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EFFECTS OF ADDITIVES ON METHANATION ACTIVITY
OF RANEY NICKEL CATALYSTS

by

James H. Russell, ! Laurance L. Oden, ! and Jack L, Henry 2

ABSTRACT

The Bureau of Mines, U,S. Department of the Interior, in cooperation
with the Department of Energy, has attempted to increase the activity of
nickel catalysts for converting synthesis gas, derived from coal, to a sub-
stitute natural gas. This report describes the effects of low-level addi-
tions of B, Ca, Ce, Co, Mn, Mo, Pd, Re, TL, Y, Zn, and Zr on the methanation
activity of Raney nickel. The methanation rate at 320° C and the resistance
to poisoning by 2 ppm HyS were used to compare catalysts. The effects of
the additions were small, and the experimental variances were large, neces-
sitating the use of statistical methods to identify significant effects.
Co, Ti, Y, and Zn improved the resistance to HyS poisoning, but only Co
improved the methanation rate. In some individual catalysts containing Ca, Mo,
or Mn, both the methanation rate and resistance to Hp,S poisoning were improved.

INTRODUCTION

The Bureau of Mines, U.S. Department of the Interior, as part of an
ongoing effort to reduce the requirements for critical and strategic minerals
through conservation and substitution, cooperated with the U.S. Department of
Energy to improve Raney” nickel catalysts for methanation of synthesis gas
derived from coal,

Partial combustion of coal in the presence of steam yields a synthetic
gas of low heating value, which is useful in many industrial applications.
This gas is unsuitable for residential use because it contains carbon mon-
oxide, Also, the economics of transmission by pipeline favor a gas with
higher heat content, such as methane. Methanation of synthesis gas, although
highly exothermic, requires catalytic assistance. Nickel is preferred for
that purpose because of its high activity, relatively low cost, and
chemical-reaction selectivity.

1Research chemist.
Supervisory research chemist,
All authors are with the Albany Research Center, Bureau of Mines, Albany,
Oreg.
SReference to specific trade names is made for information only and does not
imply endorsement by the Bureau of Mines,



Raney nickel is often used as a methanation catalyst, and was chosen for
use in the Synthane coal gasification demonstration plant at Bruceton, Pennsyl-
vania. The synthane plant used coatings of Raney nickel applied to the inside
of heat-exchange tubes or on support plates (l-4, 10).* cCast Raney nickel
inserts have also been tested with considerable success (6, 9).

Investigators began adding various metals to Raney nickel soon after it
was invented to improve its catalytic properties (8). Most of the improve-
ments made by these additions were in the areas of reduction or hydrogenation
of various organic compounds,

The concept of making a high-BTU gas from coal-derived gas was not
pursued for many years because of cheap, abundant natural gas. However, as
natural gas becomes less abundant and more expensive, the process becomes
more attractive. Therefore this study was initiated to find additives to
improve Raney nickel as a methanation catalyst. The objectives were to
increase the rate of the catalytic methanation reaction and to improve the
resistance of the catalyst to poisoning by low levels of HzS (1 to 3 parts
per million)., The additives were selected for testing based mostly on the
results of previous research; they were B, Ca, Ce, Co, Mn, Mo, Pd, Re, Ti, Y,
Zn, and Zr,

EXPERIMENTAL PROCEDURE

Alloy Preparation

Catalysts were prepared from fused alloys, which were consolidated by
nonconsumable electrode-arc melting in an inert atmosphere, The starting
metals, usually in the form of thin sheet, were weighed and placed in alter-
nating layers on a section of the water-cooled hearth of the arc-melting
furnace in a sandwich-like arrangement., The furnace was evacuated and back-
filled with argon, and a titanium button was melted to clean the atmosphere
of any reactive gases. The alloy stack was then melted using a nonconsumable
electrode., The resultant button was turned on its side and remelted, and the
procedure repeated until the sample had been melted at least six times.

The 50-gram button was then cut into quarters and one-quarter was sealed
in a quartz tube, in vacuo, and heat-treated to obtain equilibrium of the
phases. The usual procedure was to hold the specimen at 840° C just below
the peritectic temperature for formation of NiAl,, for 20 to 24 hours.

In some cases, Ca, Ce, or Pd additives formed a ternary eutectic with
the Ni-Al alloy that melted below 840° C. In such cases, the alloys were
heat-treated at a lower temperature for a longer time (usually 760° C for
48 to 72 hours).

%*Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.



Alloy Evaluation

Each alloy was examined metallographically to observe the phases present.
Electron microprobe analysis was used to identify the phases and to estimate
their chemical composition. Wet chemical analyses were often employed to
confirm the bulk chemical composition of the alloys. These evaluations are
included in the tables of appendix A.

Catalyst Preparation

A catalyst was prepared by leaching 1 gram of pulverized alloy (minus 80~
plus 200-mesh) in 200 ml of 2 pct NaOH solution for 4 hours at 100° C, washing
with 200 ml of 2 pct NaOH solution to avoid precipitation of hydrous aluminum
oxides, and then rinsing with 500 ml of water to remove the NaOH,

Catalysts were stable when stored under water, but pyrophoric when dried
in air. The small samples of catalysts tested (2.5 mg) could not be weighed
reproducibly under water, so it was desirable to dry and weigh them in air.
The catalysts were passivated with 100 ml of 1 pect HzOz for 1 hour and then
washed with 300 ml of water and 150 ml of alcohol., They were then dried in
air. Prior to use, the catalysts were reactivated by heating to 400° C for
1 hour in flowing hydrogen.

Catalyst Evaluation

Surface=-Area Measurement

The surface areas of the catalysts were measured by adsorption of gases
from a flowing gas stream., The total surface area was determined by adsorp-
tion of nitrogen from a mixture of nitrogen and helium at liquid nitrogen
temperature (-195.8° C). The surface area was calculated using the one-point

Brunauer-Emmett-Teller (BET) equation. The "active area'" was determined by
adsorption by hydrogen from a hydrogen-nitrogen mixture as the sample was

cooled from 400° C to room temperature. The number of catalytically active
sites in the sample was assumed to be the number of hydrogen atoms absorbed

at room temperature. (This is also assumed to be the number of exposed nickel
atoms in the sample.) This procedure was described in detail in a previous
publication (5).

Methanation Activity

The activity of each catalyst was determined by measuring the rate of
methanation between 300° and 360° C at atmospheric pressure in a reactant gas
comprised of 8 pct Hz; 1 pct CO; and the balance, helium, The methanation
temperature was kept above 209° C to avoid formation of nickel carbonyl or
bulk nickel carbide, but below 400° C to minimize sintering of the catalyst.
The reactant gas composition was selected to minimize carbon deposition,
formation of higher hydrocarbons, and local overheating because of the exo-
thermic reaction. The apparatus and procedures are described in a previous
publication (5). Catalyst activities were then compared on the basis of a
"turnover number" (molecules of CH, produced per active site per second) at
320° C and an apparent activation energy.



Hydrogen Sulfide (HzS) Poisoning

The resistance of the catalysts to poisoning by HzS was measured by
adding a low level of HyS to the reacting gas in the methanation equipment
and observing the rate of decrease in methanation activity. (The concentra-
tion of HpyS in the gas stream was about 2 ppm.) This test was usually made
at 360° or 400° C where the methanation reaction rate was high. 1In all cases,
deactivation was nonlinear at the outset because of an excess of active sites.
However, when the excess sites were deactivated, the decrease of activity
with time became linear. When the activity became very low, the deactivation
curve again departed from linearity, probably because much of the HyS passed
through the catalyst bed without contacting any active catalyst sites. The
quantity of HaS that would completely deactivate the catalyst was estimated
by extrapolating the linear portion of the curve to zero activity. The
resistance of the catalyst to HyS poisoning was calculated as the number of
HzS molecules required to deactivated one active site., The results of this
test were clear-out for most of the catalysts, but catalysts based on a
stoichiometric NigAl, precursor alloy apparently have two kinds of sites

where about half of the total sites deactivate more slowly than the others. Less
than 15 pct of the catalysts studied in this investigation showed a dual

response, and the effect has been neglected. However, it offers an inter-
esting area for future research.

Figure-~of-Merit

An additive which improves catalytic activity will not necessarily
improve resistance to poisoning by HzS, so a figure-of-merit was derived to
compare all catalysts. If one catalyst had twice the initial activity but
the same resistance to HzS as another catalyst, it would produce about twice
the amount of CH, in a synthesis gas stream containing small amounts of HzS.
Similarly if two catalysts had the same initial activity but one had twice the
resistance to HpS, the more resistant catalyst would produce about twice the
amount of CH, . Thus, the product of the methanation turnover number and the
number of HzS molecules required to poison an active site was chosen as the
figure-of-merit. The larger the figure-of-merit, the better the catalyst.

RESULTS

The methanation activity and resistance to HgS poilsoning for the various
catalysts are plotted in figures 1 and 2. Figure 1 summarizes the results for
catalysts prepared from various alloys in the series NiAl,-NigAl,. Figure 2
summarizes the results obtained for the catalysts containing additives. 1In
the figures, the methanation activity is plotted logarithmically along the
ordinate, and resistance to HpS is plotted logarithmically along the abscissa.
Figure-of-merit values of 0.1, 0.2, and 0.4 are indicated by the dashed
diagonal lines.

Statistically, an individual catalyst can be considered to be signifi-
cantly better (with 90 pct confidence) than Raney nickel without additives if
its figure-of-merit is about 0.4 or greater. Figure 2 clearly shows that only
five of the catalysts tested meet this criterion--three containing Ca, one
with Co, and one with Mo,



METHANATION ACTIVITY AT
320° C, molecule CHa/sec

FIGURE 1. - Methanation activity andresistance to H,S poisoning
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Discussions of the
observed results for each
additive, together with
the conclusions, are pre-
sented in the following
sections, In most cases,
the results were so
variable that statistical
methods had to be used to
reach the conclusions,
The test of significance
was set at the 90 pct con=-
fidence level, 1In the
following discussions,
the average or mean of an
effect for an additive
refers to the unweighted
arithmetic mean of all
the values measured for
that effect in the alloys
containing that additive,
unless some further
limitation is specified.
The discussions of the
various additives are
arranged according to the
respective groups of the
periodic table. TFor the
interested reader, the
experimental data have
been included in appendix

A, and the statistical evaluations of the data In appendix B.
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FIGURE 2. - Methanation activity and resistance to H,S poisoning of Raney nickel catalysts
containing various additives. The diagonal dashed lines in the plots indicate
values of 0.1, 0.2, and 0.4 for the product of methanation activity and H,S
resistance. (The lowest diagonal line indicates 0.1.)

Group IIA - Calcium

Precise additions of calcium to Raney nickel are difficult to duplicate,
because some of the calcium vaporizes during melting. Usually less than half
of the added calcium remains in the alloy. However, almost none of the
calcium is removed with the aluminum during activation of the Raney nickel.
Fifteen calcium-containing alloys were prepared, with the calcium contents
ranging from about 0.7 to over 6 wt-pet and the nickel contents, from 38 to
53 wt-pct. Two calcium-containing phases were identified--CaAly; and a
ternary phase determined by microprobe analysis to be approximately
NiCa, ,5Alz,5. Many of these calcium-containing catalysts had measured



methanation rates (per gram of catalyst) somewhat greater than the rates
measured for the unmodified Raney nickel catalysts. Although these were not
evaluated statistically, this effect was usually the result of a slightly
increased (but not statistically significant) turnover number combined with
a slightly increased active area. Methanation turnover numbers of two
calcium-containing catalysts were significantly greater than those of the
unmodified Raney nickel catalysts, and three were significantly smaller.
Alloy composition had a significant effect, with a maximum turnover number
at about 1 to 2 at., pet (l.4 to 2,4 wt-pct) calcium in the alloy, followed
by lower values at higher calcium concentrations.

The mean of the apparent activation energies was significantly higher
for catalysts containing calecium, although only two samples individually had
significantly higher activation energies. However, among the calcium-
modified catalysts studied, neither composition nor condition of the alloy
had a significant effect on the activation energy.

There was a significant variation of resistance to HgS poisoning with
alloy composition, and the individual results suggest that a composition
midway between NiAl; and NizAl;, approximately NiAl; 1.5, may be a good
starting alloy for a sulfur-resistant calcium-modified methanation catalyst.

The figure-of-merit roughly parallels the resistance to HyS. Three
catalysts, all based on NiAlj,;,5, show a significant improvement, but the
average of all the catalysts is about the same as that for the unmodified
catalysts,

Group ITIB

Yttrium

Three alloys were prepared, based on the composition NiAly,;,5 and con-
taining 0.8 to 3.0 wt-pct yttrium, Relatively little yttrium was lost during
melting of the alloy, but about one-quarter of the added yttrium was lost in
activating the catalyst. 1In general, the addition of yttrium resulted in
reduced methanation activity without significantly changing the resistance
to HpS. However, the heat-treated sample containing 1.3 at pct (3.0 wt-pct)
yttrium had both a reasonable methanation activity and improved resistance
to HaS, although the improvement in the figure-of-merit was not significant.
Heat-treating the alloys generally improved the resistance of the catalysts
to poisoning by HgS.

Cerium

Additions of cerium were readily made to Raney nickel alloys, and little
was lost during melting but as much as 50 pct was lost during activation.
Three alloys were prepared based on the NiAl, composition containing 3 to 13
wt-pct cerium. A ternary phase was observed which had the approximate com-
position NiCes,sAl, .



The addition of cerium to the catalyst significantly reduced the methana-
tion activity without affecting the average resistance to HpS. Increasing
amounts of cerium seemed to improve the resistance to HgS, and catalysts pre-
pared from heat-treated alloys were more active than those from as-cast
alloys,

The figure-of-merit was about the same or less than the ummodified
catalysts, with low-level additions of cerium producing the lowest figures=-
of-merit,.

The apparent activation energy for catalysts containing cerium was
generally less than for the unmodified catalysts. Heat-treated alloys
produced catalysts with significantly lower activation energies in two of the
three compositions tested.

Group 1VB

Titanium

From 4 to 13 wt-pct titanium was added to three NiAl; Raney nickel
alloys with no loss during melting and around 20 pct loss during activation,
TiAl, was the only titanium-containing phase identified,

Addition of titanium to the Raney nickel catalyst reduced the methanation
activity but increased the resistance to HyS poisoning. The average figure-
or-merit, however, was well below that for the ummodified catalyst. The
resistance to HzS is a function of both the composition and condition of the
precursor alloy, with both heat treatment and increasing titanium producing
more resistant catalysts. One catalyst was over three times more resistant
to HgS poisoning than the unmodified catalyst.

Titanium additives pose a problem in that the methanation activity
rapidly deteriorates at temperature below 320° C. Reliable methanation rate
data were not obtained, and these catalysts probably would not be commercially
useful,

Zirconium

Zirconium was readily added to the Raney nickel alloy. None was lost
during the melting, but around 40 pct was lost during activation., Three
alloys were prepared, based on NiAl;, with 3 to 12 wt-pct zirconium. The only
zirconium-containing phase found was identified by microprobe analysis to
be approximately NiZr, ,gAl;,.,». Zirconium reduced the methanation activity,
apparent activity energy, and the resistance to HpS poisoning, and thus
reduced the figure-of-merit. Zirconium was the only additive tested that
produced catalysts with an average resistance to HpS poisoning significantly
lower than that of the unmodified Raney nickel catalyst., Composition of the
alloy seemed to have an effect on the methanation activity; the middle com-
position, about 3 at. pct (8 wt-pct) zirconium added to NiAl,, had the lowest
activity.



Group VIB - Molybdenum

Six alloys were prepared by adding 0.4 to 1l wt-pct molybdenum to the
NiAl,; composition, No difficulties were encountered in adding molybdenum to
Raney nickel. No molybdenum was lost during melting, but over two-thirds
was lost by activation of the catalyst. One ternary phase was identified
by microprobe analysis to have the approximate composition NipMoAlg.

On the average molybdenum had no effect on either the methanation
activity or resistance to HgS poisoning of the Raney nickel. Catalysts
prepared from heat-treated alloys were more active than those prepared from
as-cast alloys., Catalysts containing very low levels of molybdenum were
more resistant to HgS than those with higher levels of molybdenum or the
unmodified catalysts. The catalyst containing 0.1 at. pct (0.4 wt-pct)
molybdenum, made from the heat-treated alloy, had a significantly better
figure-of-merit than the unmodified catalysts. The apparent activation
energy was generally higher than the ummodified catalysts, and the activa-
tion energy increased with increasing amounts of molybdenum,

Group VIIB

Manganese

Manganese was added to the Raney alloy without difficulty. Three
alloys were prepared with 2 to 8 wt-pct manganese in NiAl,. A ternary
phase with the approximate composition NiMng gAl; .z was formed. No manganese
was lost during melting but more than one-third was lost while activating
the catalyst.

Low levels of manganese, about 1 at., pct (2 wt-pct) improved the
methanation activity of the catalyst, but higher levels caused a decrease.
Catalysts containing higher levels of manganese lost activity rapidly when
the temperature was less than 320° C. The mechanism of deactivation has not
been studied. Increasing levels of manganese improved resistance to HzS, but

the figure-of-merit remained in the range of the unmodified catalysts.

Minor additions of manganese to the Raney nickel lower the apparent
activation energy, but greater amounts increase it. However, the difficulty
in obtaining reliable methanation results at temperatures below 320° C casts
doubt on these conclusions.

Rhenium

Three alloys were prepared containing 1 to 8 wt-pct rhenium in NiAl,.
Additions of rhenium to the Raney alloy were readily made, and several
ternary phases were formed. Phases identified had approximate compositions
Ni(Al, Re)z, NiReAlz, and NiRegAlg.

The presence of rhenium in the catalyst had no significant effect on
the methanation activity, the apparent activation energy, or the resistance
to HgSo
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Group VIII

Cobalt

The addition of cobalt to the Raney nickel was studied over a fairly
wide range of composition (3 to 21 wt-pct cobalt, based on the NiAl, composi-
tion). No cobalt was lost during melting but 20 to 30 pct was lost during
activation, X-ray diffraction indicated almost exclusively an NiAl;-type
phase, even when the cobalt concentration equaled that of nickel, Electron
microprobe analysis of this alloy indicated phases of approximate composi-
tions NiCog ,gAl, .5, NiCoAl;, and NiCo; ,gAli1, but these could represent
an incompletely homogenized sample in which all phases were of the type
(Ni, Co)Al,.

The addition of cobalt to the catalyst had no effect on the methanation
rate or apparent activation energy. (Cobalt is reported to be less selective
toward the production of CH, than nickel, but the conditions in this experi-
ment strongly favored formation of CH, . Selectivity was not studied because
the equipment was not designed to measure formation of higher hydrocarbons.)
However, cobalt did increase the resistance to poisoning by HgS. The average
figure-of-merit for these catalysts is significantly better than the average
for the ummodified catalysts. The catalyst containing approximately equal
amounts of Co and Ni was particularly resistant to HpS poisoning and had an
unusually large figure-of-merit (about 2.5 times the respective values for
the unmodified catalysts).

Palladium

From 0.1 to 39 wt-pct palladium was added to the NiAl; Raney nickel
alloy. The phases observed were mostly NiAl, and NigAl., presumably with
palladium in solid solution. A ternary phase of the Heusler type (crystal
structure similar to AlCugMn) was encountered for the alloy with the highest
palladium concentration; the atomic ratio of palladium to nickel in this
ternary phase was 1.32,

Addition of palladium had no significant effect on the resistance to
HpS poisoning, and small amounts had no effect on the methanation activity.
However, the catalyst prepared from the alloy containing 5 wt-pct palladium
had about half the methanation activity of the unmodified catalysts at
320° C with a 30 pct greater activation energy, and the catalyst prepared
from the alloy containing 39 wt-pct palladium had no methanation activity
at all, The mean of the methanation activities for those catalysts that
could be measured was not significantly less than that for the unmodified
catalyst, but the mean of the apparent activation energies increased
significantly with the palladium addition.

Group IIB - Zinc

Vaporization of zinc and spattering of the molten alloy were encountered
during melting. Only about 10 percent of the zinc added was finally
incorporated into the alloys that were not heat-treated, for fear of losing



even the small amount of zinc remaining. Three alloys based on NiAlg, ;.
were obtained containing 0.1 to 0.4 wt-pct zine. No ternary phases were
detected by X-ray diffraction,

The small amount of zinc in the catalyst had no effect on the methana-
tion activity or the apparent activation energy. Zinc increased the
resistance to HgS poisoning significantly; however, figures-of-merit were
well within the range for unmodified catalysts.

Group IITA - Boron

Boron was added to the Raney alloys with little difficulty. About one-
half the boron was lost during melting and often more was lost during
activation of the catalyst. Six alloys were prepared that had base composi-
tions ranging from NiAl to NiAl,. The boron contents ranged from 0.1 to
0.3 wt-pct., No boron-containing phase was detected by X-ray diffraction,
although a small amount of some unidentified phase was observed by
metallographic examination,

Nickel boride is reported to be a good hydrogenation catalyst (7), but
the presence of boron in the Raney nickel catalyst lowered both the
methanation activity and the apparent activation energy. In most cases,
boron had no effect on the resistance to HgS poisoning. The alloy designated
NiBg ,1e8Aly 5o produced a catalyst with a low methanation rate but high
resistance to HzS poisoning; the figure-of-merit, however, was low. Higher
boron additions produced alloy phases of an NiAl type that could not be
leached and showed no activity.

CONCLUSIONS

Statistically significant improvements in the resistance to HzS were
obtained by adding Co, Ti, Y, or Zn to Raney nickel, but only additions of
Co generally improved the figure-of-merit. Some individual catalysts con-
taining Ca, Mo, or Mn improved methanation activity, but no general relations
between alloy composition and catalytic activity were observed.

11



12

9.

10.

REFERENCES

Demeter, J. J., A. J. Youngblood, J, H, Field, and D. Bienstock.
Synthesis of High-Btu Gas in a Raney-Nickel-Coated Tube-Wall Reactor,
BuMines RI 7033, 1967, 17 pp.

Forney, A, J., R. J. Demski, D, Bienstock, and J, H, Field. Recent
Catalyst Developments in the Hot-Gas Recycle Process. BuMines
RI 6609, 1965, 32 pp.

Haynes, W. P., J. J. Elliott, and A, J. Forney., Experience with
Methanation in Catalysts, Am, Chem, Soc.,, Div, Fuel Chem., Preprints,
v, 16, No., 2, 1972, pp. 47-63.

Haynes, W. P., A, J, Forney, J. J. Elliott, and H. W. Pennline.
Synthesis of Methane in Hot-Gas-Recycle Reactors, Pilot Plant Tests.
Am, Chem, Soc., Div. Fuel Chem., Preprints, v. 19, No., 3, 1974,
pp. 10-42,

Oden, L. L., and J. H. Russell, Methanation Activity of Raney Nickel
Catalysts: Effect of Proportion of NiAl; and NigAl, in Precursor
Alloys. BuMines RI 8272, 1978, 15 pp.

O'Hare, S. A., and J. E, Mauser. Melting and Casting of Raney Nickel
Alloy. BuMines RTI 8210, 1977, 9 pp.

Paul, R., P. Buisson, and N, Joseph, Catalytic Activity of Nickel
Borides, Ind. Eng. Chem., v. 44, No. 5, May 1952, pp. 1006-1010,

Rea, A. E. Raney Nickel and Related Nickel Alloy Catalysts. Part I.
Preparation and Properties. Selected References with Abstracts.
International Nickel Co., Inc., New York, 1958, 75 pp.

Schehl, R. R., H. W. Pennline, J. P. Strakey, and W, P. Haynes.
Pilot Plant Operation of a Nonadiabatic Methanation Reactor. Am,
Chem, Soc., Div, of Fuel Chem., Preprints, v. 21, No. 4, 1976, pp. 2-21.

Strakey, J. P., A, J. Forney, and W, P, Haynes, Methanation in Coal
Gasification Processes. Energy Res. and Devel, Admin. (now the
Department of Energy) PERC/IC-75/1, 1975, 17 pp.



APPENDIX A,--TABLES OF DATA

The following tables summarize the results obtained from the various
measurements of the alloys and the catalysts prepared from them. When
replicate measurements were made, the average of the results was tabulated.
Not all measurements were made on all samples, and a blank space in the
tables indicates that the measurement was not made.

The various phases present in the alloys were identified by X-ray
diffraction analysis. Rough estimates of the amounts of each phase were
made from the intensities of the diffraction peaks. A primary phase usually
constitutes more than 40 pct of the sample; a secondary phase, about 20 to
60 pct; a minor phase, from 5 to about 30 pct of the sample; and a trace
phase, less than 10 pct of the sample. Phases constituting less than 1 or
2 pct of the sample usually cannot be detected.

Electron microprobe analysis was used to estimate the chemical composi-
tion of the various phases, especilally those phases which could not be
identified by X-ray diffraction analysis. The number of samples analyzed
by electron microprobe was small, so the results of these analyses are
included as footnotes in the tables.
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TABLE A-2., - Effect of calcium addition to Raney nickel

15

Activa-jResist-
Alloy composition Condi-| Catalyst Total|Active|Turn-| tion | ance |Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion® composition |area,|area, |over |energy,| to of- NiAl,|NigAl;|Al]CaAl; | Unidenti-
/g |m/g |No.® | keal/ | HpS® |merit? fied
mole
NiCao o2Al; 176 AC 46.4 [21.3 |0.241] 21.7 | 1.18 | 0.283
sessencanes | NiCag oo05Alz,25| HT 45.6 [20.6 2225 19.7 1.19 .268 P M T
NiCay 0 Aly o8- AC |NiCap.oesAly,14149.3 [19.1 | .238] 19.1 | 1.28 | .305 s MM
DOvevasssness | NiCag,o14Al2,05| HT |NiCay.0224l ,09]{35.3 [18.2 .260] 21,6 .89 .232 P T T T
NiCag o, ALy 176 AC 48.6 |21.4 .277 20,7 | ®1.54 | °.426
DOsecveensnss | NiCag 22Alz .| HT 45.1 [20.5 |®.305] 22.8 1.45 | ©.441 M P T
NiCag 0, Aly .5q AC  |NiCag o214l 16(58.7 [23.1 L1847 22,4 1.18 .216
cevscearess | NiCag.o12Ala,22| HT |NiCag.o124ly .1, |51.9 21,3 | .161| ®23,9 | 1,28 | .206 M P T
NiCay oesAls,1g AC |NiCag o55Aly.16]48.0 [18.8 | .218| 13,9 93| 206 | M | M |M T
DOutvrauusnss | NiCay osAlz 6a | HT |[NiCag.o4.Alp.11)33.1 [16.0 {%.308] 19.0 .95 | .293 P T M
NiCay 9Als,106 AC 56.5 [23.9 22600 21,3 | ®1.59 | °.413 |
DOseesossnsss | NiCay o4Alz 22| HT 47.5 21,9 22521 20,2 1,20 .303 M P T
NiCay 054l .01 AC  |NiCao o40Aly 29[70.9 |26.1 [®.130] 19,7 | 1.06 | .138
cveesessees | NiCag,oszAls p5]| HT |NiCap.o2-Alg.1c!39.3 [21.4 | 1941 ®27,9 | 1.37 | .265 T P T T
NiCay ,) Al .50 R AC  [NiCag ,090Alp 17]45.5 |19.4 JA71 22,4 .82 140 0 M M T M
DO.uevaeesses |°NLCAy ousAls 06| HT |[NiCag,oseAlo.12(33.8 [18.2 | .229| 20.9 90 | ,206 | P T M
NiCag ,15Alg 06 - AC  |NiCag oegAly a1 |66.2 |24.8 5.125! 20.4 1,04 .130 ! i ! !
seseareness | NiCay oeala 1, | HT |NiCag oesAly z2|54.8 [24.5 |°.131] 20.5 1.12 147 L P } [T M
:AC As-cast alloy; HT = heat-treated alloy
Methanation activity at 320° C, molecules Cl'l‘/sec/active site,
3Molecules HpS/active site.
4Pr:ocluc:t: of turnover number and effect of HzS.
= primary, S = secondary, M = minor, T = trace.
ssignificantly larger than for unmodified catalysts.
Comp051cion of phases observed by electron microprobe = NiAly, NijCaAl,.
8gignificantly smaller than for unmodified catalysts.
®Composition of phases observed by electron microprobe = NiAl,, NipCaAl,, NiCaAlg.
TABLE A-3. - Effect of yttrium addition to Raney nickel
Activa-|Resist-
Alloy composition Condi~ Catalyst Total|Active | Turn- tion ance Figure-|Phases found by X-ra diffraction®
Nominal Analyzed tion* composition area,|area, | over |energy,| to of- [NiAl; | NigAl; | Al | Unidentified
w/g |m/g | No. kcal/ | HpS® |merit?
mole
NIY o10ALz .20 BC | N1Y, oo8Aly .00e | 39.6 |18.2 | 0.19 | 17.9 1.00 | 0.19 | s P T T
DOcueverass | Ny o128kp 44| HT | NiYy ooeAlg.oes | 31.4 [17.0 .135 | 19.0 1.45 .196 s P T T
NLY_520Alz 22 AC | NiY, 168l o8, | 40.1 |18.7 187 | 18.5 1.14 | 212 | ™ P M M
DOveveeness | NiYy o224lz .| HT NiYe 0164l 066 | 26,9 [15.6 2227 | 19.1 1.43 2324 M P T M
MY o, 2815 2o AC | NiYy os2Aly.101 | 42.3 |19.6 | ©.123] 18,9 1.37 | .168 | M P M M
DOuessvanes | Ni¥y 04181z ca| HT | NiYs . 0s0Aly.ovs | 27.7 |17.5 |®.125| 17.0 | "1.89 .236 | M P M M
lAC As-cast alloy; HT = heat-treated alloy.
*Methanation activity at 320° C, molecules CH, /sec/active site.
Molecules HyS/active site.
“Product of turnover number and effect of H2S.
5p = primary, S = secondary; M = minor; T = trace.
®Significantly smaller than for ummodified catalyst.
7Si.gnifi.cant:ly larger than for unmodified catalyst.
TABLE A-4, - Effect of cerium addition to Raney nickel
Activa-|Resist-
Alloy composition Condi- Catalyst Total|Active|Turn- | tion ance |Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion* composition [area,|area, |ove, enetgy,| to of- INiAl; [NipAl;| Al[NiCeAl|Unidenti-
w/g [m°/g |No. keal/ | Hp$® |merit® fied
mole
NiCeo ozehlz.os AC |NiCe; .010Alp,20(35.5 |22.4 |°0.087| 22.6 | 1,00 |°0.087 | S s |T T
DOsussvasenne| NiCey 0268la,01| HT |NiCe, .oz1Alg,25|27.5 [13.5 | ©.123| °14.6 .91 | ©.112 P M o|T T
NiCeo ov54l2 o AC [NiCe, o4 Alg gs.(32.7 (13.5 | %.062{ 16,9 M s |t T
DOueessseones |"NLCey .05ALz g4+ | HT |NiCeq.0Aly.s2.|17.7 {10.1 .207) 194 | 1.37 | .284 | s s T
NiCey 14 5Alz .88 AC |NiCey.oeAly c-.[23.9 (12,6 | ®.110| 17,0 | ®1.64 | .180 | M s |t T
0uevveennane | NiCey 15415 00| ET |NiCey 104l e5.]/14.9 | 8.0 L173] °12.9 | ®1.79 309 | M M M
1AC As-cast alloy; HT = heat-treated alloy.

Molecules CH, /sec/active site at 320° C.
Molecules HpS/active site,
Product of turnover number and effect of HS.

= primary, S = secondary, M = minor, T = trace.
Significantly smaller than for urnmodified catalyst,
7Composi.l::l.on.s of phases observed by electron microprobe:
BSi.gni.ficant:ly greater than for umnmodified catalyst,
Compositions of phases observed by electrom microprobe:

NiAl,, NigAly, NiCe,,,Als,e.

NiAl,, NigAl,, NiCey,egAl, s+
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TABLE A-5. - Effect of titanium addition to Raney nickel
Activa-|Resist-
Alloy composition Condi-| Catalyst Total|Active| Turn- | tion ance |Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion® | composition area,|area, |over |energy,| to of- NiAl, NizAl; [ Al | TiAl,
m /g |m /g No.? keal/ | HpS® [merit?
mole
NiTi, ,10-Alz 08 AC [NiTi, oeAlg,15 | 45.3 [13.9 [°0.03 ®9.1 1.22 |%0.077 M S T M
DOuevevesenns| NiTlo . 15Al500a | HT |NiTis 10Als 16| 32.2 [14.1 | ©.109| 19.6 1.22 { .133 P M ¥
NiTi, zooAlz.ee AC |NiTi, . 15Al,.1e | 58.4 [13.5 .136] 20.2 #1.59 .216 M S T M
DOveesvennees| NiTig o5Aly 5o HT |NiTio 164151 | 39.3 [13.0 £2.04 5 M M
NiTlo 447415 o0 AC |NiTig aaAly 5 | 58.9 [10.5 | ©.074|%28.5 | ®2.27 .168 M S T M
DO.iverenanss| NiTly goAls 06 | HT |NiTi,.52Al, .1 | 38.2 [12.6 83,43 s s
JAC = As-cast alloy; HT = heat-treated alloy.
Methanation activity at 320° C, molecules CH, /sec/active site.
3Molecules HpS/active site.
Product of turnover number and effect of HpS.
®P = primary, S = secondary, M = minor, T = trace,
sSignificantly smaller than for unmodified catalyst.
Composition of phases observed by electron microprobe: NiAl;, NiAls, TiAl,.
®significantly greater than for ummodified catalyst.
TABLE A-6, - Effect of zirconium addition to Raney nickel
Activa-|Resist-
Alloy composition Condi- Catalyst Total}Active| Turn | tiom ance |Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion® composition area,larea, | over |energy, to of- NiAl; | NipAls | Al | Unidentified
m /g /g | No.® | keal/ | HoS® |merit?
mole
NiZro o, 2AL, 1g AC |NiZt, .o27Al goz|31.6 |15.9 |°0.122] 19.3 | 1.1l | 0.135 M S M T
cevessseass| NiZEo 044 ALy 4| HT |NiZrg.og24ly 15.(28.5 [14.8 | ©.085| 19.4 .78 | °.066 P T T M
NiZr, 1388ls.41 AC  |NiZrg o718l 07-(26.5 (144 | ©.047| 16.5 M M M M
DOvevveooenas| NiZEy 144Al; of HT [NLZr, oeeAls.ie.|19.0 [11.9 | °.066| 16.7 .74 ©.049 s T S
NMiZro 250815 5 AC |NiZry o-5ALg,10.]25.8 [13.2 | ®.126| 17.9 .75 | %.095 M M M M
veevecenees|ONLZEG 258 . .| HT [NiZry.1444lg.52-[20.7 |1L.4 .159( ©13,9 | ®.65 | °.,103 s T P

1AC = As-cast a

lloy; HT =

heat-treated alloy.

Methanation activity at 320° C, molecules CH,/sec/active site.
®Molecules HpS/active site.
Product of turnover number and effect of HyS.

Sp = primary, S

secondary,

minor,

T = trace,

Signxficantly smaller than for unmodified catalyst.,
Composition of phases observed by electron microprobe:
® Composition of phases observed by electron microprobe:

NiAl,, NiZr,,e, Aly.,, Al.
NiAl;, NiZrg sAly,e to Nip 5Zri,1415,e, Al

TABLE A-7. - Effect of molybdenum addition to Raney nickel
Activa~|Resist~
Alloy composition Condi- Catalyst Total [Active]| Turn~| tion ance |Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion® composition area,|area, |over |energy, 1:0s Of-4 NiAl, [NipAls| AljNizAl]Unidentified
m /g {m /g |No. keal/ | HgS merit
mole
NiMog ,o0s5Al5.02 AC  |NiMog oo2Al, o, -|%0.8 [18.3 |0.TI91] 18.8 1.59 | 0.303 | ™ M M
veeeneneees | NIMOG 05ALlg .gr| HT |NiMOo 0o15Alg.0s|28.2 [15.0 [®.304] 19.6 | 1.33 | ®.406 | P T |T
NiMo, 5114l 02 AC  |NiMog .0aAly .0a.[35.2 [16.9 .179| 19.5 | ®1.49 .267 | M MM
DOuresennanae | NIMO 012415 a2 HT |NiMog o0sAly os.[27.8 [15.4 .291| 15.8 1.22 .355 P T
NiMO, 02045 .06 AC  |NiMog 004 Alg o7 e 12447 [15.7 .173| 20.5 1.43 247 s MM T
DOueseresnees | NIMOy 023Aly 28| HT |NiMOs o0, Aly os.[28.7 [14.4 .282| 20.4 1.18 .332 P T T
NiMog 64281512 ) AC 31.5 {15,7 L2191 20,7 .85 .185 S s M T
DOuuronsnrenn HT {NiMoo ,007Alg .05+ (28.3 |15.7 .263| °26,0 .92 242 ]S T M
NiMo, o87ALa,2s AC 36.6 |16.6 201 ®23.1 .95 191 | s s |T T
DOueunsanunes ) HT |NiMoy ,.o1Aly .05+ |34.4 [18.5 .192| %24.4 .71 .137 P T M
NiMog ,191Al5 ¢+ AC 28.4 | 14,0 .208| ©27.3 .93 1921 M M T M
DOrvevensanne HT |NiMog 0381, .04 »+|18.7 | 8.7 .276| ©23.5 1.08 .297 M M T [

1Ac

As-cast alloy; HT =

heat-treated alloy.

Methanation activity at 320° C, molecules CH,/sec/active site.
®Molecules HpS/active site.
#Product of turnover number and effect of HpS.

Ep = primary, S

secondary, M

minor,

T trace.

Significantly greater than for unmodified catalyst.
7 Composition of phases observed by electron microprobe: NiAl;, NipMoAlg.
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TABLE A-8, - Effect of manganese addition to Raney nickel
Activa-]Resist-
Alloy composition Condi- Catalyst Total|Active | Turn-| tion ance |Figure- | Phases found by X-ray diffraction®
Nominal Analyzed tion! | composition area,|area, [over |energy,| to of- NiAL,[Ni;ALy{AlMngAlg|Unidentified
] 3 3 4
m/g |m /g No.® | keal/ HoS merit
mole
NiMn, 654 Als ag AC |NiMng ,3AL, os | 49.8 [16.5 [0.240] 20.2 | 0.93 [ 0.224 M s M T
DOveeceeneane]| NiMny 0Aly 44| HT |[NiMng ooAlp 11 | 34.5 |17.3 e .318| 713.7 .98 .311 P T
NiMny 112418 34 AC  |NiMng ,-Al, 3, [ 43.2 |16.5 L2101 713.1 | °1.47 .309 M S T] T
DOssacesessns| NiMny 31AL; 52| HT |NiMng o.Ml oo |41.9 {15.5 7.112| “11.6 1.41 .158 P M
NiMn, 251413 77 AC  [NiMng 1,4k .10 | 62.2 |17.8 1.25 M M T T
DOuuoavoseses | NIMN, 218k o3| HT [NiMng 1.ALy 11 [ 54.8 [14.3 .138} ®30.9 | 1.26 .175 P M
IAC As-cast alloy; HT = heat-treated alloy.

Methanation activity at 320° C, molecules CH, /sec/active site.
3Molecules HpS/active site,
Product of turnover number and effect HpS.

E’P primary, S = secondary, M = minor, T = trace.
Significantly greater than for unmodified catalyst.
Significantly smaller than for unmodified catalyst,

®Composition of phases observed by electron microprobe:

NiMng ,02Alz .9, NiMn, oAl; 2, AL,

TABLE A-9. - Effect of rhenium addition to Raney nickel
Activa- Resist~
Alloy composition Condi- | Total| Active | Turn- | tion ance Figure- Phagses_found by X-ray diffraction®
Nominal Analyzed | tion® area, | area, over | emergy, to of- NiAly| NipAls| Al [Heusler-|Ni(Al,Re); |Unidenti-
w/g |uw/g No, keal/ HpS® merit® type fied
mole
NiRes .010Als .03 ®) AC 41,7 [17.1 0.245| 23.2 1.18 0.288 M P M
DOcevnsnonnas HT 28.4 | 17.6 .260} 18.8 .84 .218 P T
NiRe, 051415 ,10 AC 37.5 }18.2 .206 ) 19.9 .78 .161 M P T T T
DOvevnenovens HT 28.6 | 18.3 .217 | 20.6 .92 .199 P M
NiRey 044 Als 20 AC 26,8 | l4.6 .284 | 20,2 1.14 .323 M P M T T
DOveavavonnses (7 HT 27.5 17.8 .208 17.6 .81 .169 P M
1AC As-cast alloy;. = heat-treated alloy.
®Molecules Clg/sec/active site at 320° C,
Molecules HzS/active site.
Product of turnover number and effect of HgS.
= primary, § = secondary, M = minor, T = trace.
COmpositions of phases observed by electron microprobe: NiAlg, NizAl,, NiReAly, NiRepAlg.
Compositions of phases observed by electron microprobe: NiAly, NiRez‘sAlo B
TABLE A-10, - Effect of cobalt addition to Raney nickel
Activa-|Resist-
Alloy composition Condi~{ Catalyst Total|Active|Turn- | tion ance |Figure- | Phases found by X-ray diffraction®
Nominal Analyzed tion* composition area,|area, |over | energy, to of- NiAl, NigAlg Al | Unidentified
mz/g mzlg No.? kcal/ | Has® |merit?
mole
NiCo, oe1Ala, 24 AC  |NiCoy 14 ALy 06| 25.6 |l4.4 |0.176 | 19.6 1.15 { 0,202 M S T T
DOueecevsaras| NiCOn 1,A15 g1 HT |NiCo, 154l 06| 31.6 {15.7 ,220 | 19.8 1,22 .268 P
NiCo; 176415 55 . AC |NiCoy Al .06 | 32.3 |15.6 .287  22.8 1,11 .318 S S T
DOvevessasans| NiCOG o8Aly 40| HT [NiCoy oeAly o | 31.6 [15.4 .169 | 20.6 1.23 .208 P T
NiCoAlg.. AC |NiCo, .e9Aly.0e | 17.6 | 7.1 .207 | 18,5 | f2.44 | ®.502 P T
DOvussavenses | 'NLCO, o,ALg 0q | HT |NiCog , caAlg,o» | 23.7 |10.0 .235 | 20.6 1.19 .280 P T
;AC As-cast alloy; HT = heat-treated alloy,

Holecules CH, /sec/active site at 320° C.

®Molecules HpS/active site.

Product of turnover number and effect of H,S.

°P = primary, S§ = secondary, M = minor, T = trace.
ssignificantly greater than for unmodified catalyst.
Compositions of phases observed by electron microprobe:

NiCo, ,gAl, .5, NiCoy 24l o, NiCoy oAlyy.
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TABLE A-1l. - Effect of palladium addition to Raney nickel

Activa- Resist-
Alloy composition Condi- Total | Active Turn- tion ance Figure- Phases found by X-ray diffraction®
Nominal Analyzed | tion® area, | area, over energy, to of- NiAl, NizAlaIAl Heusler-{NizAl|Unidenti-
m2/g m2/g No. keal/ Hgps® merit? type fied
mole
NiPd, 00154l 02 AC 39.0 16.0 0.180 19,6 S S T T
DOvcvccsecaces HT 33.0 15,6 212 21,1 1.07 0,227 P T T
NPy 016815 00 AC 38.4 | 17.3 .263 20.6 1.03 271 i s |m
HT 32,6 | 16.2 226 21.9 .68 .153 P T
NiPdy o064 Als 01 AC 35.2 | 17.4 211 17.3 .97 204 M Y
DOuecsacunnnes HT 28.4 | 15.9 .252 22,4 .93 .235 P i
NLPd,.o-2ALs .23 . AC 40.9 | 12.3 5,129 | 726.2 s s It i
DOueevernansss ) HT 42.1 | 13.0 €27 | 2.1 71.65 .210 P P T
NiPdy ,a24lc 0z.- AC 31.0 9.8 %0 P
¢) HT 27.4 1i.1 ‘0 M T M
1AC = As-cast alloy; HT = heat-treated alloy.
“Molecules CH, /sec/active site at 320° C.
3Mplecules HpS/active site.
“Pproduct of turnover number and effect of HzS.
®p = primary, S = secondary, M = minor, T = trace.

aSigni.ficantly smaller than for ummodified catalyst,
7Significantly greater than for unmodified catalyst.
8 Compositions of phases observed by electron microprobe:
® Compositions of phases observed by electron microprobe:

NiAl,, Nipal,, Al.

NiPdy o4 Aly 5, NiPdg oeAla o, Al, NiPdy AL , .

TABLE A-12., - Effect of zinc addition to Raney nickel

Activa-|Resist- _
Alloy composition Condi- Catalyst Total]Active|Turn-| tion ance |Flgure-|Phases found by X-ray diffraction”
Nominal Analyzed tion composition area,larea, (over |energy, to of- Nial, NipAl, Al
mz/g ma/g No.? kecal/ HpS> merit?
mole
WiZn, oseAle.zs | Nl ,0020Alz 25| AC  |NiZng .ooeblo.ig|30.1 |14.9 |0.220] 20.0 | "1.49 | 0.329 P P T
NizZn, :053A12.30 NiZng ooazAla,z2| AC [NiZng goahlo 14 |30.2 |15.9 .205| 22,2 1.45 .297 S P T
NiZn, ,111Alz 42 | NiZny o154ls,62.] AC |NiZng,oo-Aly,15(34.9 |14.1 172 20.4 | P1.75 .302 P P T
TAC = As-cast alloy; HT = heat-treated alloy.
*Molecules CH, /sec/active site at 320° C.
3Molecules HpS/active site.
*Product of turnover number and effect of HsS.
®P = primary, S = secondary, M = minor, T = trace.

Ssignificantly larger than for unmodified catalyst.

TABLE A-13. - Effect of boron addition to Ramey nickel
Activa-|Resist-
Alloy composition iCondi- Catalyst Total | Active| Turn- tion ance Figure-|Phases found by X-ray diffraction®
Nominal Analyzed tion® composition |area, | area, |over | energy,| to of- NiAl, | NipaAl, | Al | NiAl
mZ/g m/g No.? keal/ | Hps® merit®
mole
NiB, 0a5Alz -1 [ NiBy o15Alz 88 [ AC NiBy 009Alp.12([37.5 | 17.5 [0.175 17.2 0.78 0,137 S S M
DOuevnnvonne HT 3.5 |17.0 |®.128| 17.5 | °.66 | °.084 P M
NiB, o34 Al1 ,sa| NiBy 02281208 | AC | NiBy 0214l ,80(52.0 | 19.9 .215 | 15,8 .86 .185 M P
DOuvevuronee HT 49.2 | 20.5 .184 | ©15.0 .99 .182 M P
NiB; ,0esAlz,25 | NiBy ossAlo,g1 | AC 45,3 | 18.3 .192 17.1 1.07 .206 M P T
DOueenaranne HT | NiBy opsAly ,0e|43.1 [20.6 | .164| 17.2 | 1.09 .178 M P
NiBy ceeAlh g3 AC 56,8 | 21.6 .175 15.6 .9 .165 T P
ceresnenns 7 NiBy o01:AL g1 | HT NiBg .o25Als 55 [48.9 | 19.7 .193 16.8 [ .91 175 T P
NiB, ,1684l1 .50 ©) AC NiBy 12Al, .58150.3 | 19.6 [®,079| °1l4.5 " 2,08 164 4
DOuoseessees| NiBy g3-ALy 154 HT 50,1 |20.8 |®.035| 16.1 | ®1.70 | °.059 P
NiB, 1g9Al1 .00 AC 0.4 | 0.0 %0 - - - P
DOtecacenses HT .6 4 [%0 - - - P

QAC = Ag-cast alloy; HT = heat-treated alloy.

Molecules CH, /sec/active site at 320° C.

SMolecules HpS/active site.

%Product of turnover number and effect of HaS.

P = primary, S secondary, M = minor, T trace,
EsSignificantly smaller than for unmodified catalyst,

7 Compositions of phases observed by electron microprobe:
aSi.gni.ficam:ly greater than for unmodified catalyst,

® Compositions of phases observed by electron microprobe:

NizAlg,, , NiAly, Nig 5,Aly 95B1s.

NizAlz 053 (Al, Ni)By2.
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APPENDIX B.--STATISTICAL EVALUATION

The experimental variations were larger than desired (the relative
standard deviation for replicate measurements of methanation activity was 20
to 30 percent of the average activity), at least in part because of the
small samples (about 2.5 mg) used in the tests. The effects of the additives
were generally small, so it was necessary to use statistical methods of
evaluation to determine which effects appear to be significant and which
were probably random fluctuations.

The data were evaluated separately for each additive, and each response
(methanation activity, activation energy, resistance to HeS poisoning, and
figure-of-merit) was Investigated by a two-way analysis of variance. The
analysis was based on the factors composition (amount of additive in the
alloy) and whether the alloy was heat-treated before use or not. The residual
variance was generally considered to be the error variance, and the error
variances for a particular response were pooled for most additives to obtain
a greater number of degrees of freedom for the error variance. There were a
few cases in which the residual variance was unusually large, indicating per-
haps a true interaction effect, and these numbers were not included in the
pool of the error variance.

The following tables are abbreviated tables of the analyses of variance
for each response. The indicated significant effects are reported at the
95-percent~confidence level,
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TABLE B-l, - Statistical analysis of methanation activity

of Raney nickel catalysts with additives

No, of |Methanation activity Source of variance
Additive jsamples| Mean | Standard Composition | Condition Residual
deviation DF!|vVariance|DF® |Variance|DF* | variance

NON€Cesoeoos 14 0.21 0.034 8 10.00077 1 10.0032 4 10.0015
Calcium... | 18 .21 .057 8 [®.0059 | 1| .0027 | 8 | .00077
Yttrium... 6 ®.17 .043 2 | .003% 1 | .000048| 2 | .00125
Cerium....| 6 2,13 .054 2 | .00075 | 1 |®.0099 | 2 | .00l6
Titanium.. 4 ®.10 .033
Zirconium, | 6 2,10 042 2 |®.0037 | 1| .000038| 2 | .00069
Molybdenum 12 .23 2.048 5 a°00068 1 .0159 5 2.0012
Manganese., 5 .20 .082 2 .0086 1 .0012 1 .0088
Rhenium... 6 24 .032 2 .00097 1 .00042 2 .0013
Cobalt.... 6 21 043 2 .00049 1 .00035 2 .0040
Palladium. 8 .20 .051 3 8.0054 1 .00014 3 .00063
ZinCeeveoo 3 .20 .025
BOTONeeess 8 .18 .025 3 .00080 1 .00097 3 .00039

Pooled

variances 047 34 0014

1DF = degrees of freedom.
Significantly greater than the error variance.
®significantly smaller than for the unmodified catalyst.

TABLE B-2. - Statistical analysis of apparent activation energy of
methanation on Raney nickel catalysts with additives

No. of |Apparent activation energy Source of variance
Additive |[samples Mean Standard Composition | Condition Regidual
deviation DF’ | Variance|DF'|Variance|DF* [ variance

NONEeeasss 14 19.4 1.2 8 1.42 1 0,0006| 4 1.75
calcium...| 18 ®21.2 2.2 8 4,74 | 1| 4.40 | 8 4.68
Yttrium... 6 18.4 .8 2 .37 1 .007 2 1.29
Cerium.... 6 ®17.2 3.4 2 7.92 | 1 |*15.36 2 | *14.09
Titanium.. 4 19.4 “7.9
Zirconium. 6 :17.3 2.1 2 6.65 | 1 2.28 2 2.87
Molybdenum| 12 21.6 3.3 5| *17.92 | 1 .003 | 5 5.86
Manganese. 5 17.9 “8.0 2 | “73.96 1 4,17 1 4102.58
Rhenium... 6 20.1 1.9 2 2.27 1 6.62 2 3.35
Cobalt.... 6 20.3 1.4 2 2.88 1 .002 | 2 2.32
Palladium.| 8 #21.7 2.7 3] %11.56 | 1| 4.21 | 3 4.33
ZinCeveaes 3 20.9 1.2
BOTON.sses | 10 ®16.3 1.0 4 1.82 | 1 .58 4 45

Pooled

variances 2.2 32 3.38

1DF = degrees of freedom,
2Significantly larger than for the unmodified catalyst.
®gignificantly smaller than for the unmodified catalyst.
4Significantly greater than the error variance.
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TABLE B-3. - Statistical analysis of resistance to HzS poisoning of
Raney nickel catalysts with additives

Resistance to poi- Source of variance
Additive No., of soning by HpS Composition Condition Residual
samples| Mean | Standard DF'| Variance|DF' | Variance [DF |[Variance
deviation
Non€seesoeos 14 1.1 0.18 8 0.0281 1 0.0365 4 [0.0438
Calcium.... | 18 1.2 .23 8| 2.0816 | 1| _.0041 | 5| .0265
Yttrium,... 6 1.3 .18 2| ,.0106 | 1 ®,0013 | 2 | .0260
Cerium..... 5 1.0 .55 2 L3019 | 1 .0280 | 1 .0485
Titanium... 6 ®2.,0| Z.8 2 1°1.361 | 1| 2.4320 | 2 [2.1710
Zirconium.. 5 “.8 .18 2 .0315 | 1 .0417 | 1 | .0202
Molybdenum. 12 1.1 .28 51 2.1421 | 1 .0533 | 5 .0181
Manganese. ., 6 1.2 .22 2 | ®.1198 | 1| .0 2 | .00155
Rhenium.... 6 1.0 .17 2 0142 | 1 0468 | 2 .0376
Cobalt..... 6 1.4 2.52 2 | 2.2711 | 1| ®.1873 | 2 |2.3018
Palladium.. 6 1.1 .32 3| 2.1025 | 1| .o0021 | 1 |®.2116
ZinCeeeeess 3 %1.6 .16
BOXON...... 8 “.9 14 31 .0436 | 1| .0 3 | .0054
Pooled
variances .22 25 0245
1DF = degrees of freedom.
Significantly greater than the error variance.
®Significantly larger than for the unmodified catalyst.
4Significantly smaller than for the unmodified catalyst.
TABLE B-4. - Statistical analysis of figure-of-merit of
Raney nickel catalysts with additives
No, of | Figure-of-Merit Source of variance
Additive samples | Mean | Standard |Composition | Condition Residual
deviation|DF' |Variance|DF" |Variance | DF' [ Variance
NONECsssssses 14 0.24 0.060 8 10.0022 1 {0.0094 4 10,0049
Calcium..... 18 .26 .097 8 |#.0170 1 | .0006 8 | .0028
Yttrium..... 6 .22 .055 2 .0032 1 .0055 2 .0015
Cerium...... 5 .19 ,100 2 .0135 1 .0099 1 .0028
Titanium.... 4 ®.15 .059
Zirconium.,. 5 .09 .033 | 2 | .o0061 | 1| .0017 1| .0015
Molybdenum. . 12 .26 .079 5 .0096 1 .0123 5 .0018
Manganese... 5 24 .072 2 .0020 1 .0026 1 0144
Rhenium,..... 6 .23 .066 2 ,0032 1 .0058 2 .0046
Cobalt...es. 6 %.30 110 | 2| .o138 | 1| .o118 2 | .0L05
Palladium,.. 6 .22 .039 3| .00005 | 1 .0010 1 .0022
ZinCececeaae 3 31 .017
BOTON.e.aess 8 °.16 .038 | 3| .0027 1| .00068 | 3 | .00039
Pooled
variances 074 27 .0052

1DF = degrees of freedom.
Significantly greater than the error variance.

3gignificantly smaller than for

the unmodified catalyst,

4Significantly larger than for the ummodified catalyst.
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