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[57] ABSTRACT

There is provided a process for preparing a catalyst
for reforming, particularly steam reforming of hydro-
carbons. The process consists fundamentally in mixing
intimately a solution of sodium or potassium alumi-
nate, possibly containing excess of base (preferably
sodium or potassium hydroxide, respectively) with ei-
ther a solution of a nickel salt and a magnesium salt,
or a solution of a nickel salt containing finely dis-
persed therein reactive magnesium oxide. The mixing
results in coprecipitation of a fine sludge containing
intimately mixed aluminum hydroxide, nickel hydrox-
ide and either magnesium hydroxide (if a magnesium
salt is used) or magnesium oxide. The sludge also con-
tains a sodium or potassium salt which is removed by
washing. The washed sludge is dried and dehydrated
at 300-750° C., whereby an intimate mixture of oxides
of magnesium, aluminium and nickel is formed. This
mixture is pelletted in conventional manner and the
pellets or bodies calcined at a temperature of
850-1100° C. The calcination involves conversion of
alumina and part of the magnesia into spinel, whereas
remaining magnesia during reforming acts as “pro-
moter,” i.a. to counteract carbon deposition. The pre-
cursor thus obtained contains NiO and can be re-
duced, preferably by hydrogen, and is thereafter suit-
able as catalyst containing elemental Ni for reforming
reactions.

8 Claims, No Drawings
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1
PROCESS FOR THE PRODUCTION OF A
REFORMING CATALYST

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application is a continuation of application Ser.
No. 734,232, filed June 4, 1968, now abandoned.

It is known to prepare reforming catalysts containing
compounds of nickel, magnesium and aluminium, cf.
for instance the specification to British Pat. No.
1,058,757.

The present invention relates to a process for the
preparation by co-precipitation of a catalyst for re-
forming gaseous or vaporizable liquid hydrocarbons
with steam, carbon oxide (particularly carbon dioxide),
oxygen and/or air, said catalyst containing nickel, iron
or cobalt or oxides reducible to these. In the present
specification, the catalyst in unreduced form, i.e. con-
taining nickel, iron or cobalt oxide will also be termed
a precursor. For use as catalyst during the reforming
process, the oxide is totally or partially reduced to the
free metal, which particularly constitutes the catalyti-
cally active principle in such processes. The reduction,
which in literature is often referred to as the activation
of the catalyst, most frequently takes place by treat-
ment with hydrogen or hydrogen-evolving substances,
and is normally caused in the reactor in which the
catalyst is employed during the reforming process.

Catalyst of the said main type are suitable for hydro-
carbon reactions, for instance for hydrogenation, and
especially are suitable for reforming processes in which
the gaseous or vaporized hydrocarbons are cracked,
most frequently by the aid of steam. According to the
reaction conditions employed, such as pressure, tem-
perature, space velocity and the ratio O:C, particularly
the ratio between moles of H,O and atoms of C, in the
reaction mixture conducted into the reactor, there is
obtained a product gas which is rich in hydrogen, for
instance for the production of pure hydrogen or synthe-
sis gas, or which has a more or less high content of
methane and is suitable for instance as town gas or
substitute for natural gas. As starting material one most
frequently employs petroleum fractions such as light
distillates, benzines, naphthas, natural gas or liquefied
petroleum gases such as propane or butanes, or mix-
tures containing these. The reforming always is carried
out at elevated temperature and nowadays often at
elevated pressure.

The catalytically active metal is usually nickel, and
the invention will hereinafter be explained with specific
regard to this metal, but iron and cobalt can be used
with similar results.

Many nickel catalysts for the reforming processes are
known. Most of them are supported on more or less
porous bodies or particles of refractive material in
order to ensure a satisfactorily large catalytically active
nickel surface. The supported catalysts can be divided
in two main groups, the ‘‘impregnated” ones and the
“co-precipitated”” ones. The impregnated catalysts
consist of a porous support material, usually of refrac-
tive oxides, on which nickel and possibly co-catalysts or
promoters are impregnated. The co-precipitated cata-
lysts are formed by more or less simultaneous precipita-
tion in one vessel of the various materials which in
conjunction constitute the support material, including
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a possible binding agent. and the catelvtically active
material. The support materials usually contain one or
more of the elements Al, I, Ca, Mg, Cr, and Zr, some-
times entirely or partially present as oxides, sometimes
as more complicated compounds. The binding and
support materials of the support or carrier in other
cases may consist of naturally occurring refractory
materials. In all events, the properties of the carrier or
support with regard to in particular refractoriness and
mechanical strength have great importance for reform-
ing catalysts, especially because the trend in reforming
technology is to increase the pressure and in some
cases also the temperature in the reforming reactor as
much as possible, which raises heavy demands to the
stability and the strength of the catalyst.

One impregnated reforming catalyst is known from
British patent specification No. 1,058,757. The support
of that catalyst entirely or in a substantial degree con-
sists of magnesium-aluminium spinel, MgAl,O,, a com-
pound which imparts a considerable strength to the
catalyst in its entirety. This catalyst is suitable for some
reforming reactions, but not without reservations for
reforming “difficult” hydrocarbons, particularly not
for reforming hydrocarbon mixtures containing higher
paraffins, comparatively large amounts of olefins or
aromatics or other difficult hydrocarbons, since these
difficult hydrocarbons have a tendency to deposit car-
bon on the catalyst. This leads to a decrease of the
catalytical activity and also can lead to the breaking
down of the catalyst. This difficulty can be overcome
by promoting the nickel catalyst, which is best done
with an alkali metal oxide, and preferably with potas-
sium oxide. The promoter compound should preferably
be present in the catalyst in a certain proportion to
nickel, and the catalyst should preferably be substan-
tially free from silicon, as explained in the British pa-
tent specification No. 1,058,758.

Such a catalyst is very suitable for reforming even the
“difficult” hydrocarbon mixtures and under exacting
conditions, i.e. high temperature and high pressure, for
instance approaching 50 atmospheres, and with a com-
paratively low steam to carbon ratio in the feed mixture
of steam and hydrocarbons. However, the alkali pro-
moting involves a disadvantage. The hydrocarbon mix-
tures subjected to reforming processes always contain a
certain amount of sulphur, and even if they are desul-
phurized before being conducted to the reforming re-
actor, it is impossible or altogether uneconomical to
remove all traces of sulphur. The catalyst therefore
inevitably sooner or later will become sulphur-poi-
soned. The unpromoted catalyst can easily be regener-
ated with steam, but it is rather difficult to remove
sulphur, which will be present in combined form, from
the sulphur-poisoned catalyst when it has been pro-
moted with alkali metals, particularly potassium or
sodium.

It is an object of the invention to provide a process
for the preparation of a catalyst which on one side is
physically and chemically sturdy, and on the other side
has and retains for a long time a high activity, even
when used for reforming difficult hydrocarbon mix-
tures, i.e. hydrocarbon mixtures containing higher par-
affins {especially paraffins above Cj), olefins, aromat-
ics and other hydrocarbons causing difficulties during
the reforming, especially by causing the deposition of
carbon on the catalyst. Particularly it is the object of
the invention to provide a process for preparing such
catalysts which can be employed under exacting work-
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ing conditions, such as high pressure, high temperature
and low steam to carbon ratio in the reaction mixture
to reform.

This is obtained by the process of the invention,
which is characterized in that one mixes a solution of a
nickel, iron or cobalt salt, said solution also containing
a dissolved magnesium salt and/or finely divided, finely
dispersed, reactive magnesium oxide, with a solution
containing sodium aluminate or potassium aluminate
and, if necessary, excess of base, to co-precipitate a
finel sludge of magnesium hydroxide and/ormagnesium
oxide in intimate mixture with nickel, iron or cobalt
hydroxide and aluminium hydroxide, whereupon the
sludge is washed substantially free from sodium and
potassium in any form and dried and dehydrated (de-
watered) at a temperature of 300-750° C. to form an
intimate mixture of oxides of magnesium and alumin-
ium and nickel, iron or cobalt, after which this oxide
mixture is worked up into bodies of desired size and
shape and these bodies are calcined at a temperature of
850-1100° C., after which the nickel, iron or cobalt
oxide is reduced, if desired. If the nickel, iron or cobalt
oxide is not reduced, the catalyst will be obtained as the
precursor, whereas the reduction, which will most fre-
quently be carried out with hydrogen, leads to the for-
mation of the finished catalyst with nickel, iron or co-
balt at least partially present in elementary form.

The catalyst thus formed belongs to the co-
precipitated type. The precursor comprises two solid
phases, formed by the calcination, and interlacing one
another intimately in a finely pored structure. The
phases are on the first hand a phase of magnesium
aluminium spinel imparting to the catalyst the desired
mechanical sturdiness and strength, and on the other
hand a solid mixed phase of reactive magnesium oxide
and nickel oxide. The finished catalyst, i.e. after the
reduction has taken place, contains three phases also
interlacing one another in the finely pored structure,
namely in the first place the same phase of magnesium
aluminium spinel, an the second hand a phase of reac-
tive magnesium oxide and in the third place a phase of
metallic nickel. The spinel phase may possibly contain
nickel.

It is thereby obtained that the catalytically active
metal in the finished catalyst is situated intimately ““in-
terlaced” in a forcefully alkaline environment of the
reactive magnesium oxide, which efficiently counter-
acts the deposition of carbon on the catalyst, even
when the latter is used for reforming difficult hydrocar-
bon mixtures and under severe or exacting reaction
conditions. Furthermore, the catalyst has a high
strength because of the content of of spinel. The inti-
mate mutual position or interlacing of the two or three
phases of the precursor or catalyst, respectively, is due
to the co-precipitation technique, by which there is first
formed the intimate mixture of the hydroxides (in
which mixture magnesium hydroxide may be entirely
or partially replaced by reactive magnesium oxide),
and this mixture subsequently by the dehydration is
converted into a likewise intimate mixture of the oxides
in finely divided state.

It is particularly convenient to carry out the mixing of
the two solutions by conducting them simultaneously
into a vessel at substantially the same equivalent rate;
the precipitation thereby becomes differential, i.e. it
occurs both from the alkaline and the acidic side of the
iso-electric point. Hereby one ensures a very uniform
distribution and intermixing of the hydroxides in the
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4
sludge and later of the oxides in the dried and dehy-
drated oxide mixture and in the bodies formed.

By “reactive™ or “active” magnesium oxide is meant
in the present specification a magnesium oxide having
suitably high chemical and physical reactivity. There is
no clear. unique, fundamental difference between reac-
tive and inactive magnesium oxide, but a gradual tran-
sition. The reactivity of magnesium oxide will normally
be a function of the heat treatment to which magne-
sium oxide or some other magnesium compound, for
instance magnesium hydroxide or carbonate, has been
subjected during the production of magnesium oxide
preparation. Generally, a higher treatment temperature
will give less physical and chemical activity than a
lower treatment temperature, the higher treatment
temperature leading to larger particles with a crystal
structure approaching the ideal one in a higher degree
than that obtained by a lower treatment temperature,
and also the higher treatment temperature leads to
particles therefore having a smaller surface area than
magnesium oxide particles obtained by a lower treat-
ment temperature. Reactive magnesium oxide prepara-
tions are often termed ““light calcined magnesium oxide
(magnesite).” The reactive magnesium oxide prepara-
tions have normally a low powder bulk density, but not
any such preparation having low powder bulk density is
reactive, because a magnesium oxide fired at a high
temperature may have a low bulk density, for instance
because it has been ground.

It is therefore chosen in the present specification to
define the reactivity of the magnesium oxide on the
basis of the so-called iodine number (Ind. and Eng.
Chemistry, 1947, vol. 39, 69 pp.), which indicates how
much iodine there can be adsorbed by a magnesium
oxide preparation from a solution of iodine in carbon
tetrachloride. This measurement is empirical, but there
is generally some relation between the iodine number
and the powder bulk density. In the present specifica-
tion, by reactive magnesium oxide is generally meant
magnesium oxide having an iodine number (expressed
in milliequivalents iodine per 100 mg. MgQ) above
about 10. Example 6 hereinafter illustrates the signifi-
cance of the iodine number for the catalyst prepared by
the process according to the invention, and aiso illus-
trates the powder bulk density of the magnesium oxide
preparations shown in the example. It should be men-
tioned that preparation No. | of MgO shown in the
table in Example 6 rapidly could be hydrated into
Mg(OH), at room temperature, whereas preparation
No. 6 was hydrated very slowly at room temperature.
The rate of hydration may possibly be significant dur-
ing the described preparation of the catalyst.

It has been found that the catalyst is not satisfactory
if the calcination takes place at higher temperatures
than 1100° C. as mentioned hereinbefore, which is due
to the fact that the magnesium oxide therein then sin-
ters and furthermore becomes reactive in a too small
degree. The inactivation of the magnesium oxide is due
to the fact that the particles therein sinter together,
whereby there is also caused a decrease of the surface
area. ’

Several coprecipitated nickel catalysts for reforming
reactions are known, as well as processes for their prep-
aration. From British patent specification No.
1,071,510 a process is known for the production of
such a coprecipitated, nickeliferous reforming catalyst,
in which a mixture of nickel oxide and magnesium
oxide is shaped and calcined at a temperature of more
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than 1200° C. into a form in which all or the major
portion of the nickel oxide is combined as mixed crys-
tals of nickel oxide and magnesium oxide. This high
calcination temperature, however, leads to a consider-
able inactivation of the oxide, which is disadvantageous
in various respects. The precursor directly formed by
the calcination and containing mixed crystals of MgO
and NiO is more easy to reduce into the active catalyst
when the calcination temperature is lower—at the most
1100° C.—than when it is above this temperature. Also,
the reactive magnesium oxide in the catalyst calcined
at a temperature below 1100° C. is more efficient in
inhibiting carbon formation during the reforming pro-
cesses than the magnesium oxide obtained by a higher
temperature and therefore inactivated in a higher de-
gree.

A particular advantage is gained during the reform-
ing processes when using a catalyst containing reactive
magnesium oxide, in practice magnesium oxide which
has not been subjected to a temperature higher than
about 1100° C. During the reforming processes, there
takes place a certain sintering of the catalytically active
particles of metallic nickel, whereby the catalytically
active nickel area decreases and the activity of the
catalyst consequently decreases. When the catalyst
contains reactive magnesium oxide, it is, however, eas-
ier to re-establish the mixed phase of MgO and NiO
than in cases where the magnesium oxide has been
inactivated, because by oxidation it is possible to obtain
the formation of a kind of solid solution of nickel oxide
in the reactive magnesium oxide, thereby obtaining a
decrease of the particle size of the nickel by the re-
newed reduction of the precursor thus re-established.
This property of the catalyst prepared by the process of
the invention is very important, because it allows a
simple re-establishment of the activity of the catalyst
when this activity has decreased to a value below the
desired value.

According to the aforementioned British patent spec-
ification No. 1,071,510 it is possible during the produc-
tion of the catalyst to add other substances such as
activators, diluents and carriers. it is, i.a., possible to
add hydrated alumina, whereby the catalyst will con-
tain aluminium oxide as a kind of carrier. According to
the present invention, the aluminium compound of the
catalyst should be employed during its production in
the form of a soluble aluminate, by which it is obtained
that aluminium hydroxide (hydrated Al,Os) is precipi-
tated simultaneously with Ni(OH), and possibly
Mg(OH),, the latter if there is employed a magnesium
salt during the preparation. By this coprecipitation the
formation of magnesium aluminium spinel. MgAl,O,,
during calcination is facilitated, which is significant for
the strength of the catalyst, especially because the max-
imum temperature employed, 1100° C., is lower than
that ordinarily used for the preparation of artificial
magnesium aluminium spinel.

Another coprecipitated nickel catalyst for reforming
reactions is known from the British patent specification
No. 267,535, which describes the coprecipitation of
nickel, aluminium and magnesium compounds. This
catalyst, however, also contains potassium oxide and
therefore has the disadvantage of difficult regeneration
after sulphur poisoning. It furthermore has the draw-
back of an extremely high nickel content, so that it is
very expensive. Coprecipitated nickel-aluminium cata-
lysts furthermore have the drawback that they usually
cannot stand heating at high temperatures, for instance
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6

above 600-700° C., and therefore cannot be used at
high reforming temperatures. From British patent spec-
ification No. 914,423 is known a catalyst consisting of
nickel oxide-rich nickel spinel and 5-10% excess of
nickel oxide; the high nickel content renders this cata-
lyst very costly. A catalyst known from British patent
specification No. 1,032,756 contains coprecipitated
alumina and chromia and furthermore a hydraulic
binding agent which, however, has been added after the
coprecipitation. A catalyst known from British patent
specification No. 1,055,909 is prepared from co-
precipitated aluminium and nickel compounds which
are calcined at relatively low temperature, up to about
500° C., and is devised for reforming temperatures of
maximum about 500° C. This catalyst probably cannot
stand much higher temperatures which is due to the
fact that it has not the strength obtained according to
the present invention on account of the presence of
magnesium oxide and the consequent formation of
spinel.

As mentioned, the precursor or catalyst prepared by
the process according to the invention consists of two
or three, respectively, intimately interlaced solid pha-
ses. These may be accompanied by smaller amounts of
impurities originating from unconverted raw materials,
for instance alumina or aluminates, or from small
amounts of impurities therein, but the impurities will
not disturb the fundamental structure. Yet it should be
observed that it is important that alkali metal com-
pounds and ions are substantially removed in the wash-
ing step, because otherwise there will arise the above-
mentioned difficulties in regeneration after sulphur
poisoning, which difficulties it is an important object of
the invention to avoid.

The catalyst produced in the described manner has a
high activity in reforming reactions, which especially is
due to the large catalytically active nickel surface origi-
nating from the structure of the precursor. In this the
nickel oxide is present in a mixed phase with the mag-
nesium oxide and the mixture is virtually atomic. In the
precursor the magnesium oxide/nickel oxide-mixed
phase is distinct from the MgAl,O -phase, because of
the known fact that the magnesium oxide and the mag-
nesium aluminium spinel are not miscible. When the
nickel oxide is reduced into metallic nickel, the nickel
micro particles are separated from one another by the
magnesium oxide, and sintering of the nickel into larger
crystals is thereby counteracted. The large nickel area
causes a high catalytical activity and contributes to give
the catalyst a long life, and to this also contributes the
low tendency of the nickel micro particles to sinter
together in this structure. The nickel is placed very
intimately in an alkyaline environment of the magne-
sium oxide, and this alkaline environment has the same
selective effect as a catalyst activator or promotor as
has for instance potassium oxide when used as promo-
tor in nickel catalysts. The catalyst produced by the
process of the invention therefore has a high ability to
resist or counteract carbon deposition reactions, even
when treating “difficult™ hydrocarbons or when work-
ing under exacting conditions such as high tempera-
ture, high pressure and a low ratio H;O:C in the reac-
tion mixture conducted into the reactor. Since alkali
metal is not present, the catalyst may easily be regener-
ated after a possible sulphur poisoning. Although the
magnesium oxide phase is distinct from the magnesium
aluminium spinel phase, these two phases interlace
intimately and the catalyst therefore has a great me-
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chanical and physical strength. There is no risk of re-
case of silicon, since no Si is present in the catalyst, or
1t the most insignificant amounts of Si if slightly im-
sure, Si-containing raw materials have been used.

The catalyst may be produced with virtually any
lesired, high or low, relative content of nickel, only on
‘he condition that sufficient room is available for the
spinel phase to render the catalyst sufficiently strong.
n certain known catalyst precursors the nickel is prior
‘0 reduction chemically combined with other elements,
‘or instance chromium, and the formula of the nickel
:ompound determines the nickel content of the precur-
sor and thereby of the catalyst. Since contrariwise
aickel oxide and magnesium oxide are completely mis-
zible with each other in all proportions, one can use
any proportion NiO:MgO, and it is therefore possible to
zive the catalyst a high, a medium or a low nickel con-
tent according to desire and to the intended use of the
zatalyst. According to the invention, the raw materials
are preferably used in proportions so as to give the
axide mixture prior to calcination a content of 5-50%
of nickel, oxide (or iron or cobalt oxide), 10-75% of
magnesium oxide and 5-60% of alumina, all these per-
centages calculated on the total weight of the three said
compounds.

The atomic ratio between Ni, Mg and Al may vary
according to the intended use of the catalyst. In two
separately preferred embodiments, the catalyst is pre-
pared so as to obtain the atomic ratios Ni:Mg:Al of
about 1:1:2 and aboout 2:7:1, respectively. A catalyst
with the first mentioned of these atomic proportions is
comparatively inexpensive and has a high activity, but
owing to its comparatively low content of MgQ is it not
quite capable of preventing carbon deposition when
reforming hydrocarbons or hydrocarbons mixtures
having an outspoken tendency to such carbon deposi-
tions. It should therefore be used in reforming pro-
cesses in which the risk of carbon deposition is low, for
instanace when reforming natural gas. A catalyst hav-
ing the second one of these atomic proportions, 2:7:1,
is able to counteract the carbon forming reaction even
in cases where the hydrocarbon feed stock is one hav-
ing a high tendency to deposit carbon. Other propor-
tions of the three elements could also advantageously
be employed within as beyond the limits mentioned
hereinbefore.

In order to have the catalytically active nickel surface
available to the reacting gases, the catalyst bodies or
particles must be porous. It has been found the most
expedient if the pores are of two types, namely compar-
atively few comparatively wide pores having a radius of
at least 1000 A, and a large number of narrow pores
having a radius of at most 300 A. The narrow pores
should constitute a substantial proportion of the total
pore volume, preferably about 50% of this volume or
more. The wider pores, which may have a radius much
above the minimum value mentoined, for instances
4000 or even 10000 A., serve as passages or “main
roads™ to the interior of the catalyst, i.e. to the nar-
rower pores, but do not contribute very much to the
large surface area of the catalyst; this large surface area
is substantially provided by the inner surfaces of the
narrower pores. The narrower pores may be as narrow
as having a radius of for instance 100 or even 50 A. The
narrow pores, which are prevented from breaking
down by the strong spinel lattice, do also contribute to
prevent the nickel crystallites from fusing or sintering
together or growing during or after the reduction of the
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nickel oxide. whereby the nickel crystallites in practice
are almost excluded from obtaining a diameter larger
than that of the narrower pores. A very advantageous
pore size distribution is one in which the narrower
pores constitute about 75% of the total pore volume.
The narrow pores are generated by virtue of the fact
that the catalyst is formed by the particles constituting
the said fine sludge. The wider pores may be brought
about in various manners, most expediently in connec-
tion with working up the dried and dehydrated mixture
into shaped bodies. Even in this connection the com-
paratively low calcination temperature is advanta-
geous, because it opens up the possibility of incorporat-
ing small cellulose fibres into the dried and dehydrated
mixture for forming the wider pores. These fibres burn
away during the calcination, leaving the said wider
pores, but if the calcination takes place at too high
temperature, above the said 1100° C., there will be a
trend for these wider pores to break down, or there
may occur crystal growth into these wider pores.

As solution of nickel salt and magnesium salt, which
as mentioned may be replaced by a nickel salt solution
containing finely dispersed reactive magnesium oxide,
and as solution of sodium or potassium aluminate, it is
preferred to use aqueous solutions, and when mixing
the two solutions together they are preferably con-
ducted from separate lines or vessels into a common
precipitation vessel so that the precipitation becomes
differential. In other words, the solutions are preferably
added to one another with the same number of equiva-
lents per unit of time, so that the acidic and the alkaline
liquid are always present in equivalent amounts. The
intermixing of the liquids is preferably brought about
comparatively speedily, but when the precipitation is
differential this will automatically ensure a small parti-
cle size of the sludge.

If instead of a magnesium salt one uses reactive mag-
nesium oxide in the starting liquids, it is possible by a
suitable selection of the degree of reactivity of the
magnesium oxide to influence the strength of the final
catalyst, by which for obtaining a catalyst having ex-
ceptional high strength one uses a particularly reactive
magnesium oxide, i.e. magnesia having a high iodine
number or a low bulk density.

During dehydration, the hydroxides in the sludge are
converted into oxides, whereby is formed a solid mixed
phase of magnesium oxide and nickel oxide, and a solid
phase of alumina. During heating for calcination of the
shaped bodies, the alumina reacts with part of the mag-
nesium oxide in the mixed phase, so that MgAlLO, is
formed. This reaction takes place in the grain bound-
aries as a solid substance reaction, and therefore the
magnesium- aluminium spinel will be extremely evenly
distributed in the bodies which again impart the great
mechanical strength to the precursor or the catalyst.
Since the solid mixed phase of NiO and MgO is virtu-
ally an atomic mixture, there is no risk of MgO and NiO
migrating from one another. When the spinel has been
formed, migration is further excluded by the fact that
MgO is not miscible with the spinel. The pore system
will be automatically stabilized during the heating pro-
cess. As mentioned, this pore system partly originates
from the structure inherent in the powder formed by
the dehydration, but may be developed further during
the said grain boundary reactions.

As nickel salt one employs preferably the sulphate or
nitrate, and especially the nitrate is preferred; if a mag-
nesium salt is employed, this is also preferably the sul-
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phate or the specially preferred nitrate. These com-
pounds are relatively easily available and react quickly
with the aluminate, and the reaction product on precip-
itation, sodium or potassium nitrate or sulphate, may
be easily eliminated by the washing subsequent to pre-
cipitation. Sodium and potassium aluminate are
strongly alkaline substances, so that the magnesium,
aluminium and nickel are precipitated as hydroxides,
but nevertheless an excess of base is preferably used in
the aluminate solution, the base being present in an
amount determined by the stoichiometrical propor-
tions. The base is preferably the hydroxide of the same
alkali metal as the aluminate, i.e. sodium or potassium
hydroxide. By ‘“‘excess” of base are meant such
amounts of base which are not chemically combined in
the aluminate. The precipitation as mentioned is differ-
ential, i.e. both from the acidic and alkaline side, which
ensures a very intimate mixture of the hydroxide in the
sludge, and of the hydroxides with magnesia when this
is employed instead of magnesium salt. By normal co-
precipitation from three salts, for instance nitrates, by
the addition of sodium or potassium hydroxide, the
hydroxides are not precipitated simultaneously; alu-
minium hydroxide is precipitated first and therefore
one does not obtain the same intimate mixture of the
hydroxides.

As mentioned, it is preferred in practice to conduct
the two solutions from separate vessels to a third vessel
equipped with a stirrer, in which third vessel the precip-
itation occurs. After the precipitation it is convenient
to thicken the slude in a suitable apparatus in which
also the washing can be carried out, especially to re-
move the sodium or potassium salt formed. The wash-
ing step may comprise a filtering in which the hydrox-
ides are left as filter cake, and the potassium or sodium
salt is removed substantially with the filtrate. The dry-
ing of the sludge can be carried out in any desired
manner, for instance in a drying apparatus, and at any
desired temperature not exceeding a temperature at
which premature spinel formation is caused. The dry-
ing may be separate or continue directly in the dehy-
dration which, as mentioned, is carried out at 300-750°
C., preferably at 350-500° C. When the dehydration
has been completed, the dried product may be granu-
lated and the particulate material thus formed may be
worked up into pellets or tablets of desired size and
shape corresponding to the final size and shape of the
precursor and catalyst. During this one can use conven-
tional adjuvants such as lubricants, for instance graph-
ite or stearates. The dehydrated mixture may some-
times contain small amounts of water, which may facili-
tate the tabletting procedure. Finally the calcination is
carried out by heating to the temperature interval
stated. Even if it is possible that spinel formation may
conceivably commence below 850° C., there cannot be
expected satisfactory results unless a calcination tem-
perature between 850° and 1100° C. is obtained. It is
particularly expedient to carry out calcination at a
temperature of 950°-1050° C. because hereby on one
side one ensures a satisfactory spinel formation when
the starting material is the oxide mixture formed from
the sludge, and on the other hand does not run any risk
of deactivation or crystal growth of the magnesium
oxide. After the dehydration, the sludge may also be
directly worked up into pellets or tablets, or the granu-
late may be extruded and the extruded strands be cut
up into suitable pellets.
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The precursor thus formed after reduction into the
catalyst is suitable for reforming, especially steam re-
forming of hydrocarbons in the gaseous phase. The
reforming is carried out thereby that the hydrocarbon
feed stock together with steam or another oxygen-con-
taining gas, for instance carbon dioxide or air, is con-
ducted over the particulate catalyst which is preferably
placed as a bed in a suitable reactor. The reforming
normally is carried out continuously. The reaction con-
ditions with respect to pressure, temperature, steam to
hydrocarbons ratio and space velocity may be the con-
ditions usually employed in such processes; they de-
pend i.a. on the desired composition of the product gas,
because with an active catalyst as the present one, the
reaction mixture will adjust itself to a certain thermo-
dynamic reaction equilibrium which may be calculated
on the basis of said parameters. The hydrocarbon mix-
tures employed will normally be such having a boiling
point interval, the final boiling point of which is up to
350° C.

For preparing a town gas containing a considerable
amount of methane, it is advantageous to carry out the
reforming at an exit temperature in the catalyst bed of
350°-750° C., under a pressure of 5-75 atm. absolute
and an atomic ratio O:C in the steam-hydrocarbon feed
stock of 0.8-2.5.

Particularly expediently for the preparation of such
town gas having a content of 25-40% of methane, cal-
culated on the dried product gas, one can employ a
pressure of 25-40 atm., a temperature in the exit layer
of the catalyst bed of 650°~700° C. and a ratio O:C in
the steam-hydrocarbon feed stock of 1.5-2.5. It has
been found that the catalyst is stable and counteracts
the deposition of carbon even with such low amount of
steam at least when it is rich in magnesium oxide as
previously discussed.

For preparing a synthesis gas rich in hydrogen, it is
expedient to use a temperature in the exit layer of the
catalyst of 600°-1000° C., a pressure in the range of
1-300 atm. absolute and an atomic ratio O:C in the
steam-hydrocarbons feed stock of 1-10.

Since it is most important that the catalyst is highly
efficient in the first part, i.e. the upper part of the cata-
lyst bed, and since the risk of carbon deposition is also
biggest in this upper or first part of the catalyst bed, it
is possible to let the catalyst here described be present
only in the first (upper) 40-60% of the catalyst bed, the
remaining part of the catalyst bed being constituted of
any other nickel catalyst.

The process according to the invention will be illus-
trated in the following by some examples. It should be
understood that these examples should not be con-
strued as limiting the scope of the invention.

EXAMPLE 1|

(A) A precursor having the atomic proportion Ni:M-
g:Al of 2:7:1 (in the following called catalyst II) was
prepared in the following manner:

241.4 kg. of Ni(NOj),;, 6H,O and 745.2 kg. of
Mg(NOQO;3),, 6H,O were dissolved in 1840 liters of de-
salted water. 155.5 kg. of Al(NO;);, 9H,O were dis-
solved in 975 liters of 27.7% sodium hydroxide,
whereby a solution of sodium aluminate was formed.
The two solutions were conducted to a precipitation
vessel, whereby the precipitation was differential. The
sludge precipitated was washed, concentrated and
dried. After heat treatment at 400° C. the powder was
granulated and pelleted into cylinders of 9 X 9 mm. The
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pellets were calcined at 1000° C. The precursor con-
tained below 0.1% Na. Its density was 2.2 g./cm.2, the
breaking strength in the axial direction 1700 kg./cm?,
the pore volume about 0.24 ml./g. of precursor.

(B) 59 g. of the above precursor crushed to particles
of 2-4 mm. were placed in a tubular reactor in labora-
tory scale and having an inner diameter of 20 mm. The
reactor was placed in an electrically heated oven. The
catalyst bed made up a volume of 45.5 ml. After reduc-
tion the catalyst was tested for the production of a town
gas by steam reforming of a paraffinic naphtha having
final boiling point at 110° C., the following process
conditions being used:

Atomic ratio O:C in feed: 1.8

Pressure: 31 atm. gauge

Temperature in exit layer of catalyst: 680° C.
Space velocity: 4.3 vols. naphtha/vols. catalyst/hr.

During the experiment, which lasted 810 hours, the
following composition of dry product gas was mea-
sured, figures being given in percent by volume:

Hours after start 18 281 522 752

H, 4271 41.71 42.81 41.21
cO 6.15 5.77 5.99 S.82
CO, 15.82 16.81 16.97 16.94
CH, 35.31 35.70 34.22 36.02
C.H, <0.01 <0.01 <0.01 <0.01

After the experiment the catalyst was intact, and no
carbon deposition could be observed. The experiment
shows that the catalyst can reform naphtha into town
gas without carbon deposition. The fact that there were
no measurable amounts of hydrocarbons with two car-
bon atoms or more in the product gas shows that the
catalyst has a high activity, which fact is further empha-
sized by the very constant composition of the product
gas.

EXAMPLE 2

126 g. of the precursor H prepared according to Ex-
ample 1(A) were placed in a reactor of the same kind
as that described in Example 1{(B). After reduction
with hydrogen the catalyst was tested under critical
conditions for the production of a gas rich in methane
by steam reforming of a naphtha having final boiling
point at 162° C. and a content of aromatics and naph-
thenes of 9% by weight and 21% by weight, respec-
tively. The following reaction conditions were em-
ployed:

Atomic proportion O:C in the feed: 1.0

Pressure: 31 atm. gauge

Temperature in exit layer of catalyst: 500° C.
Space velocity: 1.33 vols. naphtha/vols. catalyst/hr.

During the experiment, which last 65 hours, the fol-
lowing composition of the dry product gas was mea-
sured (percent by volume):

Hours after start 4 hE 6d

H, 11.38 1566 148U
Cco 043 144 013
CO., 20.93 20083 2133
CH, 67.03 62.99 65 9
C.Hq <01 .03 Ly

After 65 hours @ weak breakthrough of liquid v b
carbans was observed. Afler the end of the experinant,
the catalyst was intact and no carbon depositr - had
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been formed. The experiment further shows the high
activity of the catalyst, since in about 3 days while
carrying out the reforming at a comparatively low tem-
perature it has been able to resist hydrocarbon poison-
ing from a naphtha having high content of aromatics.
During this experiment, a gas was produced which after
removal of carbon dioxide will have approximately the
same composition as natural gas.

EXAMPLE 3

This example is not according to the invention, but
serves as a comparison.

(A) 200 g. of cylinders with dimensions 3 X 3 mm. of
a catalyst support consisting of magnesium aluminium
spinel, prepared as described in the British patent spec-
ification No. 1,058,757, were impregnated at 90° C.
with a melt of 142 g. of Ni(NO;),, 6H,0 and 500 g. of
Mg(NO3),, 6H,0, i.e. an atomic ratio Ni:Mg in the melt
of 1:4. Subsequently, the impregnated bodies were
subjected to calcination at 500° C. and thereafter the
impregnation and calcination were repeated under the
same conditions. Analysis of the thus formed unre-
duced catalyst showed 5.1% by weight of Ni and 11.9%
by weight of acid-soluble MgO.

(B) 24.6 g. of this catalyst were placed as 3 X 3 mm.
cylindrical tablets in the same reactor as that described
in Example 1. The volume of the unreduced catalyst
bed was 21 mils. After reduction the catalyst was tested
for its ability to produce a gas by steam reforming of a
paraffinic naphtha having final boiling point 110° C.
under the following process conditions:

Atomic ratio O:C in feed: 1.8

Pressure: 31 atm. gauge

Temperature in exit layer of catalyst: 650° C.

Space velocity: 9 vols. naphtha/vols. catalyst/hr.
During the experiment, which lasted for 30 hours the
following composition of the dry product gas was mea-
sured (percent by volume):

Hours after start 6 18 30

H, 37.27 37.55 39.74
[a(e] 4.61 4.02 3.68
CO, 17.02 16.75 17.22
CH, 40.88 41.33 39.10
C,Hq 0.22 0.22 0.26
CyH, 0.00 0.13 0.00

After the experiment the upper layer of the catalyst bed
was crushed and large amounts of carbon depositions
had been formed. The experiment shows the impor-
tance of the extremely intimate interlacing of the solid
phases in the precursor, i.e. of preparing it from the two
phases of oxides and of forming the spinel by reaction
in the grain boundaries as described. The catalyst pre-
pared from the spinel and the nickel and magnesium
nitrates, as described in the present example, does not
have the intimate mixture of nickel and magnesium
ions as have the catalysts prepared from the oxide mix-
ture obtained by the coprecipitation, and the magne-
sium oxide therefore has not been sufficiently active as
a promoter. ‘

EXAMPLE 4

{A) A catalyst precursor having the atomic ratio
Ni:Me Al of 1:1:2 (in the following called precursor 1)
was prepared as follows:

I22 g tabts LT maels) NitNQO3)., 6H,O were dissolved
in 1 liter of water:
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285 g. (1.11 mols) of Mg(NOQjy),, 6H,O were dissolved
in 1 hiter of water;
861 g. (2.3 mols) of ANO,);, 9H,O were dissolved in

1.5 liters of water;

425 g. of NaOH (10.6 mols) were dissolved in 2 liters
of water.

The precipitation and working up of the precursor were

carried out as described in Example 1(A). The finished

precursor particles, cylinders of 9 X ¢ mm., had a spe-

cific weight of 2.1 g./cm.? and a breaking strength in

axial direction of 250 kg./cm.2.

(B) 65 g. of this precursor were crushed down to 2—4
mm. particles and placed in a reactor as described in
Example 1(B); the volume was 50 ml. After reduction
with hydrogen, the catalyst was tested for the produc-
tion of a town gas by steam reforming of a paraffinic
naphtha having final boiling point 110° C. The same
reaction conditions were employed as in Example
1(B), and the experiment was carried out for 300
hours. During this period the following composition of
dry product gas was measured (percent by volume):

300

Hours from start 17 111 204

H, 42.34 44.53 44.39 46.95
co 5.00 4.86 5.12 4.89
CO, 17.02 16.15 15.20 12.99
CH;, 35.63 34.45 35.28 35.16
C,H, <0.01 <0.01 <0.01 <0.01

After the experiment the catalyst was partially crushed
and considerable amounts of carbon deposition had
been formed. The example shows that the Ni:Mg ratio
is decisive for the desired promoter activity of MgO.
The catalyst shows a very high activity of MgO. The
catalyst shows a very high activity, since during the 300
hours of the experiment no measurable amount of hy-
drocarbons with two or more C-atoms were observed.
In other words, this catalyst can be advantageously
employed in cases where there is no risk of carbon
deposition, for instance for reforming natural gas (for
instance to produce synthesis gas rich in hydrogen) or
various mixtures containing carbon monoxide.

EXAMPLE 5

(A) A catalyst (precursor) with the same composi-
tion as the catalyst (precursor) Il was prepared as fol-
lows:

241 kg. of Ni(NOy),, 6H,O and 117 kg. of MgO were
dissolved and suspended, respectively, in 1840 liters of
desalted water. 53.4 kg. of sodium aluminate (contain-
ing 21 percent by weight of Al) were dissolved in 137
liters of 27.7% potassium hydroxide and 850 liters of
desalted water. The solution and suspension were con-
ducted to a common precipitation vessel, whereby the
precipitation was differential, after which the further
treatment was carried out as described in Example 1.

The finished catalyst was obtained as rings having an
outer diameter of 13 mm., an inner diameter of 6 mm.
and a height of 7 mm.

(B) In a tubular reactor in pilot scale 20.9 kg. of the
above precursor were placed on the top of 10.0 kg. of
a catalyst prepared by one impregnation of a support as
described in Example 3(A) in a nickel nitrate melt with
subsequent calcination. The catalyst layer totally made
up 38 liters. The reactor, which had an inner diameter
of 90 mm., was placed in an oven heated by oil-con-
suming burners.
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After reduction the catalyst was tested for producing
a gas rich in hydrogen by steam reforming of naphtha.
The testing was carried out in two periods.

Period 1:

Duration: 650 hrs.

Final boiling point of naphtha: 110° C.

Atomic proportion O:C in feed: 6.5-7.5

Pressure: 31 atm. gauge

Temperature in exit layer of catalyst: 850° C.

Space velocity: 0.7 vols. naphtha/vols. catalyst.
During the experiment a composition of dry product
gas was measured as shown in the table below.

Period 2, carried out with the same catalyst bed:

Duration: 580 hrs.

Final boiling point of naphtha: 170° C.

Contents of aromatics in naphtha: 6.5%

Atomic ratio O:C in feed: 4.5-4.8

Pressure: 26 atm. gauge
Temperature in exit layer of catalyst: 820° C.

Space velocity: 0.8 vols. naphtha/vols. catalyst/hr.
During the experiment a composition of dry product
gas was measured as shown in the table below (percent
by volume):

Period 1| Period 2
Hours after start 16 643 1211
H, 74.05 74.96 70.81 71.20
CO 8.97 8.67 11.59 11.64
CO, 16.35 1596 15.14 14.88
CH, 0.62 0.40 2.45 2.27
C,Hyg <0.01 <0.01 <0.01 <0.01

After the experiment the catalyst was intact.

EXAMPLE 6

A series of preparations of catalyst Il was prepared
on laboratory scale in the manner described in Exam-
ple 5, various types of magnesia being employed. The
preparations were pelleted into 9 mm. cylinders having
the same specific weight for all the types, and all the
preparations were calcined at 1000° C. The various
types of MgO employed are described in the table
below by the iodine number and the powder bulk den-
sity. The iodine number indicates the amount of iodine
adsorbed by the magnesia preparation from a solution
in carbon tetrachloride under standard conditions and
is a measurement of the reactivity of the preparation.
The table also shows the breaking strength of the vari-
ous catalysts prepared from the various types of magne-
sium oxide.

fodine Powder
number, bulk

milliequiv- density Breaking strength
MgO alents per of MgO, of catalyst,
No. 100 g. MgO g./ml. kg./em?®
1 23 0.15 404  Usable preparations.
2 31 0.24 5§33 do
3 54 0.15 1.289 do.
4 19 0.48 340 do
5 18 0.11 405 do.
6 1.0 0.98 12 Unusable

. preparations.
7 1.3 1.50 12 do
The table shows that magnesium oxide preparations

having low iodine number and high bulk density give
unusable catalysts.
What is claimed is:
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1. The process tor the preparation of a precursor for
1 catulyst for reforming hydrocarbons which comprises
‘he steps of mixing an agueous solution of a salt se-
ected from the group consisting of soluble salts of
rickel, iron and cobalt, said solution further containing
1 substance selected from the group consisting of solu-
sle salts of magnesium and dispersed, finely divided,
-eactive magnesium oxide. with another solution con-
-aining a member selected from the group consisting of
sodium aluminate and potassium aluminate, and also
zontaining an excess of base not chemically combined
n the aluminate. to simultaneously and differentially
-oprecipitate a fine sludge of intimately mixed fine
aarticles of aluminum hydroxide, a hydroxide of an
zlement selected from the group consisting of nickel,
iron and cobalt, and a member of the group consisting
of magnesium hydroxide and magnesium oxide, then
washing said sludge substantially free from sodium and
potassium in any form and thereafter drying and dehy-
drating said sludge at a temperature of 300-750°C. to
form an intimate mixture of oxides of magnesium, alu-
minum and of an element selected from the group
consisting of nickel, iron and cobalt, and then calcining
said oxides mixture at a temperature of 850°-1100° C.
and wherein the starting materials are used in propor-
tions so as to give the oxides mixture prior to calcina-
tion a content of 5-50% of an oxide selected from the
class consisting of nickel, iron and cobalt oxides,
10-75% of magnesium oxide and 5-60% of aluminum
oxide the percentages being calculated on the total
weight of the said compounds.

2. The process of claim 1, in which the excess base is
composed of a hydroxide of the same alkali metal as
that chemically combined in the aluminate.

3. The process of claim 1, in which the salts of nickel,
iron and cobalt and magnesium employed are selected
from the group consisting of nitrates and sulphates.

4. The process of claim 1, in which the dehydration is
carried out at a temperature of 350°-500° C.

5. The process of claim 1, in which the starting mate-
rials used are in proportions so as to give the oxides
prior to calcination a content of 33-35% of NiO,
17-21% of MgO and 45-50% of Al,O,, these percent-
ages being calculated on the total weight of the said
oxides.
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6. The process of preparing a catalyst for reforming
hyvdrocarbons wherein the precursor formed by the
process of claim I is subjected to a reducing treatment
to convert the oxide of the element selected from the
group consisting of nickel, iron and cobalt, at least in
part into the corresponding free metal.

7. An unreduced precursor for a catalyst for reform-
ing hydrocarbons, said precursor being made by the
process comprising the sequential steps of

(1) preparing a first aqueous solution of a salt of a
metal selected from the group consisting of nickel,
iron and cobalt, said solution further containing a
substance selected from the group consisting of
soluble salts of magnesium and dispersed, finely
divided, reactive magnesium oxide;

(2) preparing a second aqueous solution containing a
member selected from the group consisting of so-
dium aluminate and potassium aluminate and also
containing an excess of base not chemically com-
bined in the aluminate;

(3) mixing said first aqueous solution with said sec-
ond aqueous solution to cause simultaneous and
differential coprecipitation of a fine sludge of inti-
mately mixed fine particles of aluminum hydrox-
ide, a hydroxide of an element selected from the
group consisting of nickel, iron and cobalt, and a
member of the group consisting of magnesium
hydroxide and magnesium oxide;

(4) washing said sludge substantially free from so-
dium and potassium in any form:

(5) drying and dehydrating said sludge at a tempera-
ture of 300°-750° C. to form an intimate mixture of
oxides of magnesium, aluminum and of an element
selected from the group consisting of nickel, iron
and cobalt;

(6) calcining said mixture at a temperature of
850°-1100° C.; and

(7) wherein the starting materials are used in propor-
tions so as to give the oxides mixture prior to calci-
nation a content of 5-50% of an oxide selected
from the class consisting of nickel, iron and cobalt
oxides, 10-75% of magnesium oxide and 5-60% of
aluminum oxide, the percentages being calculated
on the total weight of the said compounds.

8. A catalyst prepared by reducing the precursor of

claim 7 to an active metal reforming catalyst.
% % * * %



