene to 
butadiene~l,3 which comprises contacting in the vapor 
phase at a temperature of from 375° C. to 575° C. and 
at a total pressure of less than 75 p.s.i.a. a mixture of 
the said butene, from 8 to about 35 mols of steam and 
from 0.35 to 1.2 mols of oxygen per mol of the said 
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10 
butene with a catalyst for the dehydrogenation compris 
ing nickel ferrite wherein the atoms of iron are present 
in an amount of 55 to 81 weight percent based on the 
total weight of the atoms of iron and nickel, to produce 
butadiene-1,3. 

11. A process for the vapor phase dehydrogenation of 
aliphatic hydrocarbons having at least four carbon atoms 
which comprises contacting in the vapor phase at a tem 
perature of greater than 250° C. a mixture of the said 
hydrocarbon to be dehydrogenated, from 0.2 to 2.5 mols 
of oxygen per mol of the said hydrocarbon and a halogen 
with a catalyst for the dehydrogenation comprising nickel 
ferrite wherein the atoms of iron are present in an amount 
of about 40 to 90 weight percent based on the total 
weight of the atoms of iron and nickel, to produce a de 
hydrogenated hydrocarbon product having the same num 
ber of carbon atoms as the said hydrocarbon, the initial 
partial pressure of the said hydrocarbon being equiv 
alent to less than one-half atmosphere at a total pressure 
of one atmosphere. 

12. A process for the dehydrogenation of aliphatic hy 
drocarbons having from 4 to 5 carbon atoms which com 
prises contacting in the vapor phase at a temperature of 
greater than 325° C. a mixture of the said hydrocarbon 
to be dehydrogenated, from ‘0.25 to 1.6 mols of oxygen 
per mol of the said hydrocarbon and from 0.0001 to 
0.2 mols of halogen per mol of the said hydrocarbon 
with an autoregenerative catalyst for the dehydrogena 
tion comp-rising nickel ferrite wherein the atoms of iron 
are present in an amount of about 40 to 90 weight per 
cent based on the total weight of the atoms of iron and 
nickel, to produce a dehydrogenated hydrocarbon product 
having the same number of carbon atoms as the said 
hydrocarbon, the initial partial pressure of the said hy 
drocarbon being equivalent to less than one-half at 
mosphere at a total pressure of one atmosphere. 

13. A process for the dehydrogenation of aliphatic 
hydrocarbons having from 4 to 5 carbon atoms which 
comprises contacting in the vapor phase at a tempera 
ture of greater than 325° C. a mixture of the said by 
drocarbon to be dehydrogenated, from 0.25 to 1.6 mols 
of oxygen per mol of the said hydrocarbon with an auto 
regenerative catalyst for the dehydrogenation comprising 
nickel ferrite wherein the atoms of iron are present in 
an amount of about 40 to 90 weight percent based on 
the total weight of the atoms of iron and nickel, to 
produce a dehydrogenated ‘hydrocarbon product having 
the same number of carbon atoms as the said hydrocar 
bon, the initial partial pressure of the said hydrocarbon 
being equivalent to less than one~half atmosphere at a 
total pressure of one atmosphere. 

14. A process for the dehydrogenation of butene to 
butadiene-l,3 which comprises feeding to a reactor in 
the vapor phase at a temperature of at least 250° C. a 
gaseous mixture of the said butene and from 0.35 to 
1.2 mols of oxygen per mol of the said butene with an 
autoregenerative catalyst for the dehydrogenation com 
prising nickel and iron wherein the atoms of iron are 
present in an amount of about 2 atoms of iron per atom 
of nickel based on the total weight of the atoms of iron 
and nickel, to produce butadiene-l,3, the initial partial 
pressure of the said butene being equivalent to less than 
one~?fth atmosphere at a total pressure of one atmos 
phere. 

15. A process for the dehydrogenation of aliphatic hy 
drocarbons having at least four carbon atoms which com 
prises contacting in the vapor phase at a temperature 
of greater than 250° C. a mixture of the said hydro 
carbon to be dehydrogenated and from 0.2 to 2.5 mols 
of oxygen per mol of the said hydrocarbon with a catalyst 
for the dehydrogenation comprising nickel ferrite to pro 
duce a dehydrogenated hydrocarbon product having the 
same number of carbon atoms as the said hydrocarbon, 
the initial partial pressure of the said hydrocarbon being 
equivalent to less than one-half atmosphere at a total 
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pressure of one atmosphere, said catalyst having been 
reduced with a reducing gas. 

16. A process for the preparation of butadiene-1,3 
which comprises contacting in the vapor phase at a tem 
perature of 375° C. to 525° C. and at a total pressure 
of about 4 p.s.i.a. to 100 p.s.i.a. a mixture of n-butene 
and from 0.35 to 1.2 mols of oxygen and from 8 to 35 
mols of steam per mol of the said n-butene with an auto 
regenerative catalyst for the dehydrogenation comprising 
nickel ferrite wherein the atoms of iron are present in 
amount of 55 to 81 weight percent based on the total 
weight of the atoms of iron and nickel with any iron 
not present in the form of nickel ferrite being predomi 
nantly present as gamma iron oxide to produce butadi 
cue-1,3. 

17. A process for the preparation of butadiene-1,3 
which com-prises contacting in the vapor phase at a tem 
perature of 3715" C. to 525° C. and at a total pressure 
of about 4 p.s.i.a. to 100 p.s.i.a. a mixture of n-butene 
and from 0.35 to 1.2 mols of oxygen and from 8 to 35 
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mols of steam per mol of the said nebutene with an auto 
regenerative catalyst for the dehydrogenation comprising 
nickel ferrite wherein the atoms of iron are present in 
an amount of 55 to 81 weight percent based on the total 
weight of the atoms of iron and nickel with any iron 
not present in the form of nickel ferrite being predomi 
nantly present as gamma iron oxide to produce butadiene 
1,3, and after the yield of butadiene-1,3 has fallen off 
after continued use regenerating the catalyst by reducing 
the catalyst with hydrogen. 
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