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CATALYST 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] NONE 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of Invention 

[0003] This invention relates to a highly active catalyst 
useful for syngas generation, and more particularly to a 
calcium promoted, nickel catalyst on an alumina support for 
syngas generation. The catalyst is highly active and resistant 
to coking especially in a feed stream containing relatively 
high quantities of sulfur compounds, signi?cant quantities of 
CO and CO2) and relatively loW quantities of steam (the feed 
stream having a H2O/CH4<0.8 and a CO2/CH4>0.5), a 
process of manufacture of the catalyst and a process of use 
of that catalyst. 

[0004] 2. Background Art 

[0005] Production of synthesis gas or syngas (various 
blends of gases generally comprising hydrogen and carbon 
monoXide) is an important process step in the manufacture 
of numerous chemicals, such as ammonia and methanol. It 
is also useful in numerous other commercial processes, such 
as iron ore reduction, Fischer-Tropsch synthesis and gas-to 
liquid technology. Many of the synthesis gas plants produce 
the syngas by steam reforming hydrocarbons. Typically, 
these plants employ a process of catalytic steam reforming 
of methane in the presence of a supported nickel catalyst, 
usually a nickel on alumina support or promoted alumina 
support catalyst, Which process is described by the folloWing 
reaction: 

[0006] For a variety of reasons including the prevention of 
coking, an eXcess quantity of steam is generally required to 
be present in the feed stream for this reaction. This eXcess of 
steam often results in a Water gas shift reaction, namely 

[0007] occurring at the same time as the steam reforming 
reaction. As a result of these tWo reactions occurring at the 
same time, the syngas stream created typically has an H2:CO 
ratio greater than 3. (A ratio of three is predicted by the 
steam reforming reaction alone.) This high concentration of 
hydrogen in the reaction product is desirable if hydrogen is 
the targeted product, such as for NH3 synthesis. HoWever, a 
different H2:CO ratio is required if the syngas is to be used 
for other processes, such as iron ore reduction, the produc 
tion of methanol, Fischer-Tropsch synthesis or gas-to-liquid 
technology. These processes typically require a H2:CO ratio 
in the feed stream in the range of 1.4-2.4, and control of the 
relative quantities of H2 and CO present in the feed stream 
is important to these processes. 

[0008] Because syngas With an H2:CO ratio of about 2 
cannot be produced by a conventional steam reforming 
reaction, miXed reforming reactions are required Where part 
of the steam in the feed stream is replaced With carbon 
dioXide. One use of the reaction feed from this type of 
reaction is for iron ore reduction. In this reaction a reducing 
gas, comprising mainly H2 and CO and including nominal 
amounts of C2 and H20, is generated in a reformer. This 
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stream is then fed into a furnace Where the iron ore is 
reduced to iron by the folloWing reactions: 

3H2+Fe2O3—>2Fe+3H2O 

[0009] The gas effluents from the reduction furnace, that 
contain loWer percentages of H2 and CO and higher per 
centages of H20 and CO2 plus residual CH4, are then 
saturated With H2O in a boiler and recycled back to the 
reformer as feed stock along With additional hydrocarbons, 
usually natural gas or CH4. 

[0010] CO and H2 are necessary components of the iron 
ore reduction process While H20 and CO2 function as 
oXidants and, therefore, are undesirable components Which 
need to be minimiZed. Ideally the quantity of H2O+CO2 
present in the reformed gas is limited to less than 5 percent. 
If eXcess steam and carbon dioxide are present in a feed 
stream or the reformed gas stream for iron ore reduction, the 
reducing capability of the reformed gas is minimiZed, some 
times substantially. Cooling the reformed gas before it enters 
the reduction furnace can remove some H2O, but cooling 
results in loW energy ef?ciency of the entire process and is 
not economically feasible. 

[0011] In iron ore reduction applications, a typical feed 
stream for the reformers comprises about 10%-15% H2O, 
10%-18% CO2, 15%-20% CO, 15%-25% hydrocarbons 
(usually natural gas) and the balance H2. (Unless otherWise 
noted, all the precentages are mole base.) In contrast, in 
conventional steam reforming reactions, the quantity of H20 
in the feed stream may be as high as 86 precent and is 
normally at least about 66 precent. The balance of the steam 
reformer feed stream comprises hydrocarbons (usually natu 
ral gas). Minor amounts of CO2 may be present With the 
natural gas. 

[0012] In order to maXimiZe H2 and CO concentrations 
and minimiZe H20 and CO2 concentrations in the reformed 
gas, in addition to using loW quantities of H20, the outlet 
temperature of the reformer needs to be maintained as high 
as possible With the temperature usually limited only by the 
composition of the metal of the reformer tubes. The outlet 
temperature of this type of reformer is usually maintained in 
a range of 850° C. to 1000° C., Which is higher than that at 
the outlet of a conventional steam reformer (7000° C. to 
800° C.). This outlet temperature range is another signi?cant 
distinction betWeen conventional steam reforming and the 
reforming utiliZed for iron ore reduction. 

[0013] The presence of sulfur compounds in the reforming 
system deactivates conventional steam reforming catalysts. 
In fact, quantities of HZS as loW as one part per billion 
substantially deactivate many conventional steam reforming 
catalysts. Therefore, sulfur is usually removed before being 
alloWed to enter the reformer. In contrast, in the reducing gas 
generation process, the feed may include a signi?cant 
amount of sulfur or sulfur compounds, and the catalysts need 
to retain suf?ciently high reforming activity even at sulfur 
levels up to about 20 parts per million. While higher 
temperatures and H2 partial pressures in the reaction feed 
can reduce the level of deactivation in these feed streams 
containing sulfur or sulfur compounds, these higher tem 
peratures may also adversely affect the physical structure of 
the steam reforming catalysts. 

[0014] Another problem that often occurs With reforming 
reactions is an enhanced likelihood of coking or carbon 
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formation on the catalysts. In conventional reforming pro 
cesses, there is essentially no CO in the feed stream. In 
contrast, in reducing gas generation processes, the loW H20 
and high CO and CO2 conditions make coking of the 
reforming catalysts a problem. In this situation, carbon 
formation caused by CO at the inlet section of the reformer 
in the reducing gas generation process occurs. On nickel 
catalysts the effect of this coking is coating of the active 
nickel sites and plugging of the pores of the catalyst. In one 
solution to this problem, manufacturers have used a large 
excess of H20 in the reformer feed stream, but this is not 
suitable for reducing gas generation processes. 

[0015] Another method of solving the coking problem is 
by use of a noble metal catalyst, such as is disclosed in US. 
Pat. No. 5,753,143. It is Well knoWn that noble metal 
catalysts have higher coke formation resistance compared to 
conventional steam reforming catalysts, Which merely uti 
liZe nickel as the active component. HoWever, these noble 
metal catalysts are quite expensive, especially With the large 
quantity of catalysts that is conventionally utiliZed for this 
type of reaction. 

[0016] Another recogniZed method of addressing the cok 
ing problem is by the use of a high dispersion of metal 
species over the surface of the catalyst, such as the various 
types of double hydroxide catalysts Which are disclosed by 
Morioka, H., et al. “Partial oxidation of methane to synthesis 
gas over supported Ni catalysts prepared from Ni—Ca/Al 
layered double hydroxide,”Applied Catalysis A: General 
215 pages 11-19, (2001). 

[0017] Another proposed solution to this coking problem 
is disclosed in US. Pat. No. 4,530,918 Which teaches a 
nickel on alumina catalyst With a lanthanum additive. 

[0018] Another process for limiting coke formation on 
nickel catalysts during reforming reactions utiliZes the sulfur 
that is naturally present in the feed stream. In this process 
sulfur poisons some, but not all, of the nickel sites on the 
catalyst and produces a reforming catalyst Which retains 
sufficient active sites to be useful for gas production at loWer 
HZ/CO ratios. The mechanism of preventing carbon forma 
tion by sulfur poisoning, or passivation, has been described 
in Udengaard, Niels R., et al. “Sulfur passivated reforming 
process loWers syngas HZ/CO ratio.”Oil and Gas Journal, 
62-67 (1992). Obviously, in using this process it is critical to 
control the amount of sulfur that is present in the feed stream 
so that the catalyst retains suf?cient activity for the reform 
ing reaction. This reaction often requires the presence of a 
substantial quantity of catalyst in the bed. 

[0019] A method for steam reforming hydrocarbons con 
taining sulfur compounds utiliZing a catalyst comprising a 
noble metal catalyst, a support phase and optionally a 
catalyst promoter is disclosed in US. Pat. No. 6,238,816. 

[0020] Additives are often added to these conventional 
steam reforming nickel on alumina catalysts to enhance their 
performance and to reduce the coking problem. For 
example, alkali compounds are added to steam reforming 
catalysts to reduce carbon formation in Trimm, O. L.; 
Applied Catalysis, 5, 263 (1983) , BoroWiecki, T.; Applied 
Catalysis, 4, 223 (1982) and Tottrup, P. and Nielson, R.; 
Hydrocarbon Processing, 89 (March 1982). HoWever, there 
are draWbacks to the use of alkali metals because of their 
potential migration during high temperature processing, 
Which can adversely impact doWnstream operations. 
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[0021] Magnesia has also been added to steam reforming 
catalysts to suppress carbon formation, as disclosed in 
Trimm, O. L.; Applied Catalysis, 5, 263 (1983) and BoroW 
iecki, T.; Applied Catalysis, 4, 223 (1982). HoWever, one 
major draWback to the use of magnesia promoted catalysts 
is that they are hard to reduce and maintain in a reduced state 
as reported by Parmaliana et al.; “Structure and Reactivity of 
Surfaces” p 739, (1989). Nickel oxide and magnesia are very 
similar in structure. Thus, a nickel oxide and magnesia 
combination material is usually formed during the high 
temperature reaction. The reducibility of nickel oxide and 
the activity of a magnesia-based catalyst is heavily depen 
dent on the calcination temperature, as mentioned in 
TakeZaWa, et al. Applied Catalysis, 23, 291 (1986). A 
calcination temperature higher than 400C results in less 
active catalysts as discussed in Parmaliana, et al.; “Structure 
and Reactivity of Surfaces” p. 739 (1989). In order to form 
an effective catalyst, the magnesia must totally combine With 
the alumina support to form magnesium aluminate. If free 
magnesia is present, it can be hydrated on stream and react 
With the carbon dioxide during the reforming reaction, 
resulting in physical degradation of the catalyst. Thus, 
magnesia-supported nickel catalysts are dif?cult to utiliZe 
for reforming reactions, especially -for reducing gas gen 
eration. 

[0022] A nickel catalyst for reducing gas generation is 
conventionally produced by impregnating nickel on an alu 
mina or magnesia carrier. In use because the reforming 
reaction is a strongly endothermic reaction and in order to 
obtain high hydrocarbon conversion, high temperatures are 
required for the reaction, sometimes running as high as 
1000° C. Even When the reaction is conducted at loWer 
temperatures, in the range of 700° C., it is still necessary to 
use loW surface area alumina, such as alpha alumina as the 
carrier material for these catalysts. In fact, alpha alumina is 
the only alumina phase that is stable enough to be used as a 
carrier under conventional reforming conditions. With cata 
lysts produced from alpha alumina carriers, hoWever, the 
BET surface area, pore volume and nickel dispersion on 
these catalysts is quite loW. For example, a conventional 
steam reforming catalyst of this type prepared With nickel on 
alpha alumina has a BET surface area in the range of 1-4 
m2/g, a pore volume from about 0.08 to 0.16 cc/gm and a 
nickel surface area from about 0.5 to 1.5 m2/g. 

[0023] While lanthanum-promoted alumina catalysts of 
US. Pat. No. 4,530,918 have shoWn some advantages in the 
production of carbon monoxide rich syngas at close to 
stoichiometric requirements, the surface area and nickel 
dispersion of these catalysts is still in a range comparable to 
conventional alpha alumina-based steam reforming catalysts 
With BET surface areas only slightly improved to about 5 
m2/gm With a nickel speci?c surface area less than 2 m2/g. 

[0024] Thus, there is still a need to improve existing nickel 
on alumina catalysts for reforming reactions utiliZing a feed 
stream containing signi?cant quantities of CO and CO2 and 
loW quantities of steam (the feed stream having a H2O/ 
CH4<0.8 and a CO2/CH4>0.5). Further, the addition of 
additives to these catalysts has not to date shoWn suf?cient 
satisfactory results to overcome the coking problems While 
maintaining high reforming activity in the presence of a 
signi?cant amount of sulfur. 

[0025] Therefore, it is an object of the invention to dis 
close an improved catalyst for reforming reactions in a 
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particular feed stream, wherein the feed stream contains 
signi?cant quantities of CO and CO2 and loW quantities of 
steam(the feed stream having a H2O/CH4<0.8 and a CO2/ 
CH4>0.5). 
[0026] It is a further object of the invention to disclose an 
improved nickel reforming catalyst for reforming reactions 
Wherein the feed stream contains signi?cant quantities of 
CO and CO2 and loW quantities of steam (the feed stream 
having a H2O/CH4<0.8 and a CO2/CH4>0.5) Wherein the 
catalyst exhibits higher surface area, greater pore volume 
and larger nickel surface area than conventional nickel on 
alumina steam reforming catalysts. 

[0027] It is a still further object of the invention to disclose 
a catalyst for reforming reactions Wherein the feed stream 
contains signi?cant quantities of CO and CO2 and loW 
quantities of steam (the feed stream having a H2O/CH4<0.8 
and a CO2/CH4>0.5) produced from an alumina supported 
nickel catalyst Which is promoted With calcium. 

[0028] It is a still further object of the invention to disclose 
a nickel catalyst for reforming reactions Wherein the feed 
stream contains signi?cant quantities of CO and CO2 and 
loW quantities of steam (the feed stream having a H2O/ 
CH4<0.8 and a CO2/CH4>0.5) Which catalyst exhibits 
improved coking resistance. 

[0029] It is a still further object of the invention to disclose 
an improved catalyst Which is highly effective in feed 
streams containing signi?cant quantities of CO and CO2 and 
loW quantities of steam (the feed stream having a H2O/ 
CH4<0.8 and a CO2/CH4>0.5)and relatively high quantities 
of sulfur. 

[0030] These and other objects are obtained by the catalyst 
of the invention, its process of manufacture and process of 
use. 

SUMMARY OF THE INVENTION 

[0031] The invention is a calcium promoted, alumina 
supported, nickel reforming catalyst especially for use in 
hydrocarbon feed streams containing signi?cant quantities 
of CH4, CO and CO2) loW quantities of steam (the feed 
stream having a H2O/of less than 0.8 and a CO2/CH4 of 
greater than 0.5) and relatively high quantities of sulfur 
compounds (1-20 ppm). The catalyst comprises from about 
25 to about 98 percent by Weight alumina as a support, and 
about 2 to about 40 percent by Weight nickel oxide, Which 
is promoted With from about 0.5 to about 35 percent by 
Weight calcium oxide, Wherein the calcium oxide is com 
bined With the alumina to form calcium aluminate. 

[0032] The invention further comprises a process for the 
production of a calcium promoted, alumina supported nickel 
reforming catalyst for use in feed streams containing sig 
ni?cant quantities of CH4, CO and CO2) loW quantities of 
steam(the feed stream having a H2O/CH4<0.8 and a CO2/ 
CH4>0.5) and relatively high quantities of sulfur com 
pounds, comprising combining an aluminum compound 
With a calcium oxide additive to form a mixture, forming the 
mixture into a desirable shape, preferably pellets containing 
one or multiple holes, treating the formed mixture With 
steam, calcining the steamed, formed product at a tempera 
ture from about 900° C. degrees to about 1700° C. degrees 
to form the catalyst precursor, impregnating the catalyst 
precursor With a nickel salt solution, and drying and calcin 
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ing the impregnated material to form the calcium promoted, 
alumina supported nickel catalyst. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] The present invention is a highly active, coke 
resistant nickel catalyst especially useful in feed streams 
containing at least 15 mole percent (and more typically 
18-20 mole percent) of hydrocarbons, such as CH4, loW 
quantities of H20 (less than about 20 mole percent and 
preferably less than about 15 mole percent), signi?cant 
quantities of CO and/or CO2 (at least 20 mole precent of 
CO+CO2 and typically more than 30 mole precent of 
CO+CO2'), and relatively high quantities of sulfur (about 
1-20 ppm). The balance of the feed stream is hydrogen. The 
catalyst is a calcium oxide promoted, alumina supported, 
nickel catalyst. The catalyst of the invention has a consid 
erably higher BET surface area and nickel surface area and 
greater pore volume than conventional alumina-supported 
nickel catalysts such as those used for conventional reducing 
gas generation reactions. 

[0034] The precursor for the catalyst of the invention is 
prepared by combining a calcium compound promoter With 
an aluminum compound carrier material. The preferred 
composition of the precursor comprises from about 0.5 
percent to about 25 Weight percent and more preferably from 
about 2 percent to about 20 Weight percent calcium, pref 
erably in the form of calcium oxide or calcium hydroxide. 
Combined With the calcium compound promoter as the 
carrier of the catalyst is from about 25 to about 98 Weight 
percent of an aluminum compound, preferably alumina or 
aluminum hydroxide, and more preferably alpha alumina. 

[0035] The precursor material is formed such that the 
calcium compound promoter is combined With the alumi 
num compound carrier to form various calcium and alumi 
num combinations, such as hibonite (CaO.6Al2O3) and other 
calcium aluminates, such as CaO.2Al2O3 and CaO.Al2O3. 
Any stable calcium aluminate can be utiliZed. HoWever, 
preferably, no free calcium oxide is detectable in the pre 
cursor by x-ray diffraction after the formation of the catalyst. 

[0036] The precursor is formed by conventional proce 
dures. Appropriate quantities of solid alumina and/or alu 
minum hydroxide are mixed With calcium aluminate 
cement, calcium oxide and/or calcium hydroxide. The mix 
ture is then blended With graphite and Water to form gran 
ules. The granules are then formed into any desirable shape, 
such as tablets, using a tabletting machine. The shape of the 
tablets is preferably cylindrical With one or multiple holes, 
preferably ?ve to seven holes extending through each tablet. 
The formed tablets are then treated in a reactor under steam 
pressure up to 150 psig for about 4 to 24 hours. After 
steaming, the tablets are calcined to a temperature of about 
250° C. to about 1700° C. for about 6 to about 36 hours to 
remove moisture and to develop ceramic bonds to form the 
calcium aluminates through a solid state reaction. 

[0037] The preferred calcium-promoted, alumina carrier 
has a BET surface area of at least about 2 m2/gram and a 
pore volume, measured by mercury penetration, of at least 
about 0.3 cc/gram. 

[0038] After the calcium aluminate precursor material is 
formed, nickel is loaded onto the precursor by impregnation 
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of the precursor material With a nickel salt solution. The 
precursor is preferably immersed in a nickel salt solution, 
such as nickel nitrate, and then dried and calcined at a 
temperature from about 350° C. to about 650° C. for about 
1 to about 5 hours to transform the nickel nitrate to nickel 
oxide. Depending on the target nickel loading, multiple 
impregnation steps may be needed. The preferred nickel 
oxide loading on the precursor is from about 2 to about 30 
Weight percent, and more preferably from about 3 to about 
20 Weight percent nickel oxide. 

[0039] Other metal additives may be added to the catalyst 
in addition to nickel, such as cobalt, and the noble metals. 

[0040] Because of the presence of calcium aluminate as a 
component of the precursor, the catalyst has a substantially 
larger surface area and greater pore volume than conven 
tional nickel on alumina steam reforming catalysts. The BET 
surface area of the calcium-promoted catalyst is at least 
about 4 m2/g, preferably from about 4 m2/g to about 35 
m2/g, and most preferably greater than 20 m2/g. The nickel 
surface area on the catalyst, measured by hydrogen chemi 
sorption at room temperature, is greater than about 2 m2/g 
and preferably greater than 4 m2/g. In addition, the pore 
volume of the calcium-promoted, nickel catalyst is greater 
than about 0.2 cc/gm, Whereas the typical pore volume for 
conventional, nickel on alumina, steam reforming catalysts 
is only about 0.08 to 0.15 cc/gm. The calcium promotion 
also permits a better nickel dispersion on the catalyst body 
(as determined by using H2 chemisorption for nickel surface 
area). 
[0041] The catalyst of the invention is especially useful for 
reforming reactions Where the feed stream contains at least 
15 mole present (and more typically 18-20 mole precent) of 
hydrocarbons, such as CH4. The quantity of steam in the 
feed stream is relatively loW, i.e., less than about 20 mole 
percent and preferably less than 15 mole percent and the 
feed stream also contains signi?cant quantities of CO and 
CO2 ( at least 20 mole precent of CO+CO2 and typically 
more than 30 mole precent of CO+CO2. The feed stream 
also preferably has a H2O/CH4<0.8 and a CO2/CH4>0.5. 
The feed stream also must contain a relatively high quantity 
of sulfur compounds, i.e., greater than 0.1 ppm, and may 
even have a quantity from about 1 up to about 20 ppm. 

[0042] The catalyst of the invention also operates Well in 
conditions Where carbon formation is thermodynamically 
possible as the catalysts exhibits higher carbon formation 
resistance than prior art nickel steam reforming catalysts. 
This catalyst is especially designed for use in reforming 
reactions Which are not conventional steam-reforming reac 
tions, such as for use in iron ore reduction, the production of 
methanol, Fischer-Tropsch synthesis and gas to liquid tech 
nology. These applications require a signi?cantly loWer ratio 
of H2:CO and are therefore signi?cantly different from a 
conventional steam reforming application. 

[0043] In order to illustrate the present invention and 
advantages thereof, the folloWing examples are provided. It 
is understood that these examples are illustrative and do not 
provide any limitation on the invention. In particular, it is 
important to understand that the present invention is pref 
erably applicable to reforming reactions Where the feed 
stream contains hydrocarbons, such as CH4, loW quantities 
of steam and high quantities of carbon dioxide (H2O/ 
CH4<0.8, CO2/CH4>0.5), and also may contain relatively 

Apr. 22, 2004 

high quantities of sulfur compounds. The present invention 
is also generally applicable to use Where the temperature of 
the reaction may result in coke being fored on conventional 
catalysts. 

EXAMPLES 

Example 1 

[0044] The catalyst carrier is prepared by blending 36.29 
kg of aluminum hydroxide and 11.24 kg of calcium alumi 
nate cement With 6.2 kg distilled Water and 2.7 kg graphite. 
The mixture is then tabletted, autoclaved at 20-100 psig for 
10 hours, and calcined for 8 hours at 120° C.-400° C. 
folloWed by further calcining for 5 hours at 1250° C.-1350° 
C. The precursor is determined to contain 5.7 Weight percent 
calcium oxide With the balance being alumina. The precur 
sor is then analyZed under x-ray diffraction and discovered 
to be comprised of major phases of alpha alumina, hibonite 
(CaO.6Al2O3), and calcium aluminate (CaO.2Al2O3). Trace 
amounts of monoalumina calcium aluminate (CaO.Al2O3) 
are also present. HoWever, there is no detectable free cal 
cium oxide. The precursor has a BET surface area of 2.5 
m2/g and a pore volume (measured by mercury penetration 
method) of 0.45 cc/ gm. The precursor carrier is then impreg 
nated With a nickel nitrate solution containing about 15 
Weight precent nickel. The impregnated precursor is then 
calcined for 2 hours at 400° C.-600° C. After calcination, the 
impregnation and calcination procedures are repeated tWice 
for a total of three impregnations and three calcinations. The 
?nished catalyst contains 13.3 Weight percent nickel. The 
physical and performance characteristics of the catalyst are 
reported in Table 1. 

Example 2 

[0045] A catalyst is prepared as disclosed in Example 1 
except the mixture comprises 100 kg of aluminum hydrox 
ide, 10.9 kg of calcium hydroxide, 38.1 kg of calcium 
aluminate cement and 9.1 kg of graphite, and the resulting 
precursor has a 17.2 Weight percent loading of calcium oxide 
With the balance being alumina. The major phases of the 
precursor are determined to be calcium aluminate and alpha 
alumina With no free calcium oxide detectable. Suf?cient 
nickel nitrate is then impregnated onto the precursor to yield 
a nickel loading, after calcination, of 15.8 Weight percent. 
The physical characteristics and performance characteristics 
of this catalyst are disclosed in Table 2. 

Example 3 

[0046] A catalyst is prepared as in Example 2 except 
suf?cient potassium carbonate is added to produce a pre 
cursor having a 16.8 Weight percent calcium oxide loading 
and a 2.0 Weight percent potassium oxide loading. A pre 
cursor is initially blended, tabletted, autoclaved and calcined 
at 120° C.-400° C. as in Example 2. The potassium carbon 
ate is then added, and the material is calcined for about 8 
hours at 120° C.-400° C. folloWed by 5 hours at 1250° 
C.-1350° C. The major phases of the precursor are deter 
mined to be calcium aluminate and alpha alumina With no 
free calcium oxide detectable. When the precursor is ana 
lyZed by x-ray diffraction, a small percentage of potassium 
aluminate KAlllO17 is also determined to be present. Suf 
?cient nickel nitrate is impregnated onto the precursor to 
yield a nickel loading, after calcination, of 17.1 Weight 
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percent. The physical characteristics and performance char 
acteristics of this catalyst are disclosed in Table 1. 

Comparative Example 4 

[0047] A catalyst carrier is prepared by blending 100 kg 
alumina poWder With 400 kg Water in a mixer to make a 
slurry. The slurry is spray dried at a temperature of 120° C. 
to 370° C. About 1 kg aluminum stearate poWder is then 
added to the mixture and the mixture is tabletted and 
calcined at 1500° C.-1600° C. for 5 hours. The tablets are 
then impregnated With sufficient nickel nitrate to yield a 
nickel loading, after calcination, of 14.8 Weight percent. The 
physical characteristics and performance characteristics of 
this catalyst are disclosed in Table 1. 

Testing Procedures 

[0048] For each catalyst, the activity is tested in a tubular 
reactor system. The catalyst is ?rst reduced and then tested 
at a gas hour space velocity (GHSV) of 100,000/h. The 
catalyst particles, having a typical siZe of about 5><7 mesh, 
are placed in a catalyst bed to test their performance in 
reforming a hydrocarbon feed stream. The feed stream 
consists of 19% CO, 18% CH4, 14% CO2, 13% H20, 35% 
H2 all mole base and 2 parts per million HZS. The HZO/CH4 
ratio is 0.74 and the CO2/CH4 ratio is 0.79. Due to the high 
GHSV, the reformed gas does not reach thermal dynamic 
equilibrium even at 1500° F. (815 .5° C.). Atypical reformed 
gas has an HZ/CO ratio of 1.8. The activity is indicated by 
the reaction rate shoWn on Table 1. 

[0049] The carbon formation resistance of each catalyst is 
tested in a pressuriZed reaction as carbon formation is more 
pronounced at elevated pressures. The test temperature is at 
1000° F. (537.8° C.) at the inlet and 1500° F. (815.5° C.) at 
the outlet of the catalyst bed. N-hexane is used as the feed 
for the hydrocarbon. 300 cc of catalyst siZed to 12x16 mesh 
are used as the testing media. Reforming is carried out at 350 
psig (24.1 bars) by decreasing the steam to carbon ratio at a 
theoretical hydrogen space velocity of 3,167/h from 6.0 until 
carbon formation is detected. The pressure differentiation 
betWeen the inlet and the outlet of the reactor is measured. 
As the steam to carbon ratio decreases, carbon formation 
occurs and signi?cant pressure differential is observed. The 
steam to carbon ratio before carbon formation is reported as 
an index of carbon formation resistance in Table 1. 

TABLE 1 

Example Number 

1 2 3 Comp. 4 

Ni (Wt %) 13.3 15.8 17.1 14.8 
CaO (Wt %) 4.7 13.7 13.1 _ 
A1203 (Wt %) 78.4 66.2 63.6 80.5 
K20 (Wt %) 0.0 0.0 1.6 0.0 
Pore Volume (cc/(g Catalyst) 0.28 0.24 0.24 0.12 
BET Surface Area 8.0 14.5 26.6 3.3 
(mZ/g catalyst) 
Nickel Surface Area 2.0 3.8 4.0 1.2 
(cc/g catalyst) 
Mean Crystal Size 494 164 148 876 
Activity Index 25600 26200 21200 18400 
Carbon Formation Index 3.0 3.0 1.25 >5.5 
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[0050] It is surprisingly discovered that the catalyst of the 
invention has an improved activity index and a higher 
resistance to carbon formation than a conventional nickel on 
alumina catalyst. 

[0051] Although the invention has been described in 
detail, it is clearly understood the same is by no Way to be 
taken as a limitation. The scope of the present invention can 
only be limited by the appended claims. 

1. Areforming catalyst for use in a feed stream containing 
hydrocarbons, such as CH4, steam, CO2, and CO at levels 
such that the HZO/CH4 is less than 0.8 and the CO2/CH4 is 
greater than 0.5, the feed stream further containing relatively 
high quantities of sulfur compounds, the catalyst comprising 
from about 0.5 percent to about 25 percent by Weight of a 
calcium compound additive, from about 2 percent to about 
30 percent by Weight nickel, and from about 25 percent to 
about 98 percent by Weight of an aluminum compound 
carrier, Wherein substantially all of the calcium is combined 
With the alumina. 

2. The catalyst of claim 1 Wherein the calcium compound 
combined With the aluminum compound comprises calcium 
aluminate. 

3. The catalyst of claim 1 Wherein the amount of free 
calcium oxide present in the catalyst is not detectable by 
x-ray diffraction. 

4. The catalyst of claim 1 Wherein the calcium compound 
comprises from about 2 percent to about 20 percent by 
Weight of the catalyst. 

5. The catalyst of claim 1 Wherein the nickel comprises 
from about 2 percent to about 20 percent by Weight of the 
catalyst. 

6. The catalyst of claim 1 Wherein the nickel comprises 
from about 3 percent to about 20 percent by Weight of the 
catalyst. 

7. The catalyst of claim 1 With a BET surface area greater 
than about 4 m2/g. 

8. The catalyst of claim 1 With a BET surface area from 
about 4 m2/g to about 35 m2/g. 

9. The catalyst of claim 1 With a nickel surface area 
greater than about 2 m2/g. 

10. The catalyst of claim 1 With a nickel surface area 
greater than about 4 m2/g. 

11. The catalyst of claim 1 With a pore volume greater 
than about 0.2 cc/gm. 

12. Aprocess for formation of a calcium promoted, nickel 
catalyst for use in feed streams containing hydrocarbons, 
such as CH4, steam, CO2, and CO at levels such that the 
HZO/CH4 is less than 0.8 and the CO2/CH4 is greater than 
0.5, the feed stream further containing relatively high quan 
tities of sulfur compounds, the process comprising blending 
an aluminum compound carrier With a calcium compound 
promoter, forming the blended material into a desirable 
shape, treating and calcining the shaped material to form a 
catalyst precursor, impregnating the catalyst precursor With 
a nickel compound and calcining the impregnated material 
to form the catalyst. 

13. A process for the conversion of a hydrocarbon feed 
stream containing steam, CO2, CH4, and CO at levels such 
that the HZO/CH4 is less than 0.8 and the CO2/CH4 is greater 
than 0.5, the feed stream further containing relatively high 
quantities of sulfur compounds, the catalyst comprising 
from about 0.5 percent to about 25 percent by Weight of a 
calcium compound additive, from about 2 percent to about 
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30 percent by Weight nickel, and from about 25 percent to 
about 98 percent by Weight of an aluminum compound 
carrier, Wherein substantially all of the calcium is combined 
With the alumina. 

14. The process of claim 13 Wherein the concentration of 
sulfur in the hydrocarbon feed stream is greater than about 
0.1 ppm. 

15. The process of claim 13 Wherein the concentration of 
sulfur in the hydrocarbon feed stream is greater than about 
1 ppm. 
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16. The process of claim 13 Wherein the quantity of steam 
in the hydrocarbon feed stream is less than about 20 mole 
percent. 

17. The process of claim 13 Wherein the quantity of the 
CO and CO2 in the hydrocarbon feed stream is at least about 
20 mole percent. 


