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UNITED STATES PATENT OFFICE 

2,658,858 
AROMATIZATION REFORMING AND CATA 

LYSTS FOR EFFECTING THE SAME 

William H. Lang, William A. Stower, and Carlos 
L. Gutzeit, Woodbury, N. J., assignors to So 
cony-Wacuum Oil Company, Incorporated, a 
corporation of New York 
Application June 22, 1949, Serial No. 100,562 

(C. 196-50) 4. Claims. 

This invention relates to new catalysts con 
taining chromium oxide and oxides of metals of 
the iron group, and to a process for effecting the 
aromatization of aromatizable hydrocarbons. It 
is more particularly concerned with new cata 
lysts of the type referred to prepared under con 
ditions adapted to form mixed oxides which have 
a specific activity for the dehydrocyclization of 
normal paraffins. 
Aromatization is a term well known in the art 

and Connotes the selective conversion of paraf 
finic, olefinic or naphthenic hydrocarbons, con 
taining at least six carbon atoms per molecule, 
generally referred to as aromatizable hydrocar 
bons, into aromatic hydrocarbons having the 
same number of carbon atoms per molecule. The 
formation of aromatic hydrocarbons by conden 
sation of monoolefinic, diolefinic or acetylenic 
hydrocarbons, through homopolymerization or 
copolymerization, is not included within the ac 
cepted meaning of the term. Aromatization may 
involve one reaction or two separate and dis 
tinct reactions, depending upon the nature of 
the aromatizable hydrocarbon which is subject 
ed to the treatment. When arominatizable paraf 
finic or olefinic hydrocarbons are the hydrocar 
bons to be aromatized, the reactions which must 
Occur to produce an aromatic ring are dehydro 
genation and cyclization. These reactions are 
collectively referred to, in the art, as dehydro- : 
cyclization. On the other hand, when aromatiz 
able allicyclic hydrocarbons are the hydrocarbons 
to be aromatized, dehydrogenation is the only 
reaction that must take place. 
AS is Well known to those familiar with the 

art, unsaturated hydrocarbons, as a class, pos 
sess octane number ratings that are higher than 
those of the corresponding Saturated hydrocar 
bons, and aromatic hydrocarbons, as a class, 
pOSSeSS Octane number ratings that are higher 
than those of aliphatic and naphthenic or ali 
cyclic hydrocarbons, Saturated and unsaturated, 
although the octane number ratings of certain 
individual aliphatic hydrocarbons are as high 
or even higher. Therefore, aromatization is an 
expedient whereby the aromatizable low-octane 
aliphatic or allicyclic hydrocarbons can be con 
Verted into the corresponding but higher-octane 
aromatic hydrocarbons. Aromatization, of 
course, is not only applicable to the treatment of 
individual aromatizable hydrocarbons, but also, 
to the treatment of mixtures of aromatizable 
hydrocarbons. Such operations are referred to 
as aromatization reforming, and the conditions 
of temperature, pressure, and residence time are 
referred to as aromatization ireforning condi 
tions. 
The hydrocarbon mixtures which are subjected 

to aromatization reforming may contain, and 
generally do contain, non-aromatizable hydro 
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carbon constituents. Typical of these hydrocar 
bon mixtures are petroleum naphthas. As a 
result of the aromatization reforming operation, 
the aromatizable hydrocarbon components of 
the mixtures are converted into the correspond 
ing but ordinarily higher-octane aromatic hy 
drocarbons, while the non-aromatizable hydro 
carbon components are dehydrogenated to the 
corresponding higher-octane unsaturated hydro 
carbons, as stated hereinbefore. In view of the 
ever-increasing demand for higher-octane fuels, 
the utility and advantages of a commercially 
feasible process for effecting aromatization re 
forming are manifest. 

Accordingly, several aromatization reforming 
processes have been proposed. Thus, it has been 
suggested to treat petroleum oils, under arOnna 
tization reforming conditions, in the presence of 
catalysts containing iron oxide or chronium OX 
ide as the active constituent. In the processes 
utilizing catalysts containing chromium oxide as 
an active constituent, the catalyst-poisoning ef 
fect of traces of iron has been recognized and 
this has led to the proposal of numerous methods 
to prevent the contamination of such catalysts 
by iron. These methods include the use of non 
ferrous metals as liners for reactors and Sulfur 
poisoning of ferrous metals to avoid migration 
of iron from the reactor walls to the catalyst. 
In catalytic hydrogenation and dehydrogena 

tion processes, chromites of metals of the iron 
group, i. e., iron, nickel and cobalt, Such as 
Fe(CrO2)2, are milder catalysts than chromium 
oxide or the metals of the iron group per Se from 
which these chromites may be considered to be 
derived. This milder catalytic action is exem 
plified by the formation of methanol and other 
oxygen organic compounds obtained when car 
bon monoxide and hydrogen are allowed to react 
in the presence of these chromite catalysts. When 
carbon monoxide and hydrogen are allowed to 
react in the presence of a metal of the iron group 
per se, under the same reaction conditions, 
methane, rather than methanol, is produced. 
The milder catalytic activity of these chromites 
has led to their use in the selective desulfuriza 
tion of sulfur-containing petroleum oils under 
hydrogen pressure and as catalysts in aromatic 
zation reforming operations. Thus, for example, 
U. S. Patent Nos. 2,315,144; 2,325,034; 2,393,288; 
2,398,919 and 2,409,587 disclose processes for ef 
fecting reforming and desulfurization of hydro 
carbon fractions through the use of molybdates 
and chromites of metals of the iron group as 
catalysts. The latter are prepared by precipitas 
tion of normal salts of molybdic or chromic acid 
by a simple metathetical reaction. This limits 
the composition of the catalytically active ma 
terials to ratios of molybdenum or chromium to 
iron group metal which will react in aqueous 
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Solution to form insoluble products of fixed com 
position. 
The definition of metal chromite catalysts is 

controversial. It is based normally upon the 
method of preparing mildly active hydrogenation 
catalysts effective in the production of oxygen 
containing compounds, such as alcohols, as de 
scribed in U. S. Patent, Nos. 146,782 and 
1746,783. The preparation involves the exo 
thermic decomposition of water-insoluble, pre 
cipitated double salts of hexavalent chronium 
and a hydrogenating metal which may be an iron 
group metal. The preparation of such catalysts 
has been discussed in detail by Calingaert and 
Edgar, Ind. Eng. Chem. 26, 878 (1934) and by 
Adkins in "Reactions of Hydrogen With Organic 
Compounds over Copper-Chromium. Oxide and 
Nickel Catalysts,' The University of Wisconsin 
Press (1937). It should be noted, however, that 
catalysts equal in activity to those described in 
U. S. Patent Nos. 1746,782 and 746,783, have 
been obtained by precipitation of mixed copper 
and chromium salts with anamonium carbonate 
(see Conner, Folkers and Adkins, J. Am. Chen. 
Soc., 53, 2012 (193). It should be noted also 
that while the method of chronite formation set 
forth in these two patents is satisfactory for the 
preparation of copper or zine chromites, which 
are those usually prepared by this method; it is 
difficult to prepare iron chromite in this manner. 
While the nature of chromite catalysts such as 

copper chromite is the stbject of controversy, the 
chromites are recognized by crystallographers as 
a type of spinel and are defined by their com 
position and crystal arrangement see Wyckoff, 
“The Structure of Crystals,'The Chemical Cata 
log Co. (1931 et seq.). There is no literature re 
lating catalytic activity to structure of Well 
Crystalized spines. 

Suitably combined, intimate mixtures of iron 
oxide and chromium oxide, prepared in a man 
ner to avoid chromite formation, have been dis 
closed as dehydrogenation catalysts to effect the 
dehydrogenation of butylenes to butadiene in a 
continuous operation. For instance, in U. S. 
Patent No. 2,408,140, it has been proposed to pre 
pare a catalyst effective in the dehydrogenation 
of butylenes to butadiene by calcining a mixture 
of pigment-grade iron oxide, commercial chronic 
oxide and a potassium salt. Mechanical mixtures 
of these metal oxides, prepared from them in 
the dry state, however, are not effective as cata 
lysts in aromatization reforning. For example, 
a catalyst thus prepared Will not catalyze the 
aromatization of n-heptane, a hydrocarbon 
which is generally used in the evaluation of 
aromatization reforming catalysts. 

It has now been discovered that it is possible to 
effect the aromatization of aromatizable hydro 
carbons and to carry out aromatization reform 
ing of hydrocarbon mixtures containing aroma 
tizable hydrocarbons in the presence of mixtures 
of chromium oxide with oxides of metals of the 
iron group. As stated hereinbefore, aromatiza 
tion catalysts, the active constituent of which is 
chronium oxide, are fairly active catalysts and 
appreciably more effective, as aromatization 
catalysts, than catalysts the active constituent of 
which is iron oxide. However, it has now been 
found that when iron oxide is mixed with Speci- i. 
fied amounts of chromium oxide, in the hydrated 
oxide state and under conditions to avoid chro 
mite formation, the aromatization activity of the 
mixtures is greater than either constituent alone. 
Also, it has been found that the mixtures of metal 
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4 
oxides which are effective as aromatization re 
forming catalysts herein, are also effective as 
deSulfurization catalysts. 

Accordingly, it is an object of the present in 
vention to provide a novel and efficient aroma 
tization and aromatization reforming process. 
Another object is to provide an efficient and con 
mercially feasible catalytic aromatization re 
forming process. A further object is to provide a 
novel catalytic aromatization reforming process 
tutilizing certain mixtures of chromium oxide 
With iron oxide, as a catalyst. A specific object is 
to provide new catalysts containing chromium 
oxide and oxides of metals of the iron group. An 
important object is to provide a process for pro 
ducing new catalysts containing chromium oxide 
and oxides of metals of the iron group. 
Other objects and advantages of the present 

invention will become obvious to those skilled in 
the art from the following description taken in 
conjunction with the drawings, in which: 
Figure I shows two curves representing graph 

ically the relationship between the conversion of 
n-heptane into toluene, under aromatization re 
action conditions, and in the presence of the cata 
lysts contemplated herein, and the concentration 
of iron oxide in the catalysts; 

Figure 2 shows two curves representing graph 
ically the relationship between the ratio of tolu 
ene to catalyst per hour in the conversion of n 
heptane to toluene, under aromatization reaction 
conditions and in the presence of the catalysts 
contemplated herein, and the concentration of 
iron oxide in the catalysts; 

Figure 3 shows a series of curves indicating 
graphically the effect of temperature and dura 
tion of run on the dehydrocyclization of n-hep 
tane with the catalysts of the present invention; 

Figure 4 shows a curve indicating graphically 
the effect of temperature on the conversion of n 
heptane to toluene in accordance with the pres 
ent invention; and 

Figure 5 shows a curve indicating graphically 
the effect of temperature on the rate of toluene 
formation from n-heptane, in accordance with 
the present invention. 

Broadly stated, the present invention provides: 
1. A catalyst comprising intimate mixtures of 

Chronium oxide with specified amounts of oxides 
of metals of the iron group, prepared from the 
moist, undried hydrous oxides, calcined at speci 
fied temperatures and under conditions to pre 
vent chromite formation; 

2. A process for desulfurizing sulfur-bearing 
hydrocarbon fractions, which comprises contact 
ing a Sulfur-bearing hydrocarbon fraction, in the 
presence of hydrogen, under aromatization re 
forming conditions, with one of the aforesaid 
Catalysts; and 

3. A process for effecting the aromatization of 
aromatizable hydrocarbons or the aromatization 
reforming of hydrocarbon mixtures containing 
aromatizable hydrocarbons, which comprises 
contacting said hydrocarbons, under aromatiza 
tion reforming conditions, with one of the afore 
Said catalysts. 
In accordance with the present invention, the 

aromatization, aromatization reforming and de 
Sulfurization catalysts to be employed herein are 
intimate mixtures of an oxide or oxides of metals 
of the iron group with a chromium oxide. It is 
appreciated that these metal oxides exhibit vary 
ing states of oxidation. Thus, the term oxide 
of a metal of the iron group embraces ferrous 
oxide (Fe0), ferrosoferric oxide (Fe3O4), ferric 
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oxide" or iron sesquioxide (Fe2O3), nickelous 
oxide (NiO), nickelous-nickelic oxide (Ni3O4), 
nickelic oxide or nickel sesquioxide (Ni2O3), 
cobaltous oxide (CoO), cobaltous-cobaltic oxide 
(Co3O4), and cobaltic oxide or cobalt sesquioxide 
(CO2O3). Similarly, the term chromium oxide 
embraces chromous oxide (CrO), chromium di 
Oxide (CrO2), chronium trioxide (CrO3), and 
chromic oxide of chromium sesquioxide (Cr2O3). 
It is Suspected that the state of Oxidation of the 
Oxides of the metals of the iron groups and of 
the chromium oxide during the reaction are 
Somewhat critical. The exact states of oxidation 
during the reaction, however, are very difficult 
to determine and are not known at present. 
Nevertheless, whatever these states may be, the 
Successful accomplishment of the desired con 
versions in accordance with this invention, would 
seem to indicate that these states are achieved 
and maintained under the reaction conditions of 
the process contemplated herein, independently 
of the states of oxidation of the metals in the 
starting catalyst. Accordingly, and in the in 
terest of brevity, the various oxides of the metals 
of the iron group and the various chromium 
Oxides Will be referred to hereinafter and in the 
claims, as iron group metal oxides and chromium 
oxide, respectively, it being clearly understood 
that when reference is made thereto, one or more 
of these iron group metal oxides or chromium 
Oxides will be intended. 
While it is not possible to specify the active 

states of Oxidation of the component metal 
Oxides during reaction, it is possible to do so for 
the metal oxides in the initial catalyst prepara 
tions Contemplated herein. It has been found 
that the state of oxidation in the initial catalyst 
preparations must be such as to effect miscibility 
of the metal oxides in all proportions, i. e., form 
solid solutions in all proportions. The solid solu 
tion formation may occur during the initial heat 
treatment. 

In accordance with the rule established by 
Passerini Gazz. chim, ital., 62, 85 (1932) con 
cerning Solid Solution formation between iso 
morphous metal oxides in Which the metals have 
the same valence, iron oxide, for example, and 
chromium oxide form solid solutions in all pro 
portions only if they correspond to alpha-ferric 
oxide and ordinary chromic oxide, respectively. 
Both these oxides crystallize as rhombohedral 
crystals which are isomorphous. The rule estab 
lished by Passerini states: 

(a) The metal oxides are miscible in all pro 
portions if the ionic radii of the metals do not 
differ by more than 12 per cent; 

... (b) The metal oxides are partially miscible if 
the ionic radii of the metals differ by more than 
12 per cent but less than 30 per cent. In such 
cases, there are two regions of miscibility (one 
stable phase) separated by a miscibility gap rep 
resenting two stable phases of solid solutions each 
of which corresponds to a limiting solubility con 
centration; 

(c) Solid Solution does not occur if the ionic 
radii of the metals differ by more than 30 per 
cent. 

Accordingly, the active metal oxides in the 
initial catalyst preparations of the present in 
vention correspond to subdivision (a) of the rule, 
While the initial States of oxidation of the CO 
precipitated chromic oxide-alumina catalysts of 
U. S. Patent Nos. 2,249,337; 2,258,111; and 
2,363,498 and of the coprecipitated ferric oxide 
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6 
alumina catalysts of U. S. Patent No. 2,449,295 
correspond to Subdivision (b) of the rule. , 

AS. stated hereinbefore, chromium oxide or 
iron. Oxide, per se, possess aromatization catalytic 
action. However, and also as stated hereinbe 
fore, the avoidance of contamination of chromi 
um oxide aromatization catalysts by iron is Well 
established. Thus, for example, the presence of 
iron oxide in chromium oxide catalysts, otherwise 
prepared in accordance with the present inven 
tion, in amounts of up to about 20 mol per cent, 
in terms of the sesquioxides (Fe2O3 and Cr2O3), 
appreciably reduces the aromatization catalytic 
activity of the chromium oxide. However, larger 
amounts appreciably increase the aromatization 
catalytic activity of the chromium oxide. On the 
other hand, when the amounts are in excess of 
65 mol per cent, in terms of the sesquioxides, the 
aromatization catalytic activity of the chromium 
Oxide is again materially reduced. Because of 
these facts, the ratio of iron group metal oxides 
to chromium oxide, in the catalysts to be used in 
the process of this invention, is very critical, 
This is illustrated in Figures 1 and 2 of the draw 

5 ings. The data for these curves Were obtained as 
Set forth in Example 1, described hereinafter. 

It will be noted that the addition of relatively 
Small amounts of iron oxide to chronium oxide 
produces a decrease in catalytic activity. This 
is in complete accord with the prior art. How 
ever, at higher concentrations of iron. Oxide in 
the iron oxide-chromium oxide mixtures, within 
the range of mol per cent ratios corresponding 
to Fe2O3:Cr2O3- about 30:70 to about 70:30, the 
iron oxide-chromium oxide mixtures are equal Or 
Superior to either chromium oxide or iron oxide. 

Therefore, with respect to composition of the 
catalytically active metal oxides, the catalysts of 
the present invention may be defined as inti 
mate mixtures of chromium oxide with iron group 
metal Oxides in Which the mol per cent ratios, 
expressed on the basis of the metal sesquioxides, 
are Cr2O3:M2O3:: between about 35:65 and about 
70:30, wherein M. represents the iron group metal 
or metals. The preferred compositions corre 
Spond to mol per cent ratios of Cr2O3:M2O3::be 
tween about 40:60 and about 70:30. It must be 
clearly understood that the expression of the mol 
ratios in terms of the metal sesquioxides is only 
a convenient way for indicating substitution of 
atomic equivalents of one metal for another and 
does not necessarily represent, the catalytically 
active forms of the metal oxides. 
The catalytically active iron group metal ox 

ide-chrominum oxide mixtures to be used herein 
may be produced by any of the well known meth 
ods utilized in the preparation of active metal 
oxide mixtures from the hydrous oxides, such as 
by coprecipitation, cogelation or separate pre 
cipitation and wet mixing of the hydrous oxides, 
Or, in general, by any method providing an inti 
nate contact, between the hydrous oxides of iron 
group metal and chromium, collectively referred 
to herein as intinate mixtures of the metal ox 
ides prepared from the moist, undried hydrous 
oxides. In accordance with the present inven 
tion, it is essential that the catalysts be prepared 
from hydrous oxides. Accordingly, the catalysts 
contemplated herein are prepared, as is well 
known in the art, by: 

(a) Coprecipitation of hydrous oxides or of 
other compounds which decompose to form solely 
an intimate mixture of active metal oxides under 
conditions of calcination; or 

(b) Coprecipitation of hydrous oxides or of 
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other compounds under, conditions of calcina 
tion to form solely metal oxides, these metal OX 
ides comprising the catalytically active metal oX 
ides as well as substantially inert, refractory 
metal oxides which serve as spacers for the active 
metal oxide particles, thereby decreasing sinter 
ing or crystallization; or 

(c) Impregnation of substantially inert, re 
fractory metal oxide supports with true aqueous 
solutions, such solutions being selected to avoid 
hydrolysis or other decomposition during the 
impregnation step but which decompose under 
conditions of calcination to leave a residue which 
consists solely of an intimate mixture of the 
catalytically active metal oxides. 
Typical of the compounds from which the cata 

lysts may be prepared are the water-soluble 
metal salts the anions of which are decomposed 
by heat and oxidation, for example, the iron, 
nickel, cobalt or chromium nitrates or acetates. 
Sulfates may be used also except when a two 
step precipitation is employed in which a Sol is 
initially produced at a pH value of below 7. A 
Small amount of sulfate ions on the catalyst Sur 
face, such as that which remains after rapid 
precipitation at a pH value above 7 or by wash 
ing the hydrated oxides precipitated from nitrates 
or acetates with ammonium sulfate, is highly de 
sirable because it decreases coke deposition on the 
catalyst during utilization in the aromatization 
or aromatization reforming or desulfurization 
process. Nonvolatile anions such as chlorides 
are preferably absent. Precipitation may be 
effected by ammonium, potassium or sodium hy 
droxides and/or their carbonates. The hydrox 
ides can be used to effect either slow or rapid 
precipitation of the iron group metal and/or 
chromium hydroxides. The carbonates may be 
employed only when rapid precipitation is de 
sired. It will be noted from the foregoing that 
the catalysts of the present invention differ from 
those described in U. S. Patent Nos. 2,315,144 
2,325,034; 2,393,288; 2,398,919 and 2,409,587 in 
that the conditions involved in their preparation 
preclude the formation of normal salts between 
the catalytically active components of the cata 
lysts and also avoid the formation of Well-de 
fined crystals between the catalytically active 
metal oxides. 
Whether the hydrous oxides or metal hydrox 

ides have been coprecipitated or cogelled or pre 
cipitated separately and then mixed while wet, 
these materials are Subsequently dehydrated by, 
for example, heating at a suitable temperature 
about 70° C. (160. F.) to about 110° C. (230 F.) 

to produce the corresponding mixtures of iron 
group metal and chromium oxides. The result 
ing mass is subsequently comminuted and then 
calcined at temperatures falling within the range 
varying between about 350° C. (662 F.) and 
about 600° C. (1112 F.) and, preferably, between 
about 500° C. (932 F) and about 600° C. (1112 
F.), for about 5 to about 10 hours, under con 
ditions such that chromite formation does not 
occur, i. e., under conditions such that the chro 
mium is not oxidized to the hexavalent form. 
Such calcination, as is well known in the art, is 
effected in a current of hydrogen, carbon diox 
ide, steam, nitrogen, or mixtures thereof. It may 
be carried out in a current of air or oxygen-con 
taining gases provided that the catalysts contain 
Organic materials such as starch or organic lu 
bricants for pelleting, such as stearin, 
In view of the foregoing, it will be noted that 

the catalysts contemplated herein are different 
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8 
from those described in U. S. Patent No. 2,408 
i40 in at least one very important respect, viz., 
the temperature of calcination. While high tem 
perature calcination does not lead to chronite 
formation, it nevertheless causes recrystalliza 
tion (see Milligan and Merten, J. Phys. and Col 
loid Chem, 51, 521 (1947). The deleterious 
effect of high temperature calcination on the de 
hydrocyclization activity of the catalysts of the 
present invention is illustrated by Example 2 set 
forth hereinafter. 
The catalytically active mixtures of iron group 

metal oxides with chromium oxide may be used 
alone or in conjunction with substantially inert, 
from a dehydrocyclization catalytic activity 
Standpoint, refractory oxides such as alumina, 
beryllia, titania, or zirconia. These materials 
Serve aS Spacers for the catalytically active OX 
ides and, also, as stabilizers against crystalliza 
tion and loss of structure. Silica is preferably 
absent because it tends to decrease the selectivity 
of the catalysts contemplated herein, although 
Small amounts, the cracking action of which has 
been suppressed, such as that which occurs in 
calcined bauxite, may be employed. 
These refractory oxides may constitute a ma 

jor or a minor proportion of the catalyst. The 
amounts of refractory oxides used are not criti 
cal and, Ordinarily, depend upon the iron group 
Instal oxide present in the catalyst and upon the 
manner in which the catalyst is prepared. For 
example, when the catalysts are prepared by co 
precipitation, the substantially inert refractory 
oxides may comprise from about 30 to about 70 
II.0l per cent of the total oxides in the catalyst. 
It has been found that the preferred concentra 
tion of the refractory metal oxide increases in 
the order iron oxide-chronium oxide, cobalt 
oxide-chroninum oxide, nickel oxide-chromium 
Oxide as the active components, in the order 
given. The preferred amount for the iron oxide 
containing catalysts is about 30 to about 50 mol 
per cent; the preferred amount for the nickel 
Oxide-containing catalysts is about 50 to about 

On the other hand, when the 
catalysts are prepared by impregnation, the re 
fractory metal oxide support may comprise from 
about 80 to about 95 nol per cent of the total 
mixed oxides, and, preferably, from about 85 to 
about 95 mol per cent. Accordingly, in this 
Specification and in the claims the expression 
"consisting essentially of” is not to be construed 
as excluding such substantially inert refractory 
oxides which do not affect the catalytic proper 
ties of the catalysts of the present invention. 
The desirability of incorporating a substan 

tially inert refractory metal oxide in the catalysts 
to prevent sintering, illustrated by examples set 
forth hereinafter, is substantiated by Milligan 
and Merten, J. Phys. and Colloid Chem. 51, 521 
(1947). These authors have shown that ferric 
oxide-chromic oxide mixtures tend to crystallize 
at 400° C. or higher. While the catalytically ac 
tive materials of this invention probably do not 
correspond to simple mixtures of ferric oxide and 
chronic oxide, it is probable that certain stages 
of oxidation and reduction associated with cata 
lyst regeneration by oxidation correspond to such 
relatively unstable ferric oxide-chromic oxide 
mixtures. 
The Supported catalytic mixtures of the pres 

ent invention are prepared in accordance with 
any of the Well known procedures. For example, 
the hydrous oxides from which the catalytically 
active oxides are obtained may be precipitated 
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in the presence of the support or supports or 
the latter may be impregnated with salts of the 
metals which, upon calcination, decompose to 
form the catalytically active metal oxides. The 
catalyst Supports may also be incorporated by 
coprecipitation, cogelation or separate precipita 
tion and Wet mixing with the active metal oxides, 
as is well understood in the art. 
The catalysts may also contain promoters to 

control and to Stabilize the catalytic activity of 
the iron group metal oxide-chromium oxide mix 
ture. Suitable promoters are the oxides of po 
tassium, Sodium, rubidium, cesium, copper, silver, 
gold, calcium, strontium or barium, or compounds 
of these metals which yield the corresponding 
oxides upon calcination, such as the nitrates, 
acetates and sulfates. The amount of promoter 
should be at least about 0.2 per cent by weight, 
in terms of the oxide, and, preferably, is some 
what higher, for example, between about 0.5 per 
cent and about 5 per cent by weight. If desired, 
a mixture of two or more promoters may be 
utilized. 
The promoter inay be incorporated in the cata 

lyst in accordance with any of the well estab 
lished methods known in the art. For example, 
the hydrous Oxides from which the catalytically 
active oxides are obtained may be precipitated 
in the presence of salts of the metals which yield 
the metal oxide promoters, or the catalyst Sup 
ports may be impregnated with salts of the 
metals which, upon calcination, decompose to 
form the catalytically active metal oxides and 
promoters. 

precipitation and wet mixing with the catalyt 
ically active metal oxides. 
The catalysts may be used in any of the con 

ventional forms such as powder, pills, spheres, 
extrudates or irregular fragments, all of a size 
adapted for the reaction System to be employed. 
The Catalysts may be used in onstream periods 
of 30 minutes to 5 hours or more, depending upon 
the reaction conditions of the process. 

In Operation, the catalysts become fouled with 
carbonaceous material which ultimately affects 
their catalytic activity. Accordingly, when the 
efficiency of the catalyst declines to a point where 
further operation becoines uneconomical, or dis 
advantageous from a practical standpoint, the 
catalyst may be regenerated, as is well known 
in the art, by subjecting the same to a careful 
oxidation treatment, for example, by passing a 
Stream of air, oxygen, Steam, or mixtures thereof 
over the catalyst under appropriate temperature 
conditions and for a suitable period of time, such 
as the same period of time as that of the catalytic 
operation. Preferably, the oxidation treatment 
is followed by a purging treatment, such as pass 
ing over the catalyst a stream of purge gas, for 
example, nitrogen, carbon dioxide, or the like. 
Any aromatizable hydrocarbon or mixture of 

aromatizable hydrocarbons is suitable as the hy 
drocarbon reactant in the process of this inven 
tion. The hydrocarbon mixture may contain 
non - aromatizable hydrocarbons. Sources of 
these hydrocarbon feed stocks are petroleum 
naphthas, particularly those having a boiling 
range of from about 70° C. to about 230° C. (125 
450°F.). 
The reaction or contact time, that is, the pe 

riod of time during which a unit volume of the 
reactants is in contact with a unit volume of 
catalyst, may vary between a fraction of a sec 
ond and Several minutes. Thus, the apparent 

The promoters may also be incorpo rated by coprecipitation, cogelation or separate 
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contact time may be as low as 10 seconds and 
as high as 20 minutes. It must be realized that 
these figures are at best estimates based on a 
number of assumptions. For all practical pur 
poses, as in catalytic processes of the type of the 
present invention, the more reliable data on con 
tact time is best expressed, as is well known in 
the art, in terms of liquid hourly space velocities 
(IJ. H. S. W.), in the present instance, the volume 
of liquid hydrocarbon reactant per volume of 
catalyst per hour. For example, at atmospheric 
pressure, it has been found that the space veloci 
ties may be varied considerably and that veloci 
ties varying between about 0.2 and about 2.5 are 
quite Satisfactory for the purposes of the present 
invention. 

In general, the temperatures to be used in this 
proceSS Vary between about 450° C. (840 F) and 
about 650° C. (1200° F.) and the hydrocarbon 
vapor pressures employed are low, of the order 
of 30 pounds per Square inch or less. These 
ranges of variation of the reaction conditions 
are inclusive of the following operations: 

(a) Low pressure operation in the absence of 
diluents attemperatures of about 450° C. (842°F) 
to about 600° C. (1112 F.), preferably about 
485 C. (905 F.) to about 550° C. (1022 F.), at 
liquid hourly space velocities of about 0.2 to about 
2.0, preferably, about 0.5 to about 1.0, and a total 
pressure of not over about 30 pounds per square 
inch gauge; 

(b) Moderate pressure operation in the pres 
ence of hydrogen to effect desulfurization, as well 
as aromatization reforming, at temperatures of 
about 450 C. (842°F.) to about 600° C. (1112°F), 
at liquid hourly space velocities of about 0.2 to 
about 2.0, at hydrocarbon partial pressures of not 
9ver about 30 pounds per square inch gauge, at 
total pressures of from about 0 to about 300 
pounds per Square inch gauge, with hydrogen to 
hydrocarbon mol ratios varying between about 
1:1 to about 10:1. Preferred conditions are tem 
peratures of about 485° C. (905 F.) to about 
650 C. (1022. F.), liquid hourly space velocities 
of about 0.2 to about 0.5, total pressures of about 
50 to about 150 pounds per square inch gauge, and 
hydrogen to hydrocarbon mol ratios Varying be 
tween about 1:1 and about 5:1. The hydrogen 
dilution may be effected suitably by recycle of the 
hydrogen-rich gases from the proceSS; and 

(c) Low pressure operation in the presence of 
Steam attemperatures of about 500° C. (932°F) 
to about 650° C. (1202°. F.), preferably, about 
550 C. (1022 F.) to about 600° C. (lii.29 F.), liquid hourly space velocities of hydrocarbor 
charge of about 0.2 to about 2.5, preferably, about 
0.5 to about 1.0, total pressures of not Over about 
50 pounds per square inch gauge, preferably not 
over about 30 pounds per square inch gauge, with 
the addition of steam in amounts to produce 
steam to hydrocarbon mol ratios Varying from . 
about 1:1 to about 1:6, preferably from about 1:2 
to about 1:4. . . . - . . . 
The present process may be carried out by mak 

ing use of any of the well known techniques for 
Operating catalytic reactions in the vapor phase 
effectively. The reaction zone may be a cham 
ber of any suitable type useful in contact-catalytic 
operations; for example, a catalyst bed contained 
in a shell, or a shell through which the catalyst 
flows concurrently, or countercurrently, with the 
reactants. The hydrocarbon vapors are main 
tained in contact with the catalyst at a predeter 
mined elevated temperature and for a predeter 
mined period of time, both as Set forth hereinbe 
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fore, and the resulting reaction mixture is passed 
through a condensing zone into a receiving chan 
ber. It will be understood that when the Catalyst 
flows concurrently, or countercurrently, with the 
reactants in the reaction channber, the catalyst 
Will be thereafter suitably separated from the re 
action mixture by filtration or the like. 

It will be apparent that the process may be op 
erated as a batch or discontinuous process as by 
using the catalyst-bed-type reaction channber in 
which the catalytic and regeneration operations 
alternate. With a series of Such reaction Chain 
bers, it will be seen that as the catalytic Opera 
tion is taking place in one or more of the reaction 
chambers, regeneration of the catalyst can be 
taking place in one or more of the other reaction 
chambers. Correspondingly, the process may be 
continuous when one or more catalyst chambers 
are used through which the catalyst flows in Con 
tact with the reactants. In Such a continuous 
process, the catalyst will flow through the reac 
tion zone in contact with the reactants and Will 
thereafter be separated from the reaction mix 
ture as, for example, by accumulating the catalyst 
on a suitable filter medium, before condensing 
the reaction mixture. in a continuous proceSS, 
therefore, the catalyst-fresh or regenerated 
and the reactants-fresh or recycled-will Con 
tinuously flow through a reaction chamber. 
The following detailed examples are for the 

purpose of illustrating the catalysts contemplated 
herein and to indicate the advantages and char 
acteristics thereof, and, also, for the purpose of 
showing modes of carrying out the process of this 
invention. It must be clearly understood, how 
ever, that the invention is not to be construed as 
limited to the specific catalysts, manner of pre 
paring them, and hydrocarbon reactants disclosed 
hereinafter or to the Specific manipulations and 
conditions set forth in the examples. In each 
test, the hydrocarbon reactant was contacted with 
the catalyst in a conventional isothermal reactor. 
Analyses of liquid products were made by means 
of refractive index and mass spectrometry in the 
case of n-heptane conversions, and by means of 
standard methods for the determination of aro 
matic content and of octane number in the case 
of naphtha, conversions. All gas analysis. Were 
made by mass spectrometry. Bromine numbers 
refer to the standard Norwood bromine number 
Values. . 

EXAMPLE1 
EFFECT OF IRON oxIDE ON CHROMIUlf 'OxIDE: Co 
ACTIVATION FOR THE DEHYDRGoCYCLIZATION OF n 
HEPTANE . 

Catalyst - preparation. These catalysts were 
prepared by rapid precipitation of mixed metal 
oxide sols, using starch for the dual purpose of 
stabilizing the initial sol and of minimizing oxida 
tion of the chromium during calcination of the 
dried products. The method is illustrated by the 
preparation of a catalyst initially corresponding 
to-Fe2O3:Cr2O3=40:60 (nol ratio). 
... A stock solution was prepared containing 0.6 
mol Cr(NO3)3, 0.4 mol. Fe(NO3)3 and 50 g. soluble 
starch per liter. For each liter of this stock Solu 
tion, there was added, with vigorous stirring, one 
liter of a 2.4 molar solution of NH4OH to obtain 
80 per cent neutralization of the metal salts, the 
addition being controlled to prevent formation of 
a permanent precipitate. The product was a Sol 
of mixed metal oxides stabilized by the remaining 
metalions and by the starch. This Sol was rapid 
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ly precipitated with an approximately equal vol 
ume of 0.3 molar NH4OH by continuous introduc 
tion of a thin stream of each Solution into the 
upper part of a mixing chamber, the greater 
part of which was filled by a rapidly rotating, 
slotted, ninetal cylinder. The slurry of metal ox 
ides so formed was allowed to fiow by gravity into 
a glass chamber containing glass and calomel 
electrodes connected to a pH meter. The rates of 
addition of the reactant streams to the mixing 
chamber were adjusted to produce a slurry at a 
pH of 8.0-0.05, and the product which formed 
at this pH was collected. After aging for 24 hours, 
the precipitate was filtered off and water-washed 
until the wash water showed a negative test for 
initrate ions with diphenylamine-Sulfuric acid in 
dicator. The precipitate was then dried at 100' 
C. to 10° C. in an air-circulation drying Owen for 
about 18 hours, then heated slowly in a muffle fur 
nace over an 8-hour period to 500 C. and main 
tained at this final temperature for 4 hours. 

Catalysts containing chromium oxide alone 
and iron oxide alone were prepared similarly 
from chromic nitrate and from ferric nitrate, re 

i5 spectively. The remaining catalysts were pre 
pared similarly fronn Stock Solutions containing 
chronic nitrate and ferric nitrate in the ratioS 
required to give the desired ratios of metal 
oxides in the products. In each case the initial 
stock Solution contained total metal nitrates 
equivalent to a 1.0 molar trivalent metai nitrate 
Solution. 

Catalyst evaluation.-The evaluation of these 
catalysts for n-heptane dehydrocyclization is 
summarized in Table I and the more important 
results are shown graphically in Figures 1 and 2. 
It will be observed that the coprecipitation of 
Small amounts of iron oxide with the chromium 
oxide causes a drop in the activity for dehydro 
cyclization. However, incorporation of relatively 
large amounts of iron oxide in the catalysts re 
Sults in an increase in dehydrocyclization activity 
Such that within the range of composition, ex 
pressed as mol ratio of the sesquioxides, of 
Fe2O3: Cr2O3 of 30:70 to 70:30 the dehydrocycliza 
tion activity is greater than that of chromium 
oxide alone. 

Table I.-Dehydrocycliaation of n-heptane 
effect of iron Oacide on chromium, Oacide 

{500° C., atmospheric pressure, L. H. S. W.s 1,5-hr. tests 

Initial catalyst 
composition, Number of Av. toluene S.S. fi: gal. 
mole percent catalyst in guid "E p- in: - regenera- product, e per cu. ft. 

tions wt. percent toluene, catalyst 
Cr2Os Fe3O3 wt. percent per hour 

00 O O 22 15.5 0.7 
00: 0 20.5 14.5 0, 65 
90 O O 0.5 0, 6 
90 0. 7 7 0.4 
80 20 0 9.5 9.5 0. 55 
80 20 8 7.5 0.45 
70 30 0. 24.5 22.5 1.35 
70 30 20 8.5 1.1 
60 40 0. 30.5 28 1.65 
60 40 26 24.5 1.45 
50. 50 0: 27 24, 5 .45 
50 50. 25 23.5 ... 4 
30 70 0. 14.5 14 0.85 
30 70 . 14.5 13.5 0.8- 
0 100 0. 3 3. 0.08 
0 i00 1. 1.5. 1.5 0,045 

This method of catalyst preparation is limited to 
the use of metal SaltS. of monovalent anions which 
are decomposed completely during calcination. 
Such salts are nitrates and Soluble organic Salts 
such as acetates. Sulfates do not produce a satis 
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factory sol unless the starch concentrations are 
made very high. The final catalysts so obtained, 
containing large amounts of sulfate ions, are of 
low activity. Chlorides cannot be used because 
the Small amounts of chloride remaining in the 
catalysts act as serious catalyst poisons. Simi 
larly, the precipitants are limited to ammonium 
hydroxide, sodium hydroxide and potassium hy 
droxide. Ammonium hydroxide is preferred be 
cause the ammonium ion is destroyed by calcina 
tion. Alkali carbonates cannot be used. 
Other carbohydrates and polyalcohols may be 

substituted for the starch, such as glucose, cane 
sugar, or glycerol. Starch is preferred because 
it does not form a true solution in Water and 
hence is not removed during the water-Washing 
step. Consequently, the addition of Starch pro 
vides a simple and easily controlled method not 
only for stabilization of the initial metal oxide 
sol but for prevention of oxidation of the chro 
mium to hexavalent chromium during the cal 
cination. Starch concentrations from about 25 
grams to 200 grams per mol mixed metal nitrates 
in the initial stock Solution may be used. 
The concentration of metal salts in the initial 

stock solution my be varied from anout 2 molar 
to 0.2 molar. The high concentrations are SOme 
What difficult to handle because of the high con 
centration of solids in the final slurry. The very 
low concentrations are inconvenient because of 
the large volumes of solution which must be 
handled. 

EXAMPLE 2 
- EFFECT OF HEAT TREATMENT ON RON OXIDE 

CHROMIUM OxIDE CATALYSTS . 

Catalyst preparation-Five catalysts were pre 
pared. The first three catalysts are part of a 
single preparation made similarly to the catalysts 
in Example 1. Mixed metal nitrates and soluble 
starch were converted into a sol and then rapidly 
precipitated at a pH of 8.0-0.05 as described 
hereinbefore. After aging for 24 hours, the pre 
cipitate was separated by filtration and then sub 
jected to quick freezing by dropping Small por 
tions into a large volume of kerosene maintained 
at, about -20° C. by external cooling with dry 
ice and acetone. This quick, freezing step. was 
used to convert the gelatinous precipitate into a 
more granular form without loss of structure, 
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and then treated with 100 ml. of a saturated so 
lution of ammonium sulfate for each gram mole 
of metal oxides present. This treatment re 
placed nitrate ions on the catalyst Surface by. 
sulfate ions without appreciably penetrating the 
interior of the hydrous oxide micelles. This ad 
dition of sulfate ions to the catalyst surface de 
creases Oxidation of the chromium oxide during 
drying and also decreases coke formation during 
use of the final catalyst. After filtration and 
Washing until the Wash water showed no sulfate 
ions when tested with barium chloride, the pre 
cipitate was dried at 100° C. to 110° C. in an air 
circulation drying Owen. 
The dried material was heat treated in suc 

cessive steps of increasing severity at 500° C., 
600° C. and 800° C. A sample was removed for 
catalyst evaluation after each step of the heat treatment. 
The last two catalysts were prepared from dry 

powders of C. P. commercial chemicals, using the 
procedure of Example 2, U. S. Patent No. 
2,408,140. The catalyst designated 

Fe2O3:Cr2O3=40:60-4-5 wt. per cent K 
is similar in composition to the coprecipitated 
catalysts except for the addition of potassium. 
The catalyst designated 
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Fe2O3:Cr2O3=95:5+5 wt. per cent K. 
corresponds to the butylene dehydrogenation cat 
alyst described in U. S. Patent No. 2,408,140. In 
both cases the dry metal oxides were mixed with 
the required amount of potassium carbonate dis 
Solved in enough Water to form a paste with the 
metal oxides and then 0.3 wt. per cent tannic 
acid was added. The paste was dried at 100° C. 
to 110° C., formed into 4 in. pellets, and these 
were calcined at 800° C. in a muffle furnace. 

Catalyst evaluation.-The results are given in 
Table II. They show that the most active of 
these catalysts for n-heptane dehydrocyclization 
is the coprecipitated preparation heat treated at 
500° C. The catalytic activity is diminished 
sharply for the higher temperatures of calcina 
tion, although measurable dehydrocyclization re 
mains after a short heat treatment at 800° C. 
Neither of the catalysts prepared from dry pow 
ders in accordance with the method of U. S. Pat 
ent No. 2,408,140 shows perceptible activity for 
dehydrocyclization. . . . ... . . 

Table II -Dehydrocyclization of n-heptane ef 
fect of heat treatment, on iron oacide-chromic oacide catalysts 

(500° C., atmospheric pressure, 5-hr. test periods) 

Initial catalyst. composition, Fe2O3:Cr2O3 Fe2O3:Cr2O3 Fe2O3: Cr2O3 Fe2O3: CrO3 Fe:Oa: Cro 
mole percent . . . . . . . . . F40:60. =40:60. ... =40:60. . . . . .40;60 -- is 95:5. -- 

. . . . . . . . . . . . . . . . . . . . . . . . ." 5 wt. per- 5 wt. per 
- . . . . . . - . . cent K. cent K. ... -- Catalyst preparation.-- Coprecipita Coprecipita Coprecipita Metal oxide Metal oxide. 

. . . . . . . . . of E. FE of E. of E. EAE86. powders 
y . . . . ; - . . . . rates by rates by rates by and K2CO3. . and KCO 

... ''w - - - NH4OH. NH4OH. ... NH4OH. . . . . . . . 
: Heat treatment.---------------- 4 hr. air at 4 hr air at 4.hr, air at 4 hr., air at 4 hr. air at 

... ' . . . . 500° C. , , 500° C.; 2 500° C.; 2 800° C. ' 800° C. 
- . . . . . hr., air at hr., air at 

600° C. 600° C.; 2. 
- - - - - - - - hr. air at , - 

L. E. S. W.---------------' - - - - - - 
... . . Toluenein product, wt. percent. 

. . . . . . . . . . . Av. conversion of heptane to 25.5. ... - . . . . 
- toluene, wt. percent. . . . . - - . . . . 

is . . . . . . . . . . . . . . . . . . . . . . . 

thereby facilitating the washing step. The 
frozen material was allowed to thaw gradually, These examples show that suitably prepared 

mixtures of iron oxide and chromium oxide are 
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active for dehydrocyclization. However, such 
catalysts are not as stable to high temperatures 
as would be desired for commercial application. 
It has been found that this instability, and tend 
ency to sinter can be counteracted by the incor 
poration by coprecipitation of a refractory metal 
oxide. Such as alumina. 

EXAMPLE: 3 

EFFECT OF ALUMINA IN COPRECIPITATED IRON OXDE 
CHROMIUM Ox.EDE-AEUMENA CATALYSTS: 

Catalyst preparation-These catalysts were 
prepared by rapid coprecipitation in the mixing 
device, described in Example: 1. Starch was 
Omitted from the preparations because dilution 
of the active metal oxides with relatively large 
amounts of oxides, such as alumina, which are 
not easily oxidized or reduced decreases, the ease 
of oxidation of the chromium oxide during the 
drying stage. Oxidation during the calcination 
stage was avoided by heating in a stream of hy 
drogen instead of in air. The method is illus 
trated by the following: 
A stock Solution was prepared containing 0.45 

mol. Al(NO3)3, 0.025. mol Cr (NO3)3 and 0.025 not 
Fe(NO3)3 per liter. (One liter of stock solution 
corresponded to 0.25 mol mixed oxides corre 
sponding to the mol ratio 

For each liter of this solution there was used 
approximately one liter of 1.5 molar. NH4OH. 
The two solutions were allowed to flow into the 
upper part of the mixing chamber mentioned in 
Example 1 and the rates of flow adjusted to pro 
duce a slurry with a pH of 8.5-0.05. This slurry 
was aged for 24 hours, filtered and the precipi 
tate. Water-Washed until the filtrate gave a nega 
tive test for nitrate ions with diphenylamine 
sulfuric acid indicator. The filter cake was then 
dried in an air-circulation drying oven for about 
18, hours and formed into 4 in. pellets. The 
pelleted material was gradually heated to 300° C. 
in a hydrogen stream over an 8 hour period. The 
pellets were: then heated further in a carbon di 
oxide stream for 8 hours while gradually-increas 
ing the temperature to 600 C., after which the 
last traces of carbonaceous material were re 
moved by passing air over the catalyst at 600. C. 
Catalyst evaluation.-The dehydrocyclization 

activities of the once-regenerated catalysts are 
shown in Table III. In all cases the catalysts. 
contained chronaium oxide to iron oxide faol 
ratios, expressed as the sesquioxides, between 1:1. 
and 3:1. 

Table III.-Dehydrocyclization of n-heptane; 
effect of alumina in coprecipitated iron oride 
chromium oacide-alumina catalysts , ' - 

500°C., atmospheric pressure, L.H. S. W. =1, 5-hr. tests, once-re. generated catalysts 

Initial catalyst Mol per- Av. tolu 

28 

colposition, - ene in (Yi's Av. gai. offer ty. iii. heptaining drogen in duct, to tolue per cu. ft. gas prod- E. per . i. catalyst 
Also croFeo "cert cent per hr. 

90 5. 5 88 4.5 13.5 0.8 
80 10 93 5 i. 0.85 
70 15 15 93.5. 25.5 23.5 . .. 4 
70. 20, ... 10. . 92 24 . 22.5 1.35 
60 30 10 92 28.5 25.5 1.5 
50 30 20 92.5 4.5 36 2.1 
30 35 35. 92.5 45.5 39 23, 
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From these data, it is concluded that: 
(a) The high hydrogen contents of the gas 

products indicate, the selectivity of the catalysts 
for dehydrogenation. 

5 (b) The activity for dehydrocyclization is 
greater for the lower alumina, concentrations but 
remains higher than that for the chromic oxide 
gel described in Example 1 up to and including 
70 moper cent alumina. 
Within the range 30 to 70 mol per cent alu 

mina, the catalysts, show improved average activ 
ity and stability over parallel catalysts contain 
ing the same ratios of iron oxide and chronium. 
oxide, but in the absence of the alumina, Above 
70. mol per cent alumina, the stability of the 
catalysts is excellent but the high dilutions with 
aiumina cause the activity to drop off. There. 
fore, improved catalysts are obtained for alumina 
concentrations between 30 and 70 molt per cent, 
With the preferred concentrations within the 
range 30 to 50 mol per cent, the region of maxi 
mum activity and good stability. 

0. 
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EXAMPLE 4 

EFFECT OF ALKALINE PROMOTERs: on. THE ACTIVITY 
OF COPRECIPITATED IRON OxIDE-CEROMIUM OxIDE 
ALUMINA CATALYSTs. 

This example diemonstrates the improved de 
hydrocyclization activity of iron oxide-chromium 
oxide-alumina catalysts. When Small amounts of 
alkaline promoters, are added. It should be noted 
that the optimum amount of the promoters is 
less for n-heptane dehydrocyclization than for 
naphtha reforning. Since the normal promoter 
action of impregnated catalysts does not appear 
in fresh catalysts, only data for regenerated cat 
alysts are given. Normal prongter action refers 
to the effect on catalytic activity after diffusion 
and reorientation of the catalyst Surface has oct 
curred. This readjustment of the promoted cat 
alyst, Surface is not effected by heat treatment 
alone but is Substantially complete after one cycle 
of On-Stream and regeneration. 

Catalyst preparation.--Three base, catalysta 
Were prepared according to the method described 
in Example 3. The promoted catalysts were ob 
tained by adding the calculated amount of the 
itrate of the promoter metal to a part of the 

base catalyst. The metal nitrates were dissolved 
in just enough water such that the solution would 
be absorbed completely by the catalyst and the 

- Solution was added with thorough mixing in order 
to obtain uniform absorption. After drying for 
about 18 hours at 75° C. in an air-circulation dry 
ing oven, the impregnated catalysts were heated 
in an air stream over an 8-hour period with the 
temperature gradually raised to 600° C. and then 
maintained at this temperature for 4 hours. This 
treatment decomposed the nitrates to the corre 
sponding oxides. 

Catalyst evaluation.-The pertinent data are 
given in Table IV. These data show that the 
addition of from 1 to 2 atomic percent of sodium, 
potassium, calcium, strontium or cerium improves 
the catalytic activity. It should be noted that 
the addition of both copper and potassium is 
more effective than either promoter when used 
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is alone at the same concentration. 
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Table IV.-Dehydrocycliadition of n-heptane; co 
precipitated iron oacide-chromium, Oacide-all 
mina catalysts impregnated with alkaline pro 
720ters 

500°C., atmospheric pressure, L.H. S.V.-1,5-hr. tests once-regen erated catalysts 

Initial composi 
tion of catalyst Promoter, atomic ene in 
base, mol percent percent based on liquid per cu. 

p ified" pit, E.E. e. w-mow-mama oxide base wiper. We alyst per 
AlOCrOs. Fe0. cent cent 

50 30 20 26 24 ... 4 
50 30 20 29 27 16. 
50 30 20 32 29 1.7 
50 30 202 potassium------ 34.5 32 1.85 
50 30 20 3 potassium------ 24.5 23 1.3 
50 30 20 calcium- - 28 26 55 
50 30 20 2 calcium--- 34 3. 1.8 
50 30 20 3 calcium- 29.5 27 6 
50 30 20 strontium 31 28 1.65 
50 30 20 2 strontium 34 3. 18 
50 30 2005 copper-------- 25 25 1.5 
50 30 20 3 potassium - 0.5 32.5 30 1.75 

copper. 
50 30 201 cerium--------- 28 25.5 1.5 
70 15 15 None------------- 19 17.5 1.05 
70 15 153 potassium------ 24 23 1,35 
30 42 28 One------------- 30.5 27 1.6 
30 42 28 potassium------ 38 33 .9. 

The requirement of the supports is that they 
must have relatively high surface areas, they 
should have only negligible cracking activity and 
they must be heat-stable. "Porocel,' or calcined 
bauxite, is an inexpensive form of alumina which 
satisfies these minimum requirements. The so 
called activated aluminas and gel-type alumina 
have structural characteristics which produce 
superior catalysts for dehydrocyclization reac 
tions. w 

The basic requirements for impregnation of a 
suitable catalyst support such as alumina are 
that the metal salts used form true Solutions in 
water, do not hydrolyze to form insoluble nate 
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which it contains. 

35 

rials in contact with the catalyst Support, and 
decompose to form only the active metal oxides 
upon calcination. The first two requirements are 
necessary in order to obtain uniform impregna 
tion and to prevent preferential diffusion into the 
interior of the catalyst. These requirements are: 
met by using an acid solution of metal nitrates or 
salts of organic acids such as acetic acid. If the 
impregnation solution is not acid, there is a tend 
ency for a preferential migration of hydrogen 
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the change usually being to higher activity, indi 
cating a reorientation of the catalyst Surface 
which is not effected by heat alone. This change 
is practically complete after the first regenera 
tion, as shown by substantially constant activity 
after subsequent regenerations. The data in 
Table V are for the once-regenerated catalysts. 
Table V-Dehydrocycliation of n-heptane, alu 

mina-supported iron oacide-chromium oacide, 
initial composition of active Oacides Fe2O3: 
Cr2O3-40:60 (mol ratio) +1 atomic percent K 
500 C., atmospheric pressure, L. H. S. W.E.1, 5-hr, tests once-regenerated catalysts.) 

Av. tolu- Av. con 
SE enen wersion of fia Type of alumina w pe. liquid heptane to per cu. ft 

Support cent of pris. te catalyst wt. per- wt. per support cent cent per hour 

Low-SiO2, low iron 
'Porocel'---------- 0.5 17 16 0.85 

'Alorco-F-1, Acti 
wated Alumina'--- 10.5 29 27 1, 6 

Harshaw Chem. Co. 
Activated Alumina. 13.5 21 . . 20 1.5 

Earshaw Chem. Co. 
“Uvergel’alumina. 0.5 19.5 18 1,35 

The results show that all of the alumina-base supports are satisfactory for dehydrocyclization. 
Calcined bauxite, or "Porocel' is the least satis 
factory, probably because of the amount of silica 

The commercial activated 
alumina, and the gel-type alumina, known as 
'Uvergel' produced catalysts comparable in 
activity to the coprecipitated catalysts described 
in Example 4. 
An activating support is preferred for these 

catalysts. An activating support is defined as 
One which has Substantially no catalytic action 
itself but which has a surface structure such that 
When impregnated with metal oxides active for 
dehydrocyclization forms catalysts which are 
more active than can be accounted for solely by 
composition and surface area of the catalyst. 
While the mechanism of such activation is not 
clearly understood, the distinction between acti 
vating and non-activating alumina supports is 
well known to the art of catalyst preparation. 

50 ions into the interior of the catalyst with hydrol- : 
ysis of the iron group metal salt. This leads to 
the formation of an iron group metal oxide coat 
ing near the outer surface of the catalyst Sup 
port, hence a non-uniformly impregnated sup 
port. 

. EXAMPLE: 5 

ALUMINA-SUPPORTED IRON OXIDE-CHROMIUM 
OxpDE CATALYSTS 

55 

60 Catalyst preparation-The simplest and pre 
ferred solution for impregnation consists of 
ferric nitrate, chromic acid and potassium ni 
trate in amounts selected to form the required 
ratio of active oxides after calcination. These 
salts are dissolved in just enough water to be 
absorbed by the catalyst support. The solution 
is added to the support in Such a manner to 
moisten it uniformly, and the material dried on a 
steam bath or air bath. The product is then 
heated gradually in a stream of air over an 8 
hour period to 600 C. to decompose the metal 
nitrates and chromic acid. 

- Catalyst evaluation.--These catalysts show a 
- change in activity after the first regeneration, 

prepared by rapid coprecipitation 

65 

EXAMPLE 6 
EFFECT OF AssocIATED IoNs on THE CoPRECIPITATION 
OF IRON OxIDE-CHROMIUM OxIDE-ALUMINAUATA 

- LYSTS. . w . . . . - - - - - - 

This example demonstrates the influence of 
asSociated ions, both in regard to promoter ac 
tion and Without promoter action, on dehydro Cyclization activity. 

Catalyst preparation.--Catalyst No. 1 is the 
datum of comparison for the remaining catalyst. 
It was the same catalyst described in Example 4, 

of the mixed metal nitrates with NH4OH. ... 
Catalyst No. 2 was similar to catalyst No. 1, 

except that it was prepared by rapid coprecipi 
tation of mixed metal nitrates With potassium 
carbonate. A stock solution was prepared con 
taining 0.25 mol. Al(NO3)3, 0.15 mol Cr(NO3)3 

70 

ts 

and 0.10 mol Fe(NO3)3. (One liter of stock solu 
tion corresponded to 0.25 mol mixed oxides in the 
mol ratio Al2O3:Cr2O3:Fe2O3=50:30:20.) Six 
liters of this solution were added slowly to a vig 
orously stirred solution of 4.6 mols KaCO3 (a 
slight excess) dissolved in 12 liters of water. The 
evolution of carbon dioxide caused the pH of the 
slurry to drop to about 6.5 during the precipita 
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tion. After the addition of the metal salts was 
complete, the pH was raised to 85 by the addi 
tion of 6 NKOH. After aging for 24 hours, the 
slurry was filtered arid the precipitate quick 
frozen as described in Example 3. After allow 
ing to thaw gradually, there was added to the 

20. 
Catalyst evaluation.--The results sare giveniri 

lable VI. They show that all of these methods 
of Catalyst preparation were Satisfactory and 
that,the catalysts had a dehydrocyclization agtiv 

5 ity greater than that of the chromic oxide gel de 
Scribed in Examplei. 

Table VI- Dehydrocycliadition of n-heptane, iron oride-chromium oacide-alumina catalysts 
coprecipitated.at pH of 8.5 

(500°C., Atmospheric pressure, L.H. S.V.s.l.,5-hr-tests once-regenerated catalysts) 

Initial composition 
of catalyst E. mol 

-- - - - - - - - - 

-Promoters, . atomic percent Av. toluene Av. conver. AY.gal. 
- of initial mixed in liquid ision of hep-toluefieper 

Calyst percent Reagents for coprecipitation oxide base - product, tane to tol-cu. ft. cat 
;4,v,w - - - ----. -wt. per- i. enes wt. alyst per - - - - WR EY alys: A cert, , . Oere 

Crag Fe2O3 K. . . Cl it pere 

30 20 Mixed metal nitrates and NEOH----. 0 , 0 f24 3.4 
-30- 20.-Mixed metal-nitrates and K2CO3- 0.3 0 . s28.5 1.65 
30 20 Mixed metal nitrates and K2CO3--- 16.8 0 . 5:27 ... 6 
42. 28 Mixed metal-nitrates and NH4OE.--- O 0 , *27 ... 6 
42 28 Mixed-metal-nitrates and NH4OH---- 1 0 . x33 1.9 
42. 28 Mixed-metal nitrates and NH4OH 2. 20, 5 30 1.75 
42: 28-Mixed metalsulfates and NH4OH:3 1.3 0.16 $26.5 'i, 55 

1 Promoter concentration obtained by ineomplete removal of potassium carbonate used for precipitation. 
Promoter aided by impregnation of calcined inetal oxides with metal nitrates of promoter metals. 

3. Metal sulfates consisting of ferric sulfate, aluminuIn sulfate and chromium-potassium sulfate. 

slurry 100 ml...of a saturated solution of am 
monium sulfate permol equivalent of the precipi 
stated metal oxides; i.e., 150 ml. "ammonium sul 
fate.solution for the batch. The precipitate was 30 
filtered off and water-washed until neither car 
bonate nor sulfate ions could be detected in the 
wash water. The Wet cake was then dried, pel 
Ieted, and calcined, exactly as described for cata 
Jyst No. 1. The calcined catalyst contained 0.3 
atomic percent potassium as determined by flame 
spectrophotometry. , (0.3atomic per cent. Krep 
resents 0.003 gram atom K for 1 mol catalyst or 
Q5 mol. Al2O3-0.3 mol Cr2O3-02 mol Fe2O3.) This potassium originated from the potassium 
carbonate used to effect the coprecipitation. 
gatalyst No.3 was prepared like catalyst No. 2 

except that the Washing was discontinued after 
only partial removal of carbonate and sulfate. 
This resulted in.afinished catalyst, containing 6.8 
atomic per cent potassium, based on the heavy 
metal oxides, as determined by flame spectro 
photometry. 

Catalyst No. 4 was prepared like catalyst No. 1 
except that the ratio of aluminum, chromium 
and ferric nitrates was altered to produce the 
indicated mol ratios of metal oxides in the fin 
lished catalyst. Catalysts.Nos.:5 and 6 wereportions of catalyst 
No. 4 which, after calcination, were impregnated 
with metal nitrates exactly as described in. Exam 
pie4. , , , a - -, - . . - - - - - Catalyst No. 7 was: prepared exactly like.cata 
lyst No. 5 except that metal sulfates were sub 
stituted for the metal nitrates. The availability 
of potassium chrome-alum, led to its use in place 
of the more difficulty obtainable water-soluble 
chromic sulfate. This catalyst was washed in a 
brasslined centrifuge instead of in the usual 
porcelainfilters. The dried, and, calcined product 
was pregnated with potassium nitrate in an 
amount calculated to produce 1 atomic percent 
potassium based on the metal oxides. Flame spectrophotometry indicated a slightly higher 
potassium content, the additional, potassium-pre 
sumably having been retained by adsorption from 
the potassium.chrome alum, Solution used, in the 
catalyst preparation. The small amount of cop 
perioriginated from the brass iner for the centri 
fuge basket. 

EXAMPLE7 
EFFECT OF TEMPERATURE AND.CHARGE RATE ON THE 
DEHYDROCYCLIZATION OF in;HEPTANE WITH RON 
-OXIDE:CHROMIUM OXEDE-ALUMENA CATAEYsTs 
These tests were carried-out with the catalyst 

No. 3 described in Example 6, in order to show 
the effect of temperature and charge rate gn 

35 toluene formation. This catalyst was selected 
-because it showed the marked induction period 
which characterizes highly-promoted-catalysts of 
this invention: when they are tested in the man 
.ner-described. w The variation in-activity-with time for variqus 
temperatures when operating at, a L. H. S. W..of 
:05:is; shown graphically in Figure;3. The points 
represent the toluenes content of hourly samples. 
By placing these values at the mid-points-of-the 

45 period over, which they were collected, and, draw 
ing:a smooth curve through them, a reasonably 
accurate picture of the variation of catalytic 
agtivity; over the entige:periodisobtained. 
The curvesi ldicate; a marked in 

50 duction period, the length of which decreased 
With rising temperature. In each: case the ex 
tacapolated curves indicated a substantially zero 
•99nversion at the beginning of the test. At 
485. C., the maximum-catalytic activity was not 

55 reached during the 5-hour test period. The time 
required to reach a tinaximum decreased from 
about 3.5 hours at 500° C. to 1.5 hours at 525 C. 
The maximum toluene content of the product at 
525 C. was about 83-wt. per cent. 
The average values for the 5-hour test periods 

are given in Table VII. For operations at an 
I.R.S.V. of 0.5, the average toluene,content of the product and average conversion of heptane to 
toluene increased as the temperature was raised 

65 from 485 C. to 525 C. For this charge rate, gracking to gaseous hydrocarbons did not become 
Serious at 525 C. The effect of temperature on 
the-conversion.9f heptane to toluene and on the rate of toluene formation, expressed as gallons of 

70 toluene percu. ft...Qf.catalyst per hour, is shown 
graphically in Figures. 4 and 5. 
The effect of charge rate at constant tempera 

ture is shown by a comparison of the three-tests 
made at 500 C. at different space velocities. As 

40 

60 

75 Would be expected, the average conversion of 
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n-heptane to toluene decreased as the charge 
rate was increased from L. H. S. V.=0.5 to 
L. H. S. V.-1.0. However, the rate of toluene 
formation in terms of the unit volume of catalyst 
increased over the range of charge rates tested. 5 
Table VII.-Dehydrocycliaation of n-heptane 

effect of temperature and charge rate initial 
catalyst composition: Fe2O3:Cr2O3:Al2O3-20: . . 
30:50 (mol ratio) +6.8 atomic percent K from 
miaced metal nitrates and K2CO3 10 
Atmospheric pressure, 5-hr. tests, once-regenerated catalysts) 

Av. Conver- Av. gal. tou Av. toluene ... Wau Sion of hep 
Trap L. H. s. v. Egy ane to tolu- SEF 5 PSY. ene, wit.per. E. percent cent O 

485 0.5 14 13 - 0.4 

: 8: : it is 
525 6.5 64.5 49 1.45 20 
500 0.75 30.0 27 1.2 
500 1.0 30, 5 27 16. 

From the foregoing, it is concluded that: 
(a) In order to obtain high concentrations of 

toluene in the product, severe conditions, of the 
order of 515° C. or higher and low space velocities 
such as L. H. S. W. of 0.5 or less, are to be pre 
ferred; 

(b) In order to obtain greatest catalyst effi- 30 
ciency with moderate conversions to toluene, 
milder conditions, such as 500° C. and L. H. S. W. 
of 1.0, should be used; and 

(c) Within reasonable limits, increasing tem 
peratures and decreasing charge rates have the 
same effect in increasing the formation of tolue 
ele. 

35 

EXAMPLE 8 

REPLACEMENT OF IRON BY COBALT OR NICKEL IN IRON 
OXIDE-CHROMIUM OXIDE-ALUMINA CATALYSTS 40 

This example demonstrates the effect of Sub 
stitution of atomic equivalents of cobalt or nickel 
for iron in iron oxide-chromium oxide-alumina, 
catalysts. While most of the experimental work 45 
has been concentrated on the iron-containing 
catalysts because of the inexpensiveness of the 
iron compounds, it is evident that the cobalt 
and nickel-containing catalysts are equal to or 
better than those containing iron. 50 
The catalysts are formulated as mixtures of the 

sesquioxides. This is merely a matter of con 
venience for representing Substitution of atomic 
equivalents of the iron group metals. While the 
iron-containing catalysts were prepared from 55 
ferric salts, which form the Sesquioxide directly, 
the cobalt and nickel catalysts were prepared 
from salts of the divalent metals which do not 
form the Sesquioxides by simple precipitation 
methods. Since the Valence states corresponding 60 
to the active metal oxides cannot be specified, an 
arbitrary formulation is unavoidable. 

Catalyst preparation. - The iron-containing 
catalyst in Series A Was that described in Ex 
amples 6 and 7, obtained by the potassium car- 65 
bonate precipitation of mixed metal nitrates. 
The iron-containing catalyst in Series B was the 
third catalyst in Table III, prepared by coprecipi 
tation of the metal nitrates with ammonium hy 
droxide. The cobalt-... and nickel-containing - 70 
catalysts were obtained by methods exactly simi 
lar to those used for the iron-containing catalysts 
by Substituting cobalt or nickel nitrate for the 
ferric nitrate. 

Catalyst evaluation.--The results are summar- 75 

A. Catalysts prepared by potassium car 

22 
ized in Table VIII. From these data it will be seen that the dehydrocyclization activity of these 
catalysts increases in the order iron to cobalt to 
nickel, for the combinations with chromium oxide and alumina. 

Table VIII.-Dehydrocycliaation of n-heptaine, 
replacement of iron by cobalt or nickel in iron 
Oacide-chromium oacide-alumina catalysts (once regenerated catalysts) 

Iron group metal Iron Cobalt Nickel 

bonate precipitation of mixed metal 
nitrates containing metalions in the 
ratio group metal: chromium: 
aluminum=20:30:501: 
: H.S.V------------------------ 0.5 1.0 .0 A.V. toluene in liquid prod., wit.per. 
cent------:------------------------ 14 22 33.5 Av. Conversion of heptane to toluene, wt. percent------------------------ 13 30 

Ay, gal. toluene per cu, atalyst per 
hour--------------------------- 0.4. 1.0 1.75 B. Catalysts prepared by ammonium hydroxide precipitation of mixed 
metal nitrates containing metal ions 
in the ratio iron group metal: chrom. 
illn: aluminum=15:15:702: 

Av. toluene in liquid prod., wt. per 
cent----------------------------- 25.5 37 32 Avconversion of heptane to toluene, 
Wt. percent.--------------------- 23.5 30 26.5 

Av. gal. toluene per cu. ft. catalyst 
per hour------- -------------------- 1.4 1.75 55 

Tests at 485. C., atmospheric pressure, 5-hour periods. 
w Tests at 500 C., atmospheric pressuré,5-hour periods, L. H. S. 

EXAMPLE 9 

REFORMING LIGHT PARAFFINIC, NAPHTHA WITH 
CoPRECIPITATED METAL OxIDE CATALYSTs 

This example illustrates the aromatization 
reforming activity of iron oxide-chromium oxide 
combinations which are active for n-heptane 
dehydrocyclization. The naphtha charge was a 
hexane-heptane fraction of a Mid-Continent 
stock containing relatively large proportions of 
branched-chain paraffins. It is representative 
of a low Sulfur, paraffinic stock which is difficult 
to reform by thermal or catalytic methods. 

Catalyst preparation.-The iron oxide-chromi 
um oxide catalyst was the preparation of this 
composition described in Example 1, obtained by 
coprecipitation of the metal nitrates with ammo 
nium hydroxide. The remaining two catalysts 
Were prepared in the manner described for cata 
lyst No. 7 in Example 6, from mixed metal sul 
fates and ammonium hydroxide. Sulfates were 
used because of the availability of zirconium and 
titanium sulfates as contrasted with the diffi 
culty of obtaining the metal nitrates. 

Catalust evaluation.-The results are sum 
marized in Table IX. The data in Table IX are 
average values for three successive 2-hour test 
periods, With air-regeneration of the catalysts be 
tween each test period. The high octane num 
bers of the unstabilized liquid products and the 
high liquid recovery, compared to thermal re. 
forming, indicate the advantages of aromatiza 
tion reforming with these catalysts, 

It has been pointed out that the iron oxide 
chromium oxide combinations are active but un ... stable at high temperatures. Since Conditions 
of naphtha reforming and oxidative regeneration 
are considerably more severe than those required 
for n-heptane dehydrocyclization, this example 
shows that the iron oxide-chromium oxide com 
binations are active even under conditions of mild sintering. The catalysts containing zirco 
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nium oxide and titanium oxide represent scata 
lysts in Which the coprecipitated refractory:Stp 
port is non-activating; i. e., it improves the sta 
bility but not the dehydrocyclization-ractivity of 
the active metal Oxides. 

2,658,858 
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3, Example 6. Additional-promoters were added 
to the calcined catalyst by impregnation, as in 
dicated in Table X. 

Gaialyst-evaluation:-The results of the -cata 
lyst evaluations are shown in Table X. 

Table IX-reforming light paratinic naphthal 
with caprecipitated metal oxide catalysts 

(538° C. (1000°F.), atmospheric pressure, L.H. S.W.s, Av. values for three 2-hr. test periods) 

Initial composition of catalyst, mol percent. Fea0;90s Os: Criositio: 
s:40:60 =20:30:50 se20:30:50. 

C.F.-R. R. Clear-octane No. of unsta-73-- 3. 75. 
bilized liquid product. slit. . ra - - - 
HE content of gas products, mdl.'805---------'80----------- 815. 
percent. - 

Products (based on 100 wt. percent re 
covery): : 

Cs-free gasoline, vol. percent 
Dry gas, wt. percent 
Coke, wt. percent.-- 

1 Charges-Oklahoma City naphtha: As.I.M. distillation? is...tb0°F, it?, at175,50% at 194, 90% at 252;E.P.262 F. 
A.P.I. gravity 65.3, Reid vapor pressure 29b. 
Sulfur 0.012 wt. percetit. 
Octane No., clear: 

C.F.R.R. 58.8. 
C. R. F.M., 57.0, 

EXAMPLE 10 
REFORMING LIGHT PARAFFINICNAPHTHAWith froN 

OxIDE-CHRolf IUM OxIDE-ALUMINA CATALYSTS 
This example illustrates various methods for 

preparing active reforming catalysts by coprecipi 
tation of iron oxide, and chromium oxide with 
an activating refractory oxide, i. e., alumina. 
Catalyst preparation-These catalystS Were 

prepared by rapid precipitation of mixed metal 
salts with an alkaline solution as described in 
Example 6. - - - - - - 

The catalyst preparation from metal sulfates 
and ammonium hydroxide was made ini the 
manner described for catalyst No. 7, Example 6. 
The catalyst preparations from metal nitrates 

and ammonium hydroxide were made in the man 
ner described for catalysts No. 5 and 6 of Example 
6, the promoters being added by impregnation 
of the calcined metal-oxide preparations. 

30 

40 

45 

Comparing catalysts 1, 2 and 4, it will be ob 
served that the activity of the catalysts, as 
shown by the research octane number of the un 
stabilized liquid products, increased in the order 
named. Catalyst No.2, prepared from the metal 
nitrates and promoted with a small amount 
of potassium, showed the highest yield and lowest 
Coke-formation for this group of three catalysts. 

Catalyst No. 3 was a part of the catalyst base 
used to prepare catalyst No. 2 in which the pro 
noter concentration Was increased to 7 atomic 
per cent potassium by impregnation with potassi 
um acetate in order to approximate the analysis 
of catalyst No. 4. While catalyst No.3 was a satis 
factory reforming catalyst, it was less active than 
Catalyst No. 2, which was impregnated with a 
Small anaount of potassium; and it was less active 
than catalyst No. 4 which had closely the same 
aiiaouat 0f potassium: 

Fable x. Reforming light paratinic naphthal; initial composition of catalyst base: 
Fe03:Cros: AlO3a 20:30:50 moratio atndsphéric-pressure 

Catalyst N --------------------- 6 7 

Catalyst preparation------------- Metal sulfates Metal nitrates Metal nitrates Metal di?trates Métaitrates Metal nitrates Metal nitrites copptd. by copptc. by coppt. by g: y copstil...by copptd. by copptd. by 
NH4OH. NH4OH, -NH4OH KC S.993. KCO3: ... K2CO3. 

Promoter atomic percent based None.-------1.K., by in 7 FG, byini 6.8% from 6.8%Kirón 6.8%Kifroii 6.8%Kfióin on initial mixedioxides, pregnation pregnation'. K90s pre: K2CO32 KCO3; 2 K2CO3; 1 with KNO with KOAc. cipitant. Kby KNO3 CE by Baby impregna CiuNOsim- BaNga ini 
tion. pregna- pregna 

i : tion. tion. 

Test conditions: Temperature, F------------ i 1000....----... i000 
L.H. S. V------- 1-esses . 
Test period, hr------------- 
Number of periods, averaged - i. 2 

Properties of unstabilized liquid 
product: im. 
Micro-Reid vapor press, lb.: 2.7-a-...- 26 as 
Norwood bromine No.---------1744---------231-- 
Microgrape Nois-Clear: 

C. F. R.M.------ 
Products (based on 100 wt. pet 
cent recovery): - - - Cs-free gasoline, vol. percent 

Drygas, wt. percent--------- 
Coke, wt. percent-----------. 

1.Oklahoma Citynaptha; same charge as in Table. 
2 Total K88 atomic percent of mixed oxides. 

In-view of the foregoing, it may be concluded: 
(a) Catalysts used for aromatization reform 

The catalyst.prepared fron, metal ritrates and 
potassium carbonate were a part of catalyst No. 
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ing are less sensitive to changes in promoter con 
centration than similar catalysts used for n-hep 
tane dehydrocyclization; cf. Example 4. 

(b) The optimum promoter concentration is 
less when the promoter is added by impregnation 

2,658,858 

than when it is incorporated during the copre 
cipitation, as in the case of catalyst No. 3. 

This second conclusion is strengthened by the 
results obtained with catalyst No. 5, prepared by 
impregnating catalyst No. 4 with an additional 

26 
The data in Table XI show that both the Sup 
ported and coprecipitated catalysts gave better 
results with these stocks than those obtained 
With the light, Mid-Continent naphtha. A com 
parison of the octane-yield-coke figures in Table 
XI shows that the coprecipitated catalysts gave 
better results with both naphthas. 

'Table XI-Reforming Middle East naphthas, 2 atomic per cent potassium to obtain a total of 
8.8 atomic per cent potassium in the catalyst. 
Catalyst No. 5 was only slightly less active than 
catalyst No. 4 and much more active than cata 
lyst No. 3. 
Without any intent of limiting the scope of 

the present invention, it is postulated that the 
effect of the alkaline promoters in aromatization 
reforming is twofold. The effect of alkali incor 
porated within the catalyst particles, as in Cata 
lyst No. 4, is predominantly one of improving 
the structural stability. This beneficial effect 
is obtained for a wide range of concentrations 
of the alkali and alkaline earth metals up to 
about 10 atomic per cent of the alkaline pro 
moter. In addition to this effect, it appears de 
sirable to have a small and more critically lim 
ited amount of promoter on the catalyst surface, 
such as that obtained by impregnation with 1 or 
2 atomic per cent of the promoter metal. This 
surface alkali improves the adsorptive and de 
sorptive behavior of the catalyst surface. There 
appears to be a limited migration of the pro 
moter metal ions on the catalyst surface and a 
limited diffusion from the surface into the in 
terior of the catalyst, as shown by the change in 
activity, usually an increase in activity, after 
the first regeneration. 
This influence of small amounts of alkaline 

substances on the catalyst surface is illustrated 
in catalyst No. 4 to 7, inclusive, all of which were 
prepared from catalyst No. 4 as a base. In cata 
lyst No. 4, the relatively large amounts of alkali 
were largely fixed within the catalyst structure. 
The further addition of 2 per cent potassium, 2 
per cent copper or 1 per cent barium by impreg 
nation decreased the octane number of the prod 
uct only slightly but decreased the coke formation 
sharply. This decrease in coke formation is par 
ticularly important where rapid regeneration of 
the catalysts by air oxidation without excessive 
heat liberation is required. 

EXAMPLE 11. 
REFORMING MIDDLE EAST-NAPHTHAs: 

The preceding examples have been concerned 
with reforming a hexane-heptane fraction of a 
Mid-Continent paraffinic naphtha. This example 
illustrates the results 
tory stocks. 
The Uvergel” supported catalysts were the 

same as the last catalyst in Example 5. The co 
precipitated catalyst was prepared exactly like 
catalyst No. 2 in Example 10 except that the pro 
moter concentration was increased to 2 atomic 
per cent potassium. v. . . . 

The mixed Iranian naphtha was a hexane 
heptane fraction of a Middle East crude while the 
Gach Saran naphtha was essentially a .250 to 
400° F. boiling range fraction of a Middle East. 
crude. The results are summarized in Table XI. 

15 
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potassium-iron oacide-chromium oacide-alumina 
catalysts 

(538° C. (1000 F.), atmospheric pressure, L. H. S. V. s.1 

Catalyst 

..I pregnated, Co precipitated, (EEE, related Siô6ifié NHQHFe3O3: periogáffer. S39;A9. giFimi," 20:30:50+2%K 
Naphtha charge--------- ...--- Light 1 Heavy Light 1 Heavy 3 

25 

30 

C. F. R. R. clear octane No. 
of charge-------------------- 56 42, 5 56 42.5 

Properties of unstabilized liq 
uid Product: - 

Norwood bromide No. 22.4 20.3 21,3 23.1. 
Micro-octane No., C. F., 

R. R.-Clear---------- 83.5 87 85 86 
Products (based on 100 wt. percent recovery): 

C3-free gasoline, vol. per 
cent------------- ------ 81.8 76.8 81.7 81.7 

Dry gas, wt. percent------ 7.4 1.0 7.4 7.4 
Coke, wt. percent....... -- 7.7 9.0 6.7 7.8 

35 

40 

45 

50 

gram atom of potassium per 100 cc. support. 
is impregnated support was dried for about 18 hours 

Light naphtha, mixed Iranian. A. S. T. M. distillation: I. B. P. 
121 F., 10% at 161, 50% at .212°, 90% at 267, F. B. P. 311 F. 

2 heavy naphtha, Gach Saran. A.S. T. M. distillation: I.B. P. 
248 F., 10% at 276, 50% at 312°, 90% at 365°, F. B. P. 395° F. 

EXAMPLE 12 
REFORMING PARAFFINIC LIGHT NAPHTHAWITH 

-- ALUMINA-SUPPORTED CATALYSTS 

Catalyst preparation.--The three catalysts were 
prepared by the same procedure. One liter 
portions of the catalyst supports (“Uvergel', or 
“Porocel' alumina) were impregnated with 0.15 
mol potassium carbonate dissolved in enough Wa 
ter to moisten the support. The amount of po 
tassium carbonate was selected to produce 0.03 

The 

at 75° C. in an air-circulation drying oven, then 
heated gradually in a muffle furnace over a 6-hour 

60 

period to 600° C. and then maintained at this 
final temperature for 4 hours. After cooling, the 
potassium-impregnated supports were impreg 

...nated with Solutions of mixed metal nitrates cal 
obtained with less refract gulate 

... " . . . . per 100 cc. of support. The reimpregnated ma-. 
65. 

70. 

75 

culated to produce 0.1 mol of mixed metal oxides 

terials were then dried and recalcined as de 
scribed for the potassium impregnation. The 
products then contained 0.1 mol of catalytically 
active metal oxides promoted with 3 atomic per 
cent K per 100 cc. of support (or 30 atomic per 
cent K based on the active metal oxides). 

Catalyst evaluation. The results obtained with 
these catalysts, summarized in Table XII, show 
that both the iron- and cobalt-containing cata lysts had exceptionally good activity for aro 
matization-reforming of light parafiinic naphtha. 
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Table XII-Reforming paratinie light naphthal 
with alumina-supported catalysts 

Supported metal oxides. Coos: CFOs sk 
40:60-30%K. 40:60-30%K 40:60-30%K. 

Support--------------------------------------- 'Uvergei'. 'Uvergel' “Porocel' 
alumina. . alumina. air Enilaa, 

Amount of supported metal oxides-------------- 0.1 Mol per 100 0.1 Mol per 100 Q.I.Molper 100 ce. Support. cc. support. cc. support. 
Test conditions: Temperature, F 950. 

L.E. S.V.-- 0.5. 
Test period, hir 2. 
Number of test periods, averaged 6. 

Properties of unstabilized liquid product: 
Norwood bromine No.-------------------- 26.2------------ 26.8, 
Micro-octane No., C. F. R. R.-Clear-------- 80-------------- 79.5. 

Products (based on 00 wt. percent recovery): Cs-free gasoline, vol. percent 89.7. 
Drygas, wt. percent 3.6. 
Coke, wt. percent---- 5.3. 

Oklahoma City naphtha; same charge as in Table IX. 

EXAMPLE 13 
This example illustrates the use of catalysts of 

this invention under conditions of steam dilution. 
The steam dilution decreases the average coke 
formation and thereby prolongs the onstream 
period between regenerations. In order to coun 
teract the adverse effect of Water vapor on the 
dehydrocyclization of paraffins (cf. Mattox, J. 
Am. Chem. Soc. 66, 2059 (1944), the operating 
temperatures must be increased. 

Catalyst preparation.--Catalyst No. 1 was iden 
tical with catalyst No. 5, Example i0; catalyst 
No. 2 was identical with catalyst No. 5, Example 
6; catalyst No. 3 was identical with catalyst No. 
1, Example 12; catalyst No. 4 was identical with 40 
catalyst No. 2, Example 12. 
Catalyst evaluation.--Fhe average results for 

duplicate 10-hour test periods are shown in Table 
XIII. - The yields of C3-free, gasoline Were Su 
perior to those obtained in the absence of water. 
This increase in yield for substantially the Sane 
octane number was partly a result of the lower 
coke formation and also because of the higher 
olefin formation in the presence of an inert 
diluent such as steam. 
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EXAMPLE 4 
REFORMING EDEPENTANEZED EIGHT NAPHTHA 

WITH HYDROGEN OLUTION 
This example illustrates the superiority of the 

catalysts of this invention over a typical “hydro 
forming' catalyst. The molybdena-alumina hy 
droforming catalyst was a commercially available 
catalyst which is exceptionally active for reform 
ing under hydrogen pressures. The iron oxide 
chronium oxide-alumina catalyst was obtained 
by potassium carbonate precipitation of mixed 
metal nitrates, and is identical with the catalyst 
of the same composition discussed in Examples 
6, 7 and 10. 

Catalyst evaluation. The conditions of the 
catalyst tests were adjusted to obtain liquid prod 
lucts of Substantially. the same research octane 
number. In both series of tests, the total pres 
sure was 150 p.s. i. g., and the hydrogen to 
hydrocarbon moratios were 5:1. The results are 
summarized in Fable XIV. It is evident from the 
data in Table XIV that the iron-containing cata 
lyst gave a better liquid recovery than the hydro 
forming catalyst for the same octane number. 
This improved liquid recovery resulted partly 

Table XIII-Reforming paratinic light 
- naphtha. with steam dilution 

(5939 O. (1100 F.), atmospherie pressure, E. H. S. v=1, 33 mol percent steam in charge; 10-hour test periods, Av. of 2 tests 

Properties of unstabilized products Products, based on 100 wt. percent recovery 

Catalyst - . ... : Reid Caree. Fry - 

No. No. press. Eat percent percent 

Fe2O3:Cr2O3: Al2O3=20:30:50 (Mol Ratio)-8.8%K - mixed metal nitrates coprecipitated by NH4OH; -- - 
impregnated with KOAC--------------- -------- 25.6 75 40 87 ll, 5 1.1 

Fe2O3:Gr,0s: Al:03:28:42:30 (Mol. Ratio).1%K; . mixed metal nitrates coprecipitated hy NH4OH; . - 
impregnated with KNO3.-------------------------- 32.5 73.5 4.5 90 7.2 - 1.4 

0. Mol (Fe03: Cr2O3=40:60) on 0.03 gram atoms. K . 
... on 100 ce. "Uvergel' alumina---------------------- 34.0 785 3.3 8.5 2.0 

0.1 Mol (CoOs: CrO3=40:60 on 0.03 gram atons Kon . . . . . . . . t 
100 cc. 'Uvergei' alumina------------------- ----- . 32.6 78, 5. 3.2 88.5 9.15 5 

... 1 Oklahoma City naphtha, substantially the same as charge in Table IX; e.F. R. R. octane No. 59.5, - - - - - - - - 

  

  



from the lower gas formation and partly from 
the higher olefin content of the gasoline obtained 
with the iron oxide-chromium oxide-alumina, catalyst. 
Table XIV-Reforming parafinic light naphthal 

Dith hydrogen dilution 
Av. values for three 5-hr. test periods 

Fe2O3: CrOs: AlO3 
s20:30:50 mora 
tio -- 6.8 K, co 
precipitated from 
metal nitrates by 
K2CO3 

Barshaw 
Chem. 
Co. 10% 
MoC)3 on 
Uwer 
gel y 

alumina 

Test conditions: 
Temperature, C---- 490 .538 
Pressure, p. s. i. g- 150 150 
L.H. S.W-------- 0.66 0,55 
Dilution, mols. Halmolcharge- 5 5 Properties of unstabilized liquid product: 
Reid vapor pressure, lb.-------- 7.7 
Norwood bromine No. - 18.7 
Micro-octane No.-Clea 

C. F. R. R.--------- - 82 
C. F. R. M----------------- 75 

Products-based on 100 wt. percent 
recovery: 

C3-free gasoline, vol. percent---- 88 
Dry gas, wt. percent----------- 8.1 
Coke, wt. percent-------------- 1.4 

1 Oklahoma City naphtha; same charge as in Table IX. 
EXAMPLE 15 

DESULFURIZATION OF PARAFFINIC LIGHT NAPHTHA 
This example illustrates the desulfurization of 

naphtha containing high concentrations of re 
fractory sulfur compounds. It is well known that 
organic sulfur compounds such as mercaptains and 
disulfides are easily removed or decomposed by 
catalysts of low activity such as clay and bauxite. 
However, the refractory sulfur compounds such 
as thiophene are not affected by Such treatments. 
Therefore, desulfurization of a naphtha contain 
ing relatively high concentrations of thiophenic 
sulfur illustrates the effectiveness of the catalysts 
of this invention for removal of the more diffi 
cultly removable sulfur compounds. 
The iron-containing catalyst was identical with 

that used in Example 14. The cobalt-containing 
catalyst was identical with the cobalt-containing 
catalyst in Table VIII-A. 

Catalyst evaluation.-The catalyst evaluation 
conditions were substantially the same as those 
used for aromatization reforming in the presence 
of hydrogen. The liquid products were caustic 
Washed in order to remove dissolved hydrogen 
sulfide before obtaining octane numbers. The re 
sults are summarized in Table XV. . . . 
Table XV-Desulfurization of paratinic. light 

naphthal 
Catalyst . . . 

AlO3 = 20:30: CoO3: Cr2O3: 
AlO3 = 20:30: Rigi 50 mixed metal 

its nitrass, precipitated precipitated 
by KCOs by KCOs 

Test conditions: - - 
Temperature, F------------ 1,000. 950 Temperature, p. s.l.. g--------- 50 150 
Dilution, mols Hafnol charge- 5. 5 
Test period, h--------- 5 5 Properties of unstabilized liquid product: 
Reid vapor pressure, lb.------- 5.3 4.4 
Norwood bromine No.--------- 2.7 15.3 
Total sulfur, wt. percent------ 0,035 0.025 
Micro-octane No., C. F. R. R. 
*-Clear---------------------- 69.5 

2,658,858 
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Table XV-Desulfurization of paraffinic light 

naphtha -Continued. 

Catalyst 

A5236. 999:939: Al2O3=20:30: 
Actil 50 mixed metal niates nitragSO precipiated. Peipiated. 
by KCOs by KCOs 

Products, based on 100 wt. percent recovery: 
C3-free gasoline, vol. percent.-- 94.5 93.3 
Drygas, wt. percent---------- 5.5 3.0 
Coke, wt. percent.------------ 0.8 1.5 

Charge: Oklahoma City naphtha; same charge as in Table IX 
except for the addition of thiophene to obtain a total sulfur content of 
1.04 wt. percent, substantially all of which was thiophenic sulfur 
These data show that the Sulfur removal was 

greater than 90 per cent for both catalysts. The 
sulfur in the charge decreased the extent of aro 
matization in the same manner that is known to 
occur for other aromatization catalysts when used 
under similar conditions, such as molybdena 
alumina. However, the liquid recovery was high 
and the coke formation low in both cases. 
Although the present invention has been de 

scribed in conjunction with certain embodiments, 
it is to be understood that modifications and 
variations therein may be made without depart 
ing from the spirit and scope of the invention, 
as those skilled in the art will readily under 
stand. Such variations and modifications are 
considered to be within the purview and scope 
of the appended claims. 
What is claimed is: . . . . . . . . 

1. A process for effecting aromatization re 
forming of hydrocarbon mixtures containing 
aromatizable hydrocarbons, which comprises 
contacting said hydrocarbon mixtures with a 
chromium oxide-iron group metal oxide catalyst 
composition obtained by initially intimately mix 
ing moist, undried hydrous chromium oxide with 
moist, undried hydrous iron group metal oxides 
in proportions such that the final chromium 
Oxide-iron group metal oxide catalyst composi 
tion will contain chromium oxide and iron group 
metal oxide in a mol per cent ratio, expressed 
On the basis of the metal sesquioxides, varying 
between about 40:60 and about 70:30, respec 
tively, to produce a mixture; treating said mix 
ture attemperatures sufficient to dry the mixture 
but below about 350° C. to produce a dehydrated 
mixture; comminuting said dehydrated mixture; 
and calcining said dehydrated mixture at tem 
peratures. Varying between: about 500° C. and 
about 600° C., under non-oxidizing conditions 
and for a period of time of at least about five 

60 

65 

70 

hours; at temperatures falling within the range 
varying between about 450° C. and about 650° C.; 
at hydrocarbon partial pressures falling within 
the range varying from atmospheric and up to 
about 30 pounds per square inch gauge; at liquid 
hourly space velocities falling within the range 
varying between about 0.2 and about 2.5; and 
under total pressures varying from atmospheric 
and up to about 300 pounds per square inch 
gauge. '- r . . . 

2. A process for effecting aromatization re 
forming of hydrocarbon mixtures Containing 
aromatizable hydrocarbons, which comprises : 
contacting said hydrocarbon mixtures with a 
catalyst comprising a chromium oxide-iron group 

66, is 75 metal oxide composition obtained by initially 
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intimately mixing moist, undried hydrous chro 
mium oxides with moist, undried hydrous iron. 
group metal oxides in proportions such that the 
final chromium oxide-iron group metal oxide 
composition will contain chromium oxide and 
iron group metal oxide in a mol per cent ratio, 
expressed on the basis of the metal sesquioxides, 
varying between about 40:60 and about 70:30, 
respectively, to produce a mixture; treating said 
mixture at temperatures sufficient to dry the 
mixture but below about 350° C. to produce a. 
dehydrated mixture; comminuting said dehy 
drated mixture; and calcining said dehydrated 
mixture at temperatures varying between about 
500 C, and about 600 C., under non-oxidizing 
conditions and for a period of time of at least 
about flye hours;... alumina in amounts varying 
between about 30: mol per cent. and about 95 
mo per cent, based on the total oxides in the 
catalyst; and a promoter selected from the group 
consisting of potassium oxide and copper oxide, 
in amounts of at least about 0.2 per cent and up 
to about. 5: per cent, by weight; at temperatures 
falling within the range varying between about 
485° C. and about 550° C.; at hydrocarbon partial 
pressures falling within the range varying from 
atmospheric and up to about 30 pounds per 
Square-inch gauge; at liquid hourly space veloc 
ities failing within the range varying between 
about 0.5 and about 1.0; and under total pres 
sures varying from atmospheric and up to about 
30 pounds per square inch. 

3. A process for effecting desulfurization and 
aromatization reforming of sulfur-bearing hy 
drocarbon mixtures containing aromatizable 
hydrocarbons, which comprises contacting said 
hydrocarbon mixtures with a catalyst comprising 
a chromium oxide-iron group metal oxide Com 
position obtained by initially intimately mixing 
moist, undried hydrous chromium oxide with 
moist, undried hydrous iron group metal oxides 
in proportions such that the final chromium 
oxide-iron group metal oxide: composition will 
contain chromium oxide and iron group metal 
oxide in a moi per cent ratio, expressed on the 

s 
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basis of the metal sesquioxides, varying between 
about 40:60 and about 70:30, respectively, to pro 
duce a mixture; treating said mixture at tem 
peratures sufficient to dry the mixture but below. 
about 350° C. to produce a dehydrated mixture; 
comminuting said dehydrated mixture; and 
calcining said dehydrated mixture at tempera 
tures varying between about 500° C. and about 
600° C. under non-oxidizing conditions and for a 
period of time of at least about five hours; 
alumina in amounts varying between about 30. 
mol per cent and about 95: mol per cent, based 
on the total oxides in the catalyst; and a pro 
moter selected from the group consisting. of 
potassium oxide and copper oxide, in amounts of 
at least about 0.2 per cent and up to about 5 per 
cent, by weight; at temperatures falling within 
the range varying between about 485 C. and 
about 550° C.; at hydrocarbon partial pressures 
falling within the range varying from atmos 
pheric and up to about 30 pounds per Square inch 
gauge; at liquid hourly space velocities falling 
within the range varying between about 0.2 and 
about 0.5; in the presence of hydrogen in mol 

5 per Square inch gauge. 

32 
ratios of hydrogen to hydrocarbon varying be 
tween about 1:1 and about 5:1, respectively; and 
under total pressures varying between about 50 
and about 150 pounds per square inch gauge, 

4. A process for effecting aromatization re 
forming of hydrocarbon mixtures containing 
aromatizable hydrocarbons, which comprises 
contacting Said hydrocarbon mixtures with a 
catalyst comprising a chromium oxide-iron 
group metal oxide composition obtained by 
initially intimately mixing moist, undried hy 
drous chromium oxide with moist, undried hy 
drous iron group metal oxides in proportions 
Such that the final chromium oxide-iron group 
metal oxide composition will contain chromium 
oxide and iron group metal oxide in a mol per 
cent ratio, expressed on the basis of the metal 
Sesquioxides, varying between about 40:60 and 
about 70:30, respectively, to produce a mixture; 
treating said mixture at temperatures sufficient 
to dry the mixture but below about 350° C. to 
produce a dehydrated mixture; comminuting 
Said dehydrated mixture; and calcining said de 
hydrated mixture at temperatures varying be 
tween about 500° C. and about 600° C., under 
non-oxidizing conditions and for a period of 
time of at least about five hours; alumina in 
amounts varying between about 30 mol per cent 
and about 95 mol per cent, based on the total 
oxides in the catalyst; and a promoter selected 
from the group consisting of potassium oxide 
aiad copper oxide, in amounts of at least about 
0.2 per cent and up to about 5 per cent by weight; 
at temperatures falling within the range vary 

5 ing between about 500° C. and about 600° C.; at hydrocarbon partial pressures falling within the 
range Varying from atmospheric and up to about 
30 pounds per square inch gauge; at liquid 
hourly Space velocities falling within the range 
varying between about 0.5 and about 1.0; in the 
presence of steam in mol ratios of steam to hy 
drocarbon varying between about 1:2 and about 
l:4, respectively; and under total pressures vary 
ing from atmospheric and up to about 30 pounds 

WITTEAM. H. LANG. 
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