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@ Production of synthesis gas.

@ A one-step process for reforming light hydrocarbons
which are olefins having from 2 to 4 carbon atoms on
paraffins having from 1 to 4 carbon atoms to a product gas
containing at least carbon monoxide and hydrogen compris-
8 contacting said light hydrocarbons with carbon dioxide in
the presence of a catalytic amount of a catalyst comprising a
porous catalyst support having a surface area greater than 1
to less than 350 m2/gm and a pore volume of 0.4 to 3 ce/gm
and at least one Group VIIl metal or mixture thereof on a pore
surface of the support in the absence of steam.

The process is particularly applicable to the reformation
of methane in a one-step process to give a product gas
mixture containing about equal portions of carbon monoxide
and hydrogen.
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PRODUCTION OF SYNTHESIS GAS

This inﬁention relates to an improved catalytic process
for producing gas mixtures containing hydrogen and carbon
monoxide by reforming light hydrocarbons.

Light hydrocarbon and, more particularly, methane
reforming processes are well known, Generally, hydrocarbon
reforming processes utilize steam reformation or the partial
oxidation of hydrocarbons using an oxygen containing gas as
the oxidant. Methane reforming processes typically produce
gas mixtures containing carbon monoxide/hydrogen ratios of 1:3
according to the following chemical equation:

CH) + Hy0 ————> 1 €0 + 3 H, (1)
Since gas mixtures containing carbon monoxide/hydrogen ratios
of 1/1 are particularly useful as feed gases in processes for
producing higher hydrocarbons and oxygenated derivatives, such
as Fischer-Tropsch processes, a higher ratio of carbon monoxide
to hydrogen is generally required. In order to increasé the
carbon monoxide content, a water gas shift reaction has to be
employed according to the following chemical equation:

€O, + Hy ————> CO + H,0 (11)

Because of this necessity there were soon developed new
processes for reforming hydrocarbons by contacting the

hydrocarbons with carbon dioxide, oxygen, steam or mixtures

thereof. By varying the process conditions, it became possible
to obtain methane reformation gas mixtures containing a carbon

,monoxidq/hydrogen ratio of approximately 1:1.

However inconveniences and problems soon became apparent

in these reforming processes. First, the reforming processes

employ a great excess of steam, which is uneconomical, 1In
order to alleviate this problem, it became necessary to carry
out the process at high pressures. Second, the reforming
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catdyst had a tendency to liberate free carbon during the
reforming process with the elemental carbon depositing on

the catalyst. This deposition of carbon on the catalyst

usually caused a significant decrease in the catalyst

activity and, more importantly, often caused total

disintegration of the catalyst.

It is an object of the present invention to provide
a one-step catalytic process for reforming hydrocarbons
and more particularly, methane containing gases to obtain 2

product gas mixture containing about equal amounts of hydrogen

and carbon monoxide.

A further object of the present invention is to provide

a hydrocarbon reforming process

which utilizes a specially.

prepéred catalyst which is highly selective, highly resistant
to carbon deposition, retains nigh activity even after

deposition of carbon and allows

for easy carbon removal without

detrimental effect to the catalyst.

The present invention provides a one-step process for

reforming light hydrocarbons and, more particularly, for

reforming methane to a prbduct gas mixture containing about

equai proportions of carbon monoxide and hydrogen. In one

embodiment of the present jnvention, methane is reformed by a

process comprising contacting a methane containing gas with

carbon dioxide in the presence O
catalyst comprising g porous cat

area of greater than 1 to less t

volume of about 0.4 to about 3 cc/gm and at least one Group VIII

f a catalytic amount of a
alyst support having a surface
han about 350 mg/gm and a pore

metal or mixture thereof on the pore surfaces of the support in

the absence of steam.

The present invention provides an economical process

for obtaining gas mixtures containing about” equal proportions of

carbon monoxide and hydrogen whi

other processes,

ch can be used as feed gases in

F
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Thz process of the present invention employs a on :-s7TeD
catalytic reaction according to the chemical equation:

_

CH4 + CO2 2 CO + 2H2 (1IT)
The temperature and pressure of the process can vary wideiy.
Typlcdlly, the temperature of reformatlon is w1thin the range

of 350 C to 850 C, preferably from 500 C to 750 C. Although

subatmospheric, atmospheric or superatmospheric pressures can

be employed, low pressures from 1 atmosphere to 10 atmospheres
(1 -2 kg/cm ) are preferred. Pressures which are particulariy
preferred are those of 1 to 2 atmospheres { 1 - 2 kg/cmz)
since this permits the process to be conducted in the absence
of steam.

The ratio of methane to carbon dioxide in the feed gas
affects the ratio of carbon monoxide to hydrogen in the product

gas mixtures and thus may be varied to obtain the CO/H ratio
desired.

nixture containing about equal amounts of carbon monoxide and
hydrogen. Typically, the feed gas molar ratios of carbon
dioxide to methane can range from .75 to 1.8, preferably from
1.0 to 1.% and, most preferably, from 1.1 to 1.3.

Although the invention particularly aims at reforming
methane, any light hydrocarbon can be employed in the process

of the present invention at the process conditions used herein

for methane. For example, paraffins or olefins having from

1 to 4 carbon atoms, such as ethane, propane, butane, ethene,

propene and butene, can be employed in this Process, although

product mixtures will change depending upon fhe process

conditions and feed gas ratio employed,
major constituent in natural gas,
abundance and low cost.

However, methane, the,
is preferred because of its!
Any gas containing at least 60%
methane can be employed as the methane containing gas,

Preferably, gases containing at least 80% and, most preferably,
90% methane are employed.

It has been found that higher concentrations of carbon
dioxide in the reactant gas mixture will result in a product gas



10

15

20

25

30

0084273

The reforming catalysts used in ithe process of the
present invention have a relatively specific particls size
distribution and density making the catalysts highly
ahls Paw was 4inm o £lnid-hed operation, The reforming
catalyst is composed of a porous fluid~bed support material
having a specific combination of properties which is
impregnated with a Group VIII metal in such a manner that
the metal is present on the inside surfaces of the particle
support or, more pariiculaxly, on the nore surfaces.

Particles composed of a porous particulate material
such as silica impregnated with Group VIII metals are well
known. However, the nature of the pores must be precisely
selected to exhibit a precise combination of properties in
order that the inventive reforming catalyst will exhibit the
necessary properties.

Porous, particulate, free-flowing catalyst support
materials for use in making fluid-bed catalysts are well known.
Examples of such materials are silica, alumina, silica/alumina,

zirconia, titania, hafnia, silicon carbide, boron phosphate,
diamtomaceous earth and pumice. . ,

In accordance with the invention, any such support
material can be employed to make the inventive reforming
catalyst, providing that such support material has a surface
area of greater than 1 to less than 350 mg/gm and a pore volume
of 0.4 to BCc/gm. Those supports having a surface area of
6 to 250 mz/gm and pore volumes of 1 to 2 cc/gm are preferred.
Most particularly preferred are those supports having a surface
area of 30 to 80 mg/gm and a pore volume of 1 to 2 ce/gm.

Especially preferred support materials are those as

described above which are further characterized in containing no .
measurable pores having pore diameters less than 50 angstroms, T
preferably less than 80 angstroms, most preferably less than 100
angstroms when measured by the mercury porousimeter technique.

It is believed that the importance cf the above surface
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area and pore volume restrictions relates to the stabilitv
and integrity of ithe catalyst particles. High carbon
deposition on the catalyst has been a continuing problem in
hydrocarbon reforming processes. This carbon deposition

resuits in low activity and eventuai disintegration o. .ae

However, the present invention alleviates
this problem by requiring specific surface areas and pore
volumes in the catalyst support material. For example, if
carbon were allowed to grow in extremely small pores in the
Suppoxrt paxrticles, it would soom 7ill up those pores
a decrease in activity in the catalyst.

causin
Continued growing of
the carbon would additionally cause high stresses to be
exerted on the particle skeleton which would ultimately lead
to fracturing of the particles and catalyst disintegration.
Thus, by eliminating the very small pores, the tendency of the
particles to break up because of the high expansive stresses

developed when the carbon material outgrows the growing space
is eliminated.

Further, the large pore size results in high inter-

surface area which allows for an overall high catalyst to

reactant contamct area. By coating the intersurface area with

the metal catalyst, there is a lower possibility of having

significant amounts of the catalyst covered by elemental
carbon,

As an additional benefit of the present invention, it
appears that the reforming catalyst used according to the

invention is less susceptible to carbon deposition and less

is deposited on it, This may be due to the decreased exterior

surface area available for carbon deposition and the

constraints of formation within the pores, :
Particulate support materials having the combination {

of properties described above can be prepared from commercially

available porous support materials. In order to reduce the

surface area of the support starting material, pPresumably for
elimination of extremely small pores, various techniques can
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be employed. Many techniques are known which will reduce
surface area and otherwise adjust the pore strucsurs of
fluid-bed support materials, and any such technique can be
employed in connection with suitable starting materials,

For exampie, 1t is =mowa Shad izpragnatll
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area support material such as silica or alumina with
ammonium heptamolybdate will, once the support is calcined
in air or other atmospheres, significantly reduce the surface

area of support material, Impregnation of silica with
phosphoric aeid folliowed by calcimaiion inm air f
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to significantly reduce the surface area of porous silica.

It is a particular advantage of the catalyst used
according to the present invention that it can be employed in
fluid-bed reactions. To those skilled in the art of fluid-bed
reactions, it is well known that a solid which is to be
fluidized must have an appropriate particle size distribution
and density. Since the vast majority of the Group VIII metal
will be incorporated into the support interior, the particle
size distribution of the support will be similar or essentially
the same as the particle size distribution of the reforming
catalyst of the invention itself. Therefore, the support must
exhibit a particle size distribution appropriate for use as a
fluid-bed material. Normally, this means that at least 80%
of the particulate support will have a particle size
distribution ranging between 5 to 300, preferably 10 to 200,
most preferably 20 to 150 microns.

Any Group VIII metal or a mixture thereof can be
employed as the coating or impregnant. Although Pt, Pd, etc.
can be utilized, iron, cobalt and nickel are preferred, while
nickel is especially preferred.

The amount of the Group VIII metal in the support can
vary widely. For convenience, the amount of Group VIII metal
can be defined in terms of single layers of the Group VIII

metal based on the measured surface area of the support to be

e
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impregnated. In other words, based on the surface area of the
support to be impregnated and the atomic radius of

VIII metal to be deposited on the pore surfaces of

the Grouy
the support,
the total number of atoms and hence the total number of moles

- . - - -

[ e r -
UL dr‘\.}up s Aaa mBTOL IE2dzd

7]

g o ek Er oy AT ,f Bk YN
i T .:ulj Lo Loan t-.._l 2 Tea

f

surfaces of the particles with a single layer of the Group VIII

metal one atom thick can be calculated. Also for convenience,

the amount of Group VIII metal impregnated into the support can
be referred to in terms of multiples of fractions of such
layers,

" It has been found that the amount of Group VIII metal

impregnated into the support particles should be at least about

one layer, As the metal loading increases above one layer,

the performance of the catalyst increases rapidly with catalysts
having a metal loading corresponding to two layers exhibiting
excellent activity. Although theoretically there is no maximum
to the amount of metal loadings, too much metal will £ill the
pores of the support reducing the pores overall capacity to
accept carbon and increasing the catalyst tendency to deactivate
and/or disintegrate. Metal loadings on the order of 1.5 to 3.0
are preferred with metal loadings of the order of 2 layers being
especially preferred,

Additionally, it is desirable to have catalyst particles

having low external surface areas. Although the overall surface

area should be relatively high, the amount of surface area
attributable to the external surfaces

essentially negligible.

of the particles should be
This ensures high amounts of the Group
VIII metal depositing on the surface of the pores in the body
of the support particles rather than on the external surface
of the particle.

The Group VIII metal can be deposited into the pores of 5
the pore support by any of the well known techniques for
accomplishing such impregnations. 1In general, this is

accomplished by impregnating the porous support material with
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a liquid containing the Group VIII metal or a compound thereof
in solution, drying and, i2 necessary, heat treating in an
appropriate atmosphere or series of atmospheres so as to
provide the metal in elemental form. For example, organic
compounds, such 2s ironm sarbonyd dissolyed in a suitable
organic solvent, such as n-pentane, could be employed as the
impregnating solution. Further, organic salts of Group VIII
metals dissolved in organic solutions (e.z. methanol) could
be used as impregnating solutions.

Cne o ths imnortant advantagss fo using reforming
catalysts prepared according to the above techniques, is the
resistance of these catalysts to carbon deposition. ZIHowWs¥sT,
it has been found that the catalyst does not exhibit a
significantly decreased reactivity or slectivity when small
amounts of carbon are deposited on the catalyst. Further,
when carbon does deposit on the catalyst, it can be removed
without detrimental affect. For example, the carbon can be
removed simply by contacting the catalyst with steam or
hydrogen without inactivating the catalyst.

The following Examples illustrate the invention:

Example 1
Catalyst Preparation

The support material was first processed according to
the following procedure. Commercially avilable 5102 (80.0
gms) was mixed in an autoclave with a solution of 0.56 gms of
K2003 and 200 ml of distilled water. The autoclave was
brought to 23000 and maintained-at that temperature for 30
minutes at 400 psig (28 kg/chg). After 30 minutes, the
autoclave was rapidly cooled by flushing water through a loop
within the autoclave and bringing the pressure down to

atmospheric within 2 minutes. The silica was then removed
from the reactor, washed three times with 100 ml aliquots of
distilled water and then dried overnight in air at 110°C.

A nickel solution was prepared by dissolving 47.55 gms
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of Ni(N03)2 6 Hy,0 a minimum amount of water, approximately
20 cc, This solution was added dropwise with stirring to
54,15 gms of the hydrothermally treated silica described
above, The addition was done gradually and with enough
stirring to maintain a homogeneous appearance on the
cavalyst. 7Thas dimpregnated catalyst wasd dried OVeXrniziv ai
110°C in ailr. The catalyst was then calecined in air at
150°C for 30 minutes and further at 400°C for an additional
6 hours. Next, the catalyst was placed in a 25 mm inside
diameter quartz fluid-bed reactor. The catalyst was
congacted with hyarcgsn =23t 123 ec/min at 53370

90 minutes. After 90 minutes, the temperature was raised
to 650°C for 30 minutes. The catalyst was then cooled in an
atmosphere of nitrogen and removed from the reactor once

reaching room temperature. At room temperature, the catalyst
was stable to atmospheric oxygen.
about 15% nickel by weight.
Methane Reformation

The catalyst contained

The above-prepared catalyst (20 cc) was placed in a
25 mm inside diameter quartz tube. The catalyst was
contacted with a feed gas mixture of 002/0H in a molar
ratio of 1.25 at 725°C and atmospheric pressure, A product

gas was produced containing 91.07% CO/H in a molar ratio
of 1,097.

Examples 2 through 6
Examples 2 through 6 were performed in accordance to

the procedure of Example 1 and illustrate various reforming
processes at various temperatures,

The results are set out
in Table I. Table I also shows the superior results

obtained by the use of the reforming catalyst according to

the invention as compared to the commercially available
reforming catalyst.

In Examples A and B, a commercial reforming catalyst
having about 15.5% nickel by weight supported on silica
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(available from Union Catalyst, Inc.) was employed in the
reforming process under two idsntical conditions as wWas “hs2
inventive reforming catalyst. Comparing Example 1 to

Example A and Example 4 to Example B, respectively,
3iznificantly hisher conversions and selectively are

observed with the inventive reforming catalyst. Surprisingly,
the reforming catalyst used according to the invention shows
a much higher resistance to carbon deposition than does the
commercial catalyst.

TARIE T
Mclar Ratio Carbon
Temp O CO/H2 in TUnconv  Conv  Deposit Prod = Select
Exp ( cf Product CH4 (%) (%) (2) H20 {g) %)
1 725 1.097 8.96 91.07 0.05 0.08 97.2
2 700 1.0%0 11.12 88.86 * 0.19 95.1
3 650 1.019 31.71 68.29 0.31 0.31 §5.4
L. 600 1.120 55.09 44 91 0.17 0.31 77.8
5 550 1.081 50.23 49.71  0.22  0.33  78.6
6 500 2.760 92,60 7.40 0.05 0 0
A 725 1.077 29.53 70.53 0.45 0.28 87.2
B 600 1.303 65.49 34,51 0.60  0.39  63.6

*¥ No data available.

oy,

“
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CLAIMS:

1. A one-step process for reforming light
hydrocarbons selected from olefins having from 2 to 4

carbon atoms and paraffins having from 1 to &4 carbon
atoms, to a product gas mixture containing at least carbon
monoxide and hydrogen compfising contaeting said light
hydrocarbons with carbon dioxide in the Presence of a
catalytic amount of a catalyst comprising a porous
catalyst support having a surface area greater than 1 to
less than 350 m2/gﬁ and a pore volume of 0.4 to 3 ce/gm
and at least one Group VIII metal or mixture thereof on

a pore surface of the support in the absence of steam.

2. A process as claimed in Claim 1 characterised
in that the light hydrocarbon is methane,

3. A process as claimed in Claim 1 or Claim 2
characterised in that the surface area of the catalyst support

is from 6 to 250 w?/gm and the pore volume is from 1 to
2 cc/gm.

%, A process as claimed in any of the Claims 1 to 3
characterised in that the catalyst support exhibits no

measurable pores having a pore diameter of less than 50
angstroms,

5. A process as claimed in any of Claims 1 to &
characterised in that the catalyst support is silica.

6. A process as claimed in any of Claims 1 to 5
characterised in that the Group VIII metal is iron, cobalt

or nickel.

7. A process as claimed in any of claims 1 to 6
characterised in that the Group VIII metal is nickel.

8. A process as claimed in any of Claims 1 to 8
characterised in that the reforming is carried out at a
temperature of from 350°C to 850°C,

9. A process as claimed in any of Claims 1 to 8
characférised in that the reforming is carried out at a
pressure of from 1 to 2 atmispheres ( 1 - 2 kg/cm2).

LEH
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10. A process as claimed in any of claims 1 to 9
characterised in that the Group VIII metal is present on-
the pore surface of the support in an amount of 1.5 to 3 layers.

oy



