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1

The invention herein described and claimed
may be menufactured and used by or for the
Government of the United States of America for
governmental purposes without the payment of
royalties thereon or therefor,

This invention relates to a process for cata-
Ivtically hydrogenating oxides of carbon especial-
Iy carbon monoxide. More particularly the in-
vention relates to an improvement In this process
wherein the process is carried out In the presence
of an improved iron catalyst.

In commercial seale processes involving the
catalytic hydregenation of carbon oxides. such
as the Pischer-Trapsch and related processes,
one ¢f the major elements of cost has been the
catalyst. To obtain appreciable quantities of
product, the use of large amounts of catalyst i3
necessary. Sinee the catalyst must be prepared
by exacting techniques from carefully purified
materials, the development of a highly active,
durable catalyst which possesses a high degree of
versatility in producing & wide variety of prod-
ucts 1s of the utmost importance for the com-
mercial success of the process.

Migh activity is important because yield of
nroduet ner unit of time, per unit volume of cata-
1yst, that 1s, the space-time yleld, js in direct
proportion to the activity of the catalyst em-
ployed, Higher yields of product for a smaller
volume of catalyst, that is, more rapid conver-
sion of the synthests gas, of course, decreases the
‘volume of catalyst necessary to produce the same
amount of product in the same period of time.
‘This also resulis in a decreass in the amount of
equipmeant, such as the number of reactor tubes,
necessary.

Durabllity of the catalyst is an obvious de-
sideratum. As heretofore mentioned, the cata-
dvst iiself is quite inexpensive to prepare and
also expensive to regenerate once 1t has lost its
activity, Furthermore, in fixed-bed catalyst op-
erations and in -any type of operation wherein
the catalyst is not continvously withdrawn and
reneweil, when the catalyst has lost Its activity,
it must be removed and replaced hy new cata-
lyst. This necessitates a shut-down in operations
tying up expensive equipment and calling for
the expendifure of labor and time to start op-
eration again. Iron catalysts have been exten-
sively used in catalytic hydrogenstion of earbon
oxldes hecause they are less expensive and more
available than other commonly used catalysts
sush as cobalt or nickel. However, iron ¢ata-
lysts have been found to deterioraie in use, for
a number of reasons, One reason is the depogi-
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tion of free carhon and other carbonaceous ma-
terial within the catalyst pores causing the ex-
pansion and mechanical disintezration of the
catalyst. In fixed-bed operations, the disintegra-
tion of the catalyst eventually plugs the catalyst
bed and blocks the passage of the synthesis
gases. In the so-called fluidized catalyst oper-
ation, expansion and disintegration of the cafa-
lyst causes a decrease In density of the bed as
a whole which in turn causes the catalyst par-
ticles to become entrained in the synthesis gas
stream and fo be carried out of the reactor.
Particularly in fluidized bed operation, deposi-
tion of wax on the catalyst particles causes the
particles to agglomerate. In a fluidized bed, pg-
glomerization of the catalyst particles renders
the bed non-fluid. A catalyst that produced less
wax would be relatively free from this difficulty.
Finally, it appears that processes contributing to
catalyst deterioration, particularly carbon depo-
sitlon, are accelerated as the amount of oxygen
in the catalyst increases. 'Thus, a catalyst which
will resist oxidation during use is to be desired.

As pointed oubt above, it is desirable that the
catalyst be highly active and durable. A third
desideratumn for the catalyst is versatility. In
the Pischer-Tropsch and related process, a wide
variety of produets are obtainable depending on
the catalyst employed. High and low molecular
weight hydrocarbons, saturated and unsaturated,
high and low molecular weight oxygenated or-
ganie compounds such as alcohols, aldehydes,
and acids are typical producis, The distribution
of these products in the total product yield de-
pends largely or the type of catalyst employed.
A catalyst, that may be simply and quickly
freated to shift the distribution of the products
in a predetermined direction, is to he desired.

It is an object of the invention to improve the
process for catalytically hydrogenating carbon
oxides, and in particular carbon monoxide, by
providing an improved iron catalyst therefor.

It is a further object of the invention to im-
prove the above mentioned process by provid-
ing an iron catalyst which is highly active and
durable and which will retain its high activity
for long periods of time.

A further object of the invention is to improve
the process for the catalytic hydrogenation of
carben monoxide by providing a catalyst for use
in this process which may be easlly treated to
alter the distribution of the products in the de-
sired direction, and which in particular permits
the production of heavy waxes {o be reduced to
& minimmum if desired.
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Other aobjects of the invention will become ab-
parent from consideration of the detailed de-
scription below read in connectlon with the ac-
companying drawings.

Previously, iron catalysts designed for use in
the catalytic hydrogenation of carbon oxides
have been subjected to various pretreatments In
order to improve their properties, One cus-
tomery pretreatment of the catalyst is fo reduce
the iron oxide in the catalyst to metfallie iron in
hydrogen. Another common pretreatment is to
subject the iron catalyst in the reduced or oxl-
dized state to a stream of carbon monoxide, or
to » stream of a mixture of carbon monoxide
and hydrogen, prior to use in the process. This
treatment appears to enhance the Initial activity
of the catalyst by forming interstitial carbides,
although the exact manner in which the activity
is improved has not been finally determined.

We have now found that the process of cata-
Iytically hydrogenating carbon oxides and in par-
tioular ecarbon monoxide can be very materlally
improved by carrying out the process in the pres-
ence of an iron catalyst which contains an ap-
preciable amount of an iron nitride. An iron ni-
tride is a chemical compound of nitrogen and
iron which wilt be deseribed in more detail below.

In the detailed description that follows, the in-
vention will be better understood by reference
to the following drawings in which:

Fig. 1 is a graph illustrating the manner in
which the rate of formation of iron nitride varies
with temperature and rate of flow of ammonia;
and,

Fig. 2 is a graph lustrating how the activity
of a typical iron catalyst employed in the cata-
Iytic hydrogenation of carbon monoxide varies
according to whether the catalyst has been ni-
trided or not; and,

Fig. 3 is a eraph further illustrating the dif-
ference in activity between nitrided and non-
nitrided catalysts: and,

Fig. 4 is a graph illustrating the difference in
activity between nitrided and non-nitrided iron
catalysts when employed at a higher operating
pressure.

PREPARATION OF THE NITRIDED IRON
CATALYST

The nitrides of iron are known and have been
feirly thoroughly studied, The following phases
in the systern for various atom ratios of nitrogen
to iron have been found;

I'ype of nitride present Am}x]z_:_ ?:tm Amggﬁg‘: of iron

No_ nitride present. Boma <0.008 | Bedy centered cubie.

nitrogen disselved in e fron.
a iren coexiats with FeN_____. 0. D080 242 | ceemenammcomeoae e
PN e cronprep e 242-0. 260 | Face-centered cubie.
FeiN cocxists with FesN .- [0,260-0.317 | oo as
Continuous serles of homo- |0.317-0. 500 | Close packed hex-

geneous solid sclutions of N agonal.

and Fe with Fe:lN as upper

limit and FeN as lower

Ymit,
Relatively unstable phase. ... 0.500-0.31 | Orthorhombic.

It eppears to be impossible to obtain nitrides

ion ;a;)hich the atom ratio of N:Pe is greater than
.510.

It has been found that iron nifrides cannot be
formed by action of molecular nitrogen. At 450°
C. the dissociation pressure of the phase corre-
sponding approximately to FesN is approximately
5,000 atmospheres; and the dissociation pressure
of the phase FesN at 450° €. is about 300,000
atmospheres. In order to form the nitrided iron
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catalysts of the present Invention, the most prac-
tical method has been found to be the treatment
of the reduced fron catalyst in a relatively rapid
stream of ammonia gas at elevated temperatures.
The reaction of ammonia with iron to form two
typical nitrides is expressed in the following
equations:

1 §Fe4-2NH3=2Fe4N | 3Hz
2 6FesN+2NH=8FeaN--3Hz

Since the above reactions are reversible, it will he'
apparent from the laws of chemical equilibriumr
that the formation of the nitride is dependent
upon the ratio of the concentration of NHa:Hz at
the surface of the iron. Expressed otherwise, the
formation of the nitride depends upon the ratio
of the square of the partial pressure of amnloniz
to the cube of the pertial pressure of hydrogen
(pnmd/pe3). For any given temperature, there
will be a ratio of concentration of ammonia to
hydrogen below which it is thermodynamically
impossible for either or both of reactions 1 or 2
to proceed at ali. For example, in Table A, the
lowest molecular concentration (in percent) of
ammonia in 8 mixture of hydrogen and ammonia
is given (for various temperatures) at which it
is thermodynamically possible to form the indi-
cated {ron nitride.

Table A

Molecular can-
centration (in
percent) of
NHj necessary

Temp., °C,

55
(appros.) 05
37

w
17
54
14.5
45

It can be seen from the above table that the
concentration of ammonia in a NI, Ha mixture,
necessary to form a given nitride decreases with
increase in temperature. It is also a fact that
inereasing temperature tends to increase the rate
of nitriding. In practice, however, the fact that
at higher temperatures the thermodynamics and
kineties of the veaction are favored is of limited
advantage. This Is because at elevated tempera-
tures beginning at approximately 300° C., the
iron catalyst decomposes the ammonia gas to hy-
drogen and nitrogen according to the equation:

gbove 300° C.

2NH: —_— 3H:+N:

The hydrogen formed by cracking of ammonia
may either decrease the rate of nitriding or if
{he hydrogen to ammonia ratio becomes suf-
ficlently large, prevent the formation of mnitride
entively (Table A).

As the temperature increases the rate of de-
composition of the ammonia increases rapidly
until at temperatures above 550° C., it Is prac-
tically impossible to obtain the concentration
of aminonia thermodynamically required for the
nitriding reaction to proceed at all. In other
words, at temperatures above 550° C., the large
amounts of Ha formed by decomposition of NI
substantially prevents the formation of nitrides.
Tven at temperatures below 550° C., for a glven
catalyst, the rate of decomposition of NI, may

.make operation impraetieal, in which case & still

lower temperature must be chosen. The lower
temperature limib at which an iron catalyst may
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be successively nitrided by treatment in a stream
of ammonis, appears to be about 200° C. This is
about the lowest temperature at which the rate
of nitriding is appreciable. Below this tempera-
ture the rate of formation of the nitride is too
slow for practical operation.

When the catalvst is nitrided in ammonia gas,
the temperature of nitriding s the primary factor
in determining the rate of nitriding or whether
nitriding will proceed ab all, the practical tem-
perature limits being between 200° C. to 550° C,,
a5 explained above. Another factor of impor-
tance in determining the nitriding rate is the
veloeity of the stream of ammonia gas in which
the eatalyst is beine treated. As explained above,
the course of the reaction of ammonia with me-
tallle iron to produce iron nitride is determined
by the concentration of ammonia at the catalyst
surface. As the velocity of ammonia passing over
the catalyst increases, the concentration of am-
monia at the surface will also increase since the
hydrogen formed by the reaction ifself and by the
eracking of ammonia gas will be earried away
faster from the surface as the velocity of the gas
stream passing over the catalyst increases.

A third factor in determining the rate of ni-
triding 1s the type of catalyst being niirided.
Each catalyst will have an appreciably different
rate of nitriding depending among other things
on its physieal structure and on the type of pro-
motors present.

The optimum temperature and rate of flow of
ammonia gas for any given catalyst which will
give the maximum rate of nitriding must in each
case be determined empirically. A high rate of
flow of ammonia gas passing over the catalyst
will always Increase the rate of nitriding and
therefore the rate of flow of ammonia gas should
always be chosen as high as practical. For this
chosen rate of flew of ammonia gas there will be
temperatures at which the maximum rate of
nitriding is obtained for a glven catalysi. De-
termining the optimum temperature is a matter
of finding the balance hetween the two opposing
factors discussed above, the one factor being the
fact that higher temperatures hoth kinetically
and thermodynamically favor formation of ni-
tride, and the other factor heing the fact that at
higher temperatures the rate of eracking of am-
monia gas is accelerated, which drives the re-
action in the apposite directlon. As mentioned
above, increasing the flow of ammonia gas over
the catalyst being nitrided will always tend to
improve the rafe and completeness of nitriding by
increasing the concentration of ammonis at the
catalyst surface. However, at temperatures above
550* C., practically speaking, it is impessible to
materially {mprove the rate of nitriding by in-
creaging the rate of flow of ammonia gas because
above this temperature the rate of decompaosition
of ammonia is very fast. At temperatures below
shout 200° C. although the rate of decomposition
of ammeonis in the presence of iron is practically
negligible, the rate of formation of the nitride
{5 extremely slow.

In order to obtaln the regquired concentration
of ammonila at the catalyst surface at tempera-
tures between 200° and 530° C,, a gas containing
substantially 100% ammonia gas must be used.
The presence of inert gases in the ammonia in
relatively small amounts s not serious but re-
quires an Increased rate of flow of the gas stream
in order to obtsin equivalent concentrations of
ammonia at the catalyst surface. However, adul-
teyation of the ammonia gas with any appreciable
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amounts of hydrogen renders the formation of
the nitride virtually impossible. ’

The following examples fllustrate the produc-
tion of nitrided iron catalysts in accordance with
the present invention.

EXAMFLE A

One type of iron eatalyst which has been found
to be particularly usefu] in the entalytic hydro-
genation of carbon monoxide is a fused iron cata-
Iyst of the type employed in the synthesis of am-
monia from H2 and No. In general, these cata-
lysts are prepared by making a physical mizture
of an iron oxide and desired promoters and then
fusing the mixture in an electric are. For typi-
cal methods of preparation of synthetic am-
monia catalysts see Bridger, Pole, Beinlich, and
Thompson, Chem. Eng, Prog., 43, 201 (1847), In
the preparation of a particular catalyst the fol-

lowing ingredients in finely divided form are
mixed together:

Companent Pegvc:ing\‘i‘!gy
High purity magoetite ore Fe:Ou._.........._......| approx. 84,
Ohromiom Oxide (CryOy) _{ approx. 0.8.
Mpgnesinm Oxide (Mg%..._. _.| approx. 4.6.
Potassium Hydroxide (KOH) ... .| approx, 0.8

The above ingredients are mixed until a homo-
geneous physical mixture is obfalned and then
loaded Into an iron trough the sides of which
are coated with a paste of FesO4 to provide a re-
fractory lining. Water-cooled electrodes are then
inserted into the mixiure and electric current
is passed therethrough until fusion takes place.
A dense mass of fused magnetite with the pro-
moters, magnesium oxide, chromium oxide, and
potassium oxlde, homogeneously dispersed there-
in is obtained in the form of a “pig.” The “pig”
is removed from the trough and hroken into small
pieces of 6 to 8 mesh, preferably.

The iron oxlde is then reduced in a stream of
hydrogen at about ¢50° C. to 500° C., the rate of
flow of hydrogen being erqual o a space velocity
per hour of about 1000. Space veloclty per hour
{hereafter abbreviated SVHD) is a rate of flow
equivalent to volumes of gas (recaleulated to
standard conditions, ¢° €., 760 mm. of Hg) per
volume of catalyst, per hour. The volume of
the catalyst is defined as the space occupied by
the catalyst in the reactor.

Following the reduction in the stream of hy-
drogen, the catalyst is then treated in a stream
of substantially 1009% pure ammonia gas at a
temperature of abeut 3560 $o 385° C. from about
4 to 8 hours, the rate of flow of ammonia heing
equal to an SVH of ahout 750,

A chemlcal analysis of the catalyst prepared
as above before reduction and nitriding showed

the following composition:

Percent by
Componeit weight

.| BG.8.

.1 0.6,

0.8.

4%,

.--| 0.4
-] rempinder.

As explained above the rate and comupleteness
of nitriding varies for each given catalyst with
the temperature and with the rate of flow of sub-
stantially pure ammonia gas ovelr' the catalyst.
A series of tests was made employing the catalyst
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prepared as deserlbed above to determine the
optimum conditlons under which it may be ni-
trided in ammnonia. In Flg. 1 there is graphically
illustrated the results of these tests wherein the
time in howrs of nitriding is plotted against the
atom ratic of nitrogen to iron in the catalyst. 1t
will be noted that for the catalyst deseribed ahove
the optimum rate of nitriding for a flow of am-
monia gas equal to an SVH of ahout 750 is about
350° C. At temperatures below 350° C. for in-
stance, 300° C. or 250° C., at the same rate of
flow of ammonia gas, the nitriding proceeds more
slowly but the catalyst can be substantially com-
pletely nitrided, given enough time. At tempera-
tures much above 350° C., it will be noted that
the rate of nitriding is quite rapid at first, but
soon levels off at a N/Fe atom ratio lower than
0.5, and proceeds no further. Thus, at 400° C. at
an SVH equsal to 750, the maxilmum atom ratio
of nitrogen to iron is about 0.275. It will be noted
that by doubling the space velocity of the am-
monia at 450° C,, the completeness of the nitrid-
ing is somewhat raised. However, even at this
space velocity the maximum nitrogen to iron
atom ratic obtainable fs about 0.310. These data.
indicate that at the given flows of ammonia over
the catalyst at temperatures of 400° C. and
higher, it is impossible fo obtain the concentra-
tions of ammonia thermodynamically required to
achieve complete nitriding of the catalyst. As
will be explained below, it f{s nmot necessary fo
completely nitride the eatalyst in order to obtain
improved results although the higher nitrides will
in general produce the best results.

DXAMPLE B

The preparation of another catalyst, a precipi-
tated Iron: catalyst, which has heen found useful
in the catalytic hydrogenation of carbon monox-
ide is prepared by the method outllned helow.
Enough ferric nitrate to give a total percentage by
weight of metallic iron in the final catalyst of
H7.6% was disselved In a sftainless steel vessel to-
gether with enough cupric nitrate to glve a final
pereentage of 5.8% by weight of copper in the
final catalyst, in sufficlent distilled water to make
abhout a 056 molar solution based on the
Fe(NO3)a. A 1.0 molar solution of sodium car-
bonatfe is then prepared in another vessel. The
nitrate solution is preneutralized by pouring
about 80% of the stoichiomettic amount of sodium
carbonate solution required for neutralization in-
to the first vessel. The mixture, still at room
temperature, is now heated to about 70° C., and
enough more carbonate solution is added to bring
down the precipitate. The resulting slurry is
heated to bolling, held there for a few minutes,
and then transferred to a fllter press where it is
washed until free of water soluble salts with hot
distilled water, and finally air blown te near dry-
ness. The filter cake Is then transferred to the
precipitation vessel where it is stirred into &
slurry with enough 0.1 molar K00: solution
added with continued agitation to assure a ho-
mogeneous mixture. The slurry is then poured
into trays and dried In an oven at about 105° C.,
after which it is broken up and screened into the
desired fractions. The result is a hydrated oxide
gel. Particles of this gel of from about 6 to 10
mesh are then redueed in hydrogen in the same
mannet deseribed In Example A. Following re-
duction the catalyst is nitrided as described in
Example A. A chemical analysis of the catalyst
prepared as in Example B before reduction of
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the hydrated gel and before nitriding in ammonia
shows the fellowing composition:

Percont hy

Compouent weight

-| remainder.

Nitriding of any iron catalyst which is useful
in the catalytic hydrogenation of carbon oxides
and in particular carbon monocxide will improve
the behavior of the catalyst in the synthesis re-
gardless of the method by which it is prepared.
Thus, catalysts which have been prepared by
fusion or precipitation as described above in Ex-
amples A and B, respectively, are improved by
nitriding, Sintered catalysts which have been
prepared by sintering mixfures of iron oxides
with any desired promoters or iron catalysts pre-
pared by any of the other methods common to
the art will be improved by the nitriding treat-
ment according to the present invention.

For many purpoeses, especially in the so-called
fixed-bed catalyst operation, the use of a fused
Iron catalyst has been found to be most satisfac-
tory, principally due to the greater resistance of
this type of catalyst to mechanical deterioration
in use. Nitriding of this type of catalyst appears
to have a particularly great effect on its activity
as will appear from the discussion below. The
invention, however, is not limited to the nitrided
fused iron catalyst since substantial improvement
in the process of catalytically hydrogenating car-
bon monexide is obtained regardless of the meth-.
od of preparation of the iron catalyst employed.

It is not necessary to employ & catalyst which
has been reduced to the metallic state from the
oxidized state, but the use of a reduced catalyst
has been found fo be particularly advantageous
in the catalytic hydrogenation of carbon monox-
ide. The reduced catalyst ts probably superior
because of its increased porosity caused by the re-
moval of the oxygen from the iron oxide. The
reduction may be carried out in any suitable man-
ner but most conveniently in a stream of hydro-
gen at 200° to 550° C, and at a Aow of hydrogen
of 500 to 10,000 SVH. The reduction should be
carried on for sufficient length of time so that it
is virtually complete. The time required to com-
pletely reduce the catalyst will vary for any given
catalyst but will generally be from ahout 24 to 60
hours at a fiow of hydrogen of about, 1000 SVH.

‘The ineclusion of small amounts of promoters
in the catalyst is often desirable. Some ex-
amples of promoters which have been found to
be particularly usefin in iron catalysts employed
in catalytic hydrogenation of carbon monoxide
are poiassium oxide (K20} or sodlum oxide
(Naz0) added, for example, in the form of the
hydroxide, nitrate or carbonate and the oxides
of any of the following metals: Copper, alumi-
num, chromium, silicon, manganese, caleium, or
titanium. For any given iron catalyst, one or
more of the ahove promoters or any of the pro-
moters known to the art, may be included in the
catalyst in order to improve its performance in
a manner well known.

USE OF THE CATALYST IN THE SYNTHESIS
In the catalytic hydrogenation of carbon mon-
oxide using the so-called fixed-hed catalyst op-

eration, a mixture of the synthesis gases, carbon
monoxide, and hydrogen, in the proper ratio is
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passed over the cafalyst bed. Since the reaction
is highly exothermic, the reactor must be de-
signad to remove the heat of reactlon in order
that the catalyst bed may not becotne overhest-
ed. When using an iron catalyst at temperatures
between 150° to 3756° C. and at pressures from 0
to 400 Hs./In2/gage, and employing ratios of
earbon monoxide to hydrogen of from 3:2 to 1:2,
a Imixture of saturated and unsaturated hydro-
carbons angd oxygenated organic compounds is
obtained, with the hydrocarbon fraction predom-
inating. The heavier hydrocarbons and oxy-
genated organic compounds collect In a pot at
the bottom of the reactor column while the light-
er compounds are collected in a refrigerated trap
and a charcoal trap. In the following examples,
equipment was used to eonduct the process sub-
stantially identical with the apparatus deseribed
in the article appearing in Ind. and Eng. Chem.,
vol, 39 (Dec. 1947) pp. 1548 to 1554 by Anderson
et al.

As explained above, in this process the activity
of the catalyst is highly important since output
of product for a reactor of a glven slze contain-
ing a given amount of catalyst depends upon the
activity of the catalyst. The actlvity of the
catalyst is also important in that a highly active

. catalyst will permit operation at a lower temper-
ature and produce the same or higher yields of
product as less active catalysts af a higher op-
erating temperature. Lower temperatures of op~
eration are desirable for a number of reasons,
one being that at lower temperatures the cata-
lyst retaing ils activity for a longer period and
another being that the rate of the reactions that
ecause catalyst deterioration is slower at lower
temperatures.

EXAMPLES 1 AND 2

In these examples, the operating conditions for
the process and the resulting products are tabu-
lated below in Table I. A mixture of carbon
monoxide and hydrogen in the ratio 1:1 which
has been carefully purified especially from traces
of sulphur, is passed over @ caetalyst prepared as
in Example A above and reduced and nitrided
to the extent indicated below in Table I. In
Example 1, the catalyst is not nitrided while in
Example 2, the catalyst is the same a5 in Example
1 (the fused iron catalyst

Fe:85i02: Cr203: M0 K20

prepared as described in Example A) but has
been nitrided to an atom ratlo of nitrogen to iron
of 0.460. In order to have & proper basls for
comparison between the results of operation of
the process with the nitrided and non-nitrided
catalyst, the operating conditions (with the ex-
ception of the temperature) in each case have
heen kept substantially the same. In each case,
the synthesls gas, in which the ratlo of CQO:H:
is 1:1, is passed over a fixed bed of the catalyst
(of mesh size 6-8) at a pressure of 100 p. s. 1. &.
and a flow equivalent to an SVH of 100, In each
example, the process was operated over a num-
her of weeks. During the entire period of op-
eration, in each example, the temperature was
adjusted so that a converslon of synthesis gas
corresponding fto a contraction of the Ingoing
syhthesis gas of about 656% was always main-
tained. When the percent contraction de-
creased, the temperature was raised until about
63% contraction was again obtained. ‘The per-
cent contractlon of the synthesis gas was meas-
ured after substantially all the products, llguid
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and gaseous Including COa and HzO were re-
moved leaving only residual CO and Hz. Thus,
the percent contraction is a measure of the per-
cent converslon of the ingoing synthesis gas to
product, By keeping the percent conversion
constant by adjusting the temperature during the
entire run in both examples, the relative tem-
peratures of operation is o measure of the com-
parative activity of the catalysts. The lower the
temperature of operation required to glve the
same percentage contraction of the synthesis gas,
when other operating conditions are the same,
tire higher is the activity of the catalyst. A cat-
alyst which will converi the same amount of
synthesis gas ab a lower temperature of opera-
tion when all other operating conditions are the
same, is clearly more active than a catalyst
which requires higher temperature of operation
to convert the same amount of synthesis gas to
product.

Teble 1
Baample. .o oo 1 2
Reduction of catalyst in Hj:
Temp., 0. e 560 550
Honrs. ... SN 40 20
SVH. ..., 1, 000 2, 500
Pareent Reductlon . ... . 88.0 100. 4
Nltriding of catolyst In
Temp., °C.occaiane 385
Houwrs. ... ... 4
............. 5,000
Atom ratio, NfFe. oo o Q 9, 460
Opetating conditions for synt]
Temp., °C 259 222
Pressure, p. 8. L. g - 100 L]
o 7.3 o
Pereent coniractlon of synthesls gas. ... 63.0 62,4
Weeks of ¢peration during whick above
opersting dats was averaged...._______. 2nd&tlo zndhtu
8 ‘7th.
Produoet composltion in pareent by weight, a
overall distributlon:
16.2 17.8
18,1 22.0
46.4 6.2
4.6 48.8
iz 6.9
us. 4 85.0
.4 31
16.1 <1
weight:
OE'I dﬁh. - 0. 50 u.0
B.P, <185 G480 ine 1 &E ]
Bromine No...._...c..... 0, 58 250
OHd ___ 0.407 L&
B, P., 185-36° O {Sglefins ». A a8
Bromfso No.___._____._ 28,0 110

» Based on total welght of carkon eompounds excepting OOz and
lower alcohols dissolved tn water fraction,

b O34-Cy=total welght percent of hydreearhons containing two
and three carbon atoms per moleoule.

° C;+Ci+Crt-Camtotal woight parcent of hydrocarbens having
1,2, 3, and 4 earbon atoms per molecale.

4 This waight pereent Is based on the weight pereent of the hy-
droxyl (OH) Eroup {tself having & mole weight of 17,

¢ This weight pereont 19 basad en the walght pereent of the radical
«C=C having a moje welght of 24,

[ Thls welght percent is based on tho weight percent of the radlcal
# C=C having o molo welght of 24, As used herein, the term g-
olei}ni‘ includes all doubled bonded earbon compounds axcept tha
«-0leling

It will be noted that In Exsmple 1, where the
unnitrided catalyst was employed, the average
temperature of operation was substantizily higher
than the temperature of operation in Example 2
where a nitrided catalyst was used in order
to obfain the same percentage contraction of the
synthesis gas under the same operating condi-
tions. As can be seen, the nitrided catalyst under
the same conditions operated at an average
temperature of about 40° lower than the un-
nitrided eatalyst. This marked difference in tem-
perature of operation demonstrates the remark-
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able increase in activity of the catalyst obfained
by nitriding.

The operating temperatures listed in Table I
above were averaged over a number of weeks,
The graph in Fig. 2 illustrates the fact that
the nitrided catalyst will not only have a lower
average operating temperature to give the same
space-time yleld of product but will also operate
at a more constant temperature. In this graph
the operating temperature has been plotted
sgainst time of operation in weeks. Curve |
illustrates the Increase in operating temperature
of the process conducted in mccordance with
Txample 1 using an unnitrided catalyst, from
the frst to the eighth week of operation. It will
be noted that in this example, the operating
temperature rose rapidly from an initial 245°
until the temperature of operation after 8 weeks
necessary to give the same yield of product was
964°, In Example 2, however, the temperature
of operation of the nitrided catalyst remained
fairly constant rising omly very slowly during
approximately 14 weeks of operation. (See
curve 2.)

In addition to a large increase in activity of the
catalyst, when nitrided in accordance with the
present invention, nitriding of the catalyst also
causes a remarkable change in the type of prod-
uct obtained. As explained above, the use of an
iron catalyst in the catalytic hydrogenation of
carbon monoxide will produce a mixture of satu-
rated and unsaturated hydrocarbons and oxy-
genated organic compounds, with the hydro-
carbons predominating. On the whole, the en-

=
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wherein it can be seen that the yield of liquid
hydrocarbons and oxygenated organic com-
pounds boiling below 185° C. is almost double
m the case of the nitrided iron eatalyst.

In the infrared analysis of the distillation
fractions for hydroxyl, and a and g olefinis, the
change In distribution of the products for the
nitrided and unnitrided catalysts is also very
remarkable, It will he noted that the nitrided
eatalyst produces over 10 times as much oxy-
genated organic compounds in the fraction which
boils at a tempersture below 185° C. than the
unnitrided catalyst, while if produces a much
smaller quantity of « and g olefins. In the frac-
tion boiling over from 185° to 352°, the nitrided
catalyst produces about 20 times as much oxy-
genated compounds as does the unnitrided cata-
lyst, while here again the production of un-
saturates 1s much lower,

DXAMPLES 3 (A, I, AND C) AND 4 (4, B, AND C}

Substantially the same procedure was followed
as in Examples 1 and 3. The synthesis gas con-
sisting of a mixture of carbon monoxide and hy-
drozen in the ratio of 1:1 was passed over a fixed-
bed catalyst at a space velecity of about 100 SVi
and at a pressure of 100 lbs./in? gage. In order
to provide a proper basis for comparison between
the nitrided and unnitrided catalyst the percen-
tage contraction of the synthesis gas was kept
substantially constant at 65% as in Examples 1
and 2. The catalyst employed was an iron cata-
1yst identical with that employed in Examples 1
and 2 and reduced and nitrided to the extent in-

tire yield of hoth hydrocarhons and oxygenated 15 dicated in Table II below.
Table II
Ex8mple. oo cecee e ammmm e 3A i ¢ 43 4B 4C
Roduetion of eatelyst in Ha:
emp,, °C 1 )
40 |..
2, 500 |-
1T S I
450
&
5,000
0.032
240
100
S o7 5 )
Percent contraction of synthesis gas..._.__ 65.3 041 62.9 2.6
Weeks of operation durlng which above
operating data was aversged . -ooooeovrn 2d tosth | 10th to | I8thto |2d to#th| 1l0thto | 1Gth to
12th 20th Lith 18th
Product composition in percent by welght,
overall distribution:
13.1 20.6 4.5 2.9 11, 8.5
19.3 26.2 257 25.3 21.0 29.4
3 355 q7.2 49.2 55.4 41.8 83.3
Tiqalds and sotids. 60, 4 22.8 50.8 440 58, 0.7
Dlstlilé:lnltlun of liquids and solids, perce
we. .
B.P,<18°0C_. 2L3 58.4 33.3 43.9 58. 4 36.7
B.E, 8.4 380 7.4 32,8 4.5 3.3
B. P, 852-484° C 18.6 6.1 T 128 3.2 g8 1.8
B.P,>44°C .. 17.8 1.6 16.7 H 1.4 17.2
Infrored analysis of f{ractions,
weight:
1.3 g‘IJ 1.5 zg 1.:];.
o - 4.7 . 6.8 . 43|
B. P, <185°C. 15 1fins 45 12 77 0.7 46|
610 0 55,0 2.9 50,0
0.03 Ogg Oilg {g 8 Og .
0.9 g, . . .79 |-
B. P, 185-352° C. {4 jlafing 3.5 1 26 12 5.4 |
Bromine No. ... 20.0 18.0 28.0 15.0 28.0

organic compounds, in the example employing
the nitrided catalyst, was shifted toward the
compounds of lower molecular weight. This is
particularly evident in the distillatlon data

In Examples 3 (A, B, and C) the catalyst was
initially nitrided very slightly until the atom ratio
of nitrogen to hydrogen was 0.032. This slightly
nitrided catalyst was then used in the process for
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8 weeks (Example 3A) and the temperature of

operation averaged from the 2nd to the 8th week.-

At the end cf the 8th week, the process was dis-
continued and the catalyst was subjected o fur-
ther treatment with ammonia gas until the cata~-
1yst was mere completely nitrided, the atom ratio
of nitrogen to iron now keing 0.440. The process
was then continued with the renitrided catalyst
for an additional 3§ weeks (Example 3B) the tem-
perature of operation being averaged from the
10th to the 12th week. At the end of the 16th
week, the process was sgain discontinued and
the eatalyst was reduced in hydrogen in order to
remove the nitride. In substantially pure hy-
drogen at 385° it was only necessary to treat the
nitride for four hours in order to remove all of
the nitrogen, since the nitride is rapidly reduced
in hydrogen at temperatures above 250° C. The
process was then continued for several more
weeks (Exarmple 3C) and the average tempera-
ture between the 18th and 20th week was noted.

In Example 3A wherein the slightly nitrided
catalyst was used, it will be noted that the average
temperature of operation is approximately 20°
below the temperature of operation in Example 1
although the catalyst in Example 3A was only
very slightly nitrided. Thus it is seen that even
at low atom ratios of nifrogen to iron the activity
of the eatalyst is improved. This low degree of
nitriding, however, seemed fo have little effect
on the distribution of the products, approximate-
1y the same molecular weight distribution being
observed.

in Example 3B, wherein the same catalyst used
in Example 3A was renitrided more completely
after 8 weeks of use, the average femperature
dropped to 222° C. This temperature drop Is sub-
stantially the same as the temperature drop ob-
served in Example 2 wherein the nitrided catalyst
operated at a temperature about 40° below the
temperature of operation of an unnitrided cata-
lyst under the same conditions. In Example 3B
a marked change in the distribution of the prod-
ucts will be noted. As in Example 2 the use of
a nitrided catalyst shifts the products towards
those of lower molecular weight.

In Example 3C where the catalyst used in Ex-
ample 3A and 3B was reduced in hydrogen after
16 weeks of operation, it will be noted that the
average temperature of operation rose about 20°
above the temperature of operation of the fully
nitrided catalyst. It is interesting that the tem-
perature did not rise as high as might be expect-
ed for an unnitrided catalyst. It is believed that
nitriding followed by operation In the synthesis
and reduction in hydrogen to remove the nitride
has a beneficial effect on the activity of the cata-
1yst perhaps through some rearrangement of the
iron lattice, although the distribution of the prod-
ucts does not appear to he materially affected.
This method of improving the aectivity of the
catalyst will not be claimed in this applicatton
but will he made the subject of a separate ap-
plication.

In Fig. 3, the temperature of operation in Exam-~
ples 3A, B, and C has heen plotted against the
time of operation in weeks. Curve 3A corresponds
to Example 3A and shows the temperatures of
operation from the second to the 8th week. Af
the end of the 8th wesl, it will be noted that the
catalyst was renitrided to increase the ratio of
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nitrided catalyst operated at 222° C. from the 8th
to the 16th week. Curve 3B is the plot of the
temperature from the 8th to the 16th week. At
the end of the 16th week, the nitrogen was
removed by treatment of the catalyst with hydro-~
gen gag and the temperature immediately arose
to about 239° C. Curve 3C is the plot of the tem-~
perature from the 16th to aboui the 18th week.

In Example 44, the catalyst was initially ni-
trided to an atom ratio of nitrogen to iron of 0.440,
and the proeess conducted using this catalyst for
9 weeks, the temperature being averaged from
the 2nd to the 8th week., In Example 4B, the
catalyst used in Example 4A was reduced in
hydropen after the 9th week of operation and the
process continued for an additional 7 weeks,
whereupon at the end of the 15th week the same
catalyst was sublected to g stream of ammaonia
gas in order to renitride to an atom ratio of nitro-
gen to iron of 0.440 and the process continued for
several more weeks (Example 4C). In Example
44, where the catalyst was initially strongly
nitrided resulis comparable to those of Example
2 were obtained, the temperature of operation
heing 40° lower than the temperature of opera-
tion with the unnitrided catalyst and the distri-
pution cf the products being quite matrkedly
shifted from the higher towards the lower molec-
ular weight hydrocarbons and with a marked
increase in ihe percentage of cxygenated organic
compounds. In Example 4B where the nitrided -
cataiyst was reduced In hydrogen to eliminate the
nitride, results comparable to Example 3C were
obtained. 'The temperature of operation was
somewhat lower, but the distribution of the prod-
uets remained about the same as when using the
unnitrided catalyst.

In Exarple 4C renitriding the catalyst which
had been used successively in Examples 4A and
4B to an atom ratio of nitrogen to iron of 0.440
restored the catalyst to its original high activity.
the average temperature of operation being about
524° (. or about 40° C, lower than the average
temperature of operation for the unnitrided cat-
alyst under the same conditions. Redistribution
of the products towards those of lower molecular
weight was also noted in Example 4C.

In Fig. 3 the temperatures of operation in Ex-
ample ¢4, B, and €, were plotted against time of
operation in weeks, curve 4A corresponding to
Example 44, curve 4B to Example 4B, and curve
8C corresponding to Example 4C. It will be
ohserved that the same immediate rise in tem-
perature cccurred when the nitride was reduced
in hydrogen and that the same sharp drop in tem-
perature occurred when tlre catalyst was reni-
trided in ammonia.

EXAMPLES 3 (A AND B) AND 6

In these examples substantially the same pro-
cedure was followed as in the examples above
with the exception that the operating pressure
was raised to 300 lbs./in? gage. A mixture of
hydrogen and carbon monoxide in the ratio of 1:1
wags passed over 4 fixed-bed catalyst at a pressure
of 300 Ibs./in? gage and at a space velocity of
about 300 SVH and the temperature of operation
adiusted so that during the whole operation the
percent contraction of synthesls gas remained

about 65%. The catalyst used was the same cata-

nitrogen to iron. An immedjate drop in the oper-".

ating temperature was noted and the fully

78

Iyst used in the examples above, belng prepared
in accordance with Example A.
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Table I
Atom ratio, IV {F 3
QOperating cnnd‘ihons for synthesis:
257 243
300 300
ez - 3068 205
Percent Coutraction of synthesis gas. 655 03.0
Weeks of operation during which
sbovooperating dota was averaged.) 2nd to 8th | 13th to 18th
Product compesition in percent hy
wclght ovorall distributfon:
L0} - RO, 11.8 19.2
C [P, . 17.2 2L.8
CH UGy . 37,0 522
quuids and sol Ids __________________ 83,0 47.8
Distillation of lignids snd solids,
paresnt by wel ht:
B P, <IB86° Qe carmmr e mme g0 65.4
P 185—352“ C._. 20.0 wu
B. P, " 352-404° C._. 12,6 57
B, P. > 640 C o — 19,4 4.2
Infrared arnalysls of fractions, percent
by welght:
ST — 70 T8
o a-0lellns. . -
B.P.,<185° G- g olefns . 0.9 0.0
romine No 53.0 110
olsfi 0 o8
eolefing__. 5 \
B. P, 185352° C__.. -olefing. ... 1.3 08
romine No__ 35.4 19.¢

In Example 5A, the catalyst was not nitrided
initially and the process was conducted with the
unnitrided eatalyst for about 12 weeks. At the
end of this time the process was discontinued
and the catalyst was then nitrided in ammonia
gas to an atom ratio of nitrogen to hydrogen of
0.440 and the process continued for an additional
six weeks (Example 56B). In Example & the cata~-
lyst was nitrided initlally to an atom ratio of
nitrogen to iron of 0.262 and the process con-
ducted with this catalyst for about 6 weeks.

In Figz, 4 the temperatures of operation in
Examples 5 (A and B) and 6 have heen plotted
against the time of operation in weeks. Curve
BA represents the curve developed by the unni-
trided catalyst operating at 300 Ibs./in? gage
of synthesis gas. After 12 weeks, operation was
discontinued and this catalyst was nitrided caus-
ing a sharp drop in the temperature of operation
after which operation was again commensed and
curve §B was developed. Curve 6 wasg developed
by the catalyst which was nitrided initially as in
Example 6. It will be noted that for operation
at 300 bs./in? gage the catalyst which was nl-
trided initially appears to cperate at a mere con-
stant temperature than the catalyst which was
nitrided after a period of opersation,

Table IV
Exsmple. ..o 7 8
Redugtion of cu.talyst in Hj:
om P, 0 el kL]
Hours....... 16
SVH. ... 1, 000
Porcent Reductiol 78.8
Nitrlding of catalysh in aman
Pamp., 0L ana
Hours......... 4
SVH e e I, 000
Aton: ratio, N/Fe 0. 250
Operating cunditious Tor synthesls
Temp., .- 232.3 229
Fressure, p.5. 18- 100 100
- 1317 141
Parcent contraction of synthesis gas_ 64. 4 3.8
‘Weelks of operation during which sbove
operating data was averaged.......—_.._.|3rd to8th |2nd to 9th

6
550
20
2, 500
.0
385
4
5,000
0.262
242
306
200
BLD
2nd to 6th
18.4
2Ll
50,6
0.4
51.0
3.3
[N
3.9
8.8
43
0.9
6.0
L1
L1
1.7
19,0
Table IV—Continued
35
Exammple. e 7 8
Product 1t b
Ovorall Gaiibtion; I Dereem by wolght,
ST g3 lie
40 cl+c,+c +Ci. _ 188 38,2
Liqulds and solids..........._.. 00T 41.2 8L.8
*Inducied in 1H;+1C0 gns at atmospheric prossurc,
45 EXAMPLES 7 AND 8 (SEE TABLRIV)

In these examples the method of operation was
substantially the same as in the above examples
with the exception that a different iron catalyst
was used. Instead of the fused iron catalyst

50 prepared in accordance with Example A which
was used for all of the above examples, a pre-
cipitated iron catalyst prepared in accordance
with Example B was used. A mixture of carbon
monoXxide and hydrogen in a ratio of 1:1 were

55 passed over g fixed-bed catalyst at a pressure of
100 1bs./in2? gage and a space veloclty of about
100 SVH, and the femperature adjusted from
time to time so0 that during the entire process,
the percentage coniraction of the synthesis gas

60 was maintained at about 65%. In Example 7,

the patalyst was neither reduced nor nitrided.
In distinction from the fused catalyst, it is not
necessary to specially reduce the precipitated
catalyst before use, these catalysts being reduced
by the hydrogen and carbon monoxide in the
synthesis gas during operation. It is often de-
sirahle, however, to induct the precipitated cata-
lyst in a mixture of hydrogen and carbon monox-
ide and this was done in the case of the catalyst
used in Example 7. In Example 8 the catalyst
was first reduced in hydrogen and then was ni-
trided in ammonia to an atom ratio of nitrogen
fo iron of about 0.250. It will be notedg that
there was only 2 small increase in the activity
of the nltrided catalyst over the unnitried cata-
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1yst, the sverage temperatures of operation in the
ease of the nitrided catalyst being slightly lower.
However the same shift in -the distributing of
the products obtained with the use of the ni-
trided fused iron catalyst occurred when the pre-
cipitated nitrided catalyst is used.

It will be apparent from the above examples
that nitriding of an iron catalyst markedly in-
cresses its activity particularly in the case of
the fused iron eatalyst. The increase in activity
in the case of the precipitated iron catalyst 1s
perceptible, but of a smaller degree. It is be-
leved, although the invention isnot to be limit-
ed by this theory, that the increase in activity
for the fused iron catalyst is due to a modifica-
tion of the iron Iattice. Nitriding of the dense
fused iron catalyst appears.to have more effect
than nitriding of the more porous precipitated
iron catalyst. As was pointed out above, this
increase in activity permits greater space time
yields of product per volume of cabalyst em-
ployed for a given temperature of operation and
also permits lower temperatures of operation
to obtain an equivalent space time yield of prod-
duct. The Iatter is highly important since the
life of the expensive catalyst is greatly extended
by employing low temperatures of gperation.

Ancther important characteristic of the ni-
trided iron catalysts is their long life, One reason
for the inereased life of the nitrided catalysts Is
the fact that they resist deposition of free car-
bon within the catalyst granules, With the or-
dinary unnitrided cafalyst, deposition of free car-
bon (as distinguished from carbide carbon) soon
begins. At lower temperatures of operation depo-
sition of the free carbon does not appear to be
very rapid nor does it lower the gctivity of the

catalyst very much. However, gradual accumula-

tion of this free ecarbon and other degenerative
processes, particularly oxidation of the catalyst,
gradually cause a loss in activity., To offset this
loss in activity, the temperature of operation musf
be raised. But at higher temperatures, the de-
generative processes, particularly deposition of
free carbon, ate greatly accelerated and the cata-
lyst is gquickly rendered unusable. The alterna-
tive to raising the temperature of operstion as
the activity of the catalyst falls off, namely, al-
lowing the space time yield to decrease, is equally
undesirable., The deposition of ¢arbon is accom-
panied by mechanieal disintegration of the cata-
lyst. In fixed-hed operation this mechanical dis-
integration of the catalyst makes the catalyst bed
less permeable to the passage of synthesis gas,
until finally the catalyst bed is completely plugged.
In fluidized bed operation, the disinfegration of
the catalyst decreases the density of the bed
which must be held within -close limits in order
to prevent excessive entrainment of catalyst par-
ticles in the stream of synthesis gas. The nitrided
catalyst resists the mccumulation of any sizable
amount of free carbon. As the operation pro-
ceeds, some of the nitride nitrogen is slowly re-
placed by carbide carbon. Carbide carbon, how-
ever, is not detrimental to the catalyst activity
nor to its mechanical stability. Analyses made of
the nitrided catalyst over a long period of use
showed very little free carbon deposition.
Another advantage of the nitrided catalyst is
that the catalyst expands (i. e., increases in bulk
volume) during nitriding and does not change
in volume during use in the synthesls. On the
other hand, iron catalysts that have not been
nitrided increase in volume during use in the
process due to the formation -of iron .carbides
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and free carbon. This increase in volume causes
the catalyst to jam into the catalyst tube, and
makes difficult the removal of the catalyst from
fixed bed reactors, even though the catalyst has
not disintegrated by carbon deposition.

Another reason for the enhanced durability
and longer life of the niirided ecatalyst is the
fact that It resists exidation during use. The
presence of oxygen in the catalyst lessens the
activity of the catalyst since the iron oxide ap-
pears to have no catalytic effect in the process.
As pointed out zbove, decrease in activity of the
eatalyst necessitates increasing the operating
temperature to mainfain the same space-time
yield, and the increased temperature operates to
accelerate the degenerative processes leading to
the.complete breakdown of the catalyst. Analyses
of the nitrided catalyst ab vartous intervals dur-
ing use indicated a negligible amount of .oxida-
tion while similar anslyses made for the un-
nitrided catalyst showed a high degree of oxida-~
tion.

Although hydrogen alone will very rapidly re-
duce the nitrides at temperatures above 350° C,,
it has been found that the hydrogen present in
the synthesis gas has no appreciable reducing
effect on the nitrided catalyst. Apparently by
some mechanism inherent in the process, the re-
duction is inhibited. It is belleved that carbon
monoxide in the synthesis gas is responsible for
the inhibition.

Another advantage .of the nitrided catalyst is
its incressed versatility. Numerous tests, includ-
ing the examples above, show ‘that nitriding of
the catalyst tends to shift the distribution of the
products towards those of lower melecular weight
and to increase the fraction of oxygenated com-
pounds. The higher the degree of nitriding, the
greater the shift in distributlen of products. It
will be noted that the slightly nitrided catalyst in
Exgmple 3A underwent an increase in activity but
the distribution of the preducts was substantially
unsaffected. Thus by selecting the proper degree
of mtriaing a desired proauct distribution over
a wide range may be obtained.

In general, the more complete nitriding of the
iron catalyst employed, the greafer improvement
in its properties, particularly the activity, will be
obtained. The lowest atom ratio of nitrogen to
iron in which the nitride is present at all is about
0.008, whilg the highest obiainable atom ratic of
nitrogen to iron is ahout 0,51. Iron catalysts in
which the atom ratio of nitrogen to iren is within
the limits 0.008 to 0.51 will have improved prop-
erties for use in the catalytic hydrogenation of
carbon oxides and in particular carbon monoxide.
The .more jmportant improvement in activity will
be obtained-in the upper range of atom ratios of
nitrogen to iron, from about 0.200 to 0.51. The
cataiyst may be nitrided at any desired time in
the process, but most gesirably before use. It may
he aesirable to renitride the catalyst at intervals
during the process since there is a slow loss of
nitride nitrogen as the process continues over a
long peripod of time. Reniiriding may be done
most convenlently without removing the catalyst
from the reactor tube. .

The use of an iron catalyst in the catalytic hy-
drogenatlon of carbgn monoxide produges a mix-~
ture of saturated and unsaturated hydrocarbons
of various molecwlar weights according to the
catalyst . employed and other conditions.aof opera-
tion and also g small amount of oxygenated or-
genic.compounds. As pointed out, the nitriging
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of iron catalyst produces the same general type
of compounds but shifts the hydrocarbons toward
those of lower molecular weight and increases
the yleld of oXygenated compounds.

The nitrided iron catalyst of the present in-
vention may be used in the range of operating
conditions within which iron catalysts have been
heretofore used when employed in the catalytic
hydrogenation of carbon oxides. Thus when the
catalyst 1s employed in the catalytic hydrogena-
tion of carbon monoxide, mixtures of hydrogen
and earbon monoxide may be used wherein the
ratio of hydrogen to carbon monoxide is in the
range 4:1 to 1:2, and the synthesis gas is passed
over the catalyst at pressures of 0 to 450 ibs./in.2
gage, and at temperatures of 150 to 375° C. While
the above range of conditions is feasible, it is
preferred to operate the process with mixtures
of hydrogen and carbon monoxide wherein the
ratio of hydrogen to tarbon monoxide is in the
range of 2:1 to 1:1.5, and wherein the synthesis
gas is passed over the catalyst at pressures of
100 to 300 lbs./in.? gage and at temperatures of
210 to 260° C. Any type of catalyst bed may be
employed as desired, including the so-called fixed
catalyst bed, externally or internally cooled, or
the so-called fluidized bed or any other type of
operation known to the art.

It will be understood that the above deserip-
tion and specific examples are for the purpose
of explaining and illustrating the invention and
it is not intended that the invention be limited
thereby, nor in any way, except by the scope of
the sppended claims.

‘We claim:

1. The process of catalytically hydrogenating
carbon oxides to produce predominantly hydro-
carbons containing more than 1 carbon atom in
the molecule comprising the step of reacting hy-
drogen with a carhon oxide in the presence of a
catalyst comprising an iron nitride.

2. The process of catalytically hydrogenating
carbon monoxide to produce predominantly hy-
drocarbons containing more than one carbon
atom in the molecule comprising the step of re-
acting hydrogen with carbon monoxide in the
presence of a catalyst comprising an iron nitride.

3. The process of catalytically hydrogenating
carbon monoxide to produce predominantly hy-
drocarbon containing more than one carbon atom
in the molecule comprising the step of reacting
hydrogen with carbon monoxide in the presence
of a catalyst comprising an iron nitride in which
the atom ratio of nitrogen to iron Js within the
range of about 0.2 to about 0.510.

4. The process of cafalytically hydrogenating
carbon monoxide comprising the step of reacting
hydrogen with carbon monoxide in the presence
of a catalyst comprising as the major constituent
thereof an iron nitride.

5. The process of cafalytically hydrogenating
carhon monoxide comprising the step of reacting
hydrogen with carbon monoxide in the presence
of a fused catalyst comprising an iron nitride as
the major constituent thereof.

6. The process of catalytically hydrogenating
carbon monoxide comprising the step of reacting
hydrogen with carbon monoxlde in the presence
of a fused catalyst comprising an iron nitride as
the major constituent thereof and containing
small quantities of promoters.

7, The process of catalytically hydrogentating
carhon monoxide comprising the step of react-
ing hydrogen with carbon monoxide in the pres-
ence of a fused catalyst comprising as the major
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constituent thereof an iron nitride, and contalne
ing a small quantity of an alkali oxide promoter
and a small quantity of another metallic. oxide
other than an alkali oxide.

8. The process of catalytically hydrogenating
carbon monoxide to produce predominantly hy-
drocarbon containing more than one carbon atom
in the molecule comprising the step of reacting
hydrogen with carbon monoxide in the presence
of a catalyst made by reducing an oxide of iron
ahd then nitriding said reduced oxide.

9. The process of catalytically hydrogenating
carbon monoxide to produce predominantly hy-
drocarbons containing more than one carbon
atom in the molecule comprising the step of re-
acting hydrogen with carbon monoxide in the
presence of & catalyst made by fusing an ilron
oxide, reducing sald oxide, and then nitriding
sald reduced oxide in a stream of ammonis gas.

10. The process of catalytically hydrogenating
carbon monoxide to produce predominantly hy-
drocarbons containing more than ones carbon
gtom in the molecule comprising the step of re-
acting hydrogen with carbon monoxide in the
présence of a catalyst prepared by nitriding a
fused reduced iron oxide by reacting said fused
reduced fron oxide in a stream of substantially
pure ammonia gas at a temperature between
about 200° to 550° C.

11. The process of catalytically hydregenating
carbon moncxide to produce predominantly hy-
drocarbons containing more than one carbon
atom in the molecule comprising the step of re-
acting hydrogen with carbon monoxide in the
presence of a catalyst prepared by nitriding
metallic iron in a stream of ammonia gas until
the atom ratio of nitrogen to iron lies about in
the range 0.2 to 0.510.

12. The process of catalytically hydrogenating
carbon monoxide comprising the step of reacting
mixtures of hydrogen and carbon monoxide in
which the ratio of hydrogen to carben monoxide
lies within range of 4:1 to 1:2, a$ a temperature
between 150° to 375° C., at a pressure of from Q to
450 pounds per square inch gage in the presence
of a catalyst comprising as the major constitu-
ent thereof an iron nitride.

13. The process of catalytically hydrogenating
carbon monoxide comprising the step of reacting
mixtures of hydrogen and carbon monoxide in
which the ratio of hydrogen to carbon monoxide
lies within range of 4:1 to 1:2, gt a temperature
between 150° to 375° C., at a pressure of from 0
to 450 pounds per sguare inch gage in the
presence of a fused catalyst comprising an iron
nitride as the major constituent thereof and con-
talning small quantities of promoters,

14. The process of catalytically hydrogenating
carbon monoxide comprising the step of contact-
ing & mixture of hydrogen and carbon monoxide
in which the ratio of hydrogen to carbon mongx-
ide lies in the range of 2:1 to 1:1.5, at a tempera-
ture of 210 to 260° C., and at a pressure of 100 to
300 lbs./in.? gage, with a catalyst comprising as
the major constituent thereof an iron nitride.

15, The process of catalytically hydrogenating
carbon monoxide comprising the step of eontact-
ing a mixture of hydrogen and carbon monoxide
in which the ratio of hydrogen to carbon monox-
ide lles in the range of 2:1 to 1:1.5, at a tempera-
ture of 210 to 260° C., and at a pressure of 100 to
300 Ibs./in? gage, with a catalyst comprising as
the major constituent thereof an iron nitride in
which the atom ratio of nitrogen to iron is within
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