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A pitch coke was impregnated with nickel nitrate and some additives and gasified in an atmo- 
spheric hydrogen flow, to investigate the possibility of promoting nickel-catalyzed hydrogasifica- 
tion by the addition of foreign components. Alkaline earths and aluminum nitrate, which were not 
direct catalysts for the hydrogasification of carbon, enhanced methane formation markedly, while 
nitrates of potassium, chromium, and iron and also potassium carbonate had almost no effect. 
Additives which are effective are believed to be in the form of an oxide. In the presence of nickel, 
methane is formed at two separate regions: 400-700°C and above 750°C. All the promoters in- 
creased conversion in the lower temperature reaction while only calcium salt enhanced it in the 
higher temperature reaction. Promoters, especially magnesium, extensively suppressed the sinter- 
ing of nickel. The enhancement of methane formation at lower temperatures is ascribed to the 
increased dispersion of nickel. Possible reasons for the promotions are discussed. 

INTRODUCTION 

Catalysis in the gasification of carbons 
and coals is of potential importance for fuel 
technology (I). At the same time, it offers 
some interesting fundamental problems 
which need to be clarified. Hydrogasifica- 
tion of carbon impregnated with nickel cat- 
alyst is known to yield methane at two 
stages (2-6). These reactions differ from 
each other in several features; temperature 
range, durability, pressure dependence, 
and so forth (2, 5, 6). The reaction occur- 
ring at 400-700°C ceases with an increase in 
temperature; the deactivation is tentatively 
ascribed to the aggregation of nickel parti- 
cles (5, 6), though the mechanism of the 
reaction has not yet been elucidated. 

If the sintering of the catalyst is the main 
cause of the deactivation, there is a possi- 
bility that the prevention of sintering in 
some manner would enhance the activity of 
the catalyst. In the case of a metal catalyst 
supported by oxides such as silica and alu- 
mina, the addition of some compounds is 
reported to have suppressed the sintering 

1 To whom all correspondence should be addressed. 

(7-22). Although the state of a catalyst sup- 
ported by the carbon which is to be gasified 
would differ from that of a normally sup- 
ported catalyst, it would seem worthwhile 
seeing whether or not the addition of some 
compound has any influence upon nickel 
catalyst hydrogasification. This report de- 
scribes the result of such a study using a 
model carbon. 

EXPERIMENTAL 

Carbon specimen. A calcined pitch coke 
supplied by Nittetsu Chemical Industrial 
Company was used in the present study as 
a model carbon, since it had low reactivity 
toward hydrogasification without a catalyst 
and had a relatively small ash content, 0.24 
wt%, the major constituents of which were 
silica and alumina. No appreciable amounts 
of metallic constituents were found by X- 
ray microanalysis. The pitch coke was 
crushed to 32-60 mesh, heated gently in air 
at 4OO”C, and poured into cold water. This 
pretreatment is found to be effective in in- 
creasing the catalytic activity of nickel for 
hydrogasitication without a significant 
change in the surface area. Details of the 
effect of surface state on gasification are 
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reported elsewhere (13), together with 
some other methods of activation which 
will be referred to below. 

Catalyst loading. The carbon specimens 
were simultaneously impregnated, unless 
otherwise stated, with nitrates of nickel and 
another element from an aqueous solution. 
After drying, a specimen was heated in a 
flow of hydrogen up to 300°C to reduce the 
nickel. The amounts of nickel and the addi- 
tives are expressed in weight percentage of 
metallic element to carbon, irrespective of 
the working state of the catalyst. The 
amounts of catalysts given in the results are 
of nominal value; i.e., the amount used at 
the time of impregnation. 

Hydrogasi$ca tion . Hydrogasifications 
were normally conducted in a temperature- 
programmed mode, in which 1.5 g of speci- 
men, packed in a quartz tube of 15 mm i.d., 
was heated at a rate of S”C/min up to 1000°C 
in an atmospheric flow of pure hydrogen 
(100 ml/min). Methane formation was fol- 
lowed by gas chromatograph analysis of the 
et&tent gas every 3 min. The rates of meth- 
ane formation are expressed on a carbon 
basis; i.e., weight of carbon in the methane 
per minute per weight of carbon remaining, 
assuming that the methane is the sole car- 
bon-containing product. 

RESULTS 

General Feature of the Promotion 

The methane formation profiles in nickel- 
catalyzed hydrogasifications are given in 
Fig. 1. Methane formation without nickel is 
negligibly small (less than 0.1% in conver- 
sion, as compared with 2.0% in the case of 
5% Ni without additive), so that the reac- 
tions dealt with here are totally catalytic. In 
the case of nickel catalyst without additive, 
methane is formed in two separate regions, 
which are designated lower temperature re- 
action (LTR) and higher temperature reac- 
tion (HTR), as indicated in the figure. 

The addition of magnesium, calcium, 
barium, and aluminum compounds en- 
hanced the methane formation markedly in 

Tempemture (‘C) 

FIG. 1. Methane formation profiles in temperature- 
programmed hydrogasification. Heating rate: S”C/min; 
amount of nickel: 5%; amount of additives: 1% (in the 
case of Ba, about 0.2% was actually impregnated). 

the manner characteristic to each com- 
pound. The large peaks in Ni-Mg, Ni-Ba, 
and Ni-Al catalysts are the enhanced LTR, 
while in Ni-Ca catalyst both LTR and HTR 
are enhanced in the separate regions. The 
discrimination of LTR and HTR is based on 
the kinetic feature of the reactions, i.e., 
whether the reaction is transitory or lasting. 
Other salts examined but of slight promot- 
ing effect are nitrates of iron, chromium, 
and potassium, and potassium carbonate. 
Some of those showed a slight suppressing 
effect against nickel catalysis. 

Since it has been ascertained that the ad- 
ditives mentioned above do not in them- 
selves catalyze hydrogasification, they are 
called “promoters” hereafter. In this re- 
port, attention is paid mainly to the action 
of alkaline earth compounds, especially to 
those of magnesium and calcium. 

Effect of the Composition of the Catalyst 
Systems 

The effect of the amount of promoter was 
examined with a fixed amount of nickel 
(5%) and the resultant methane formation 
profiles are given in Fig. 2 (Ni-Mg) and Fig. 
3 (Ni-Ca). The addition of a relatively small 
amount of magnesium salt increased meth- 
ane formation quite remarkably, but the ef- 
fect diminished when the amount of the salt 
added was increased. In addition, it should 
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FIG. 2. Methane formation with Ni-Mg catalyst. 
Amount of nickel: 5%; amount of magnesium: given in 
the figure. 

FIG. 4. Methane formation in cases of 1% Ni. 

though enhancement is rather small as com- 
pared to cases with 5% nickel, the features 
are not very different. be noted that methane formation at the 

lower end of LTR was progressively sup- 
pressed by the addition of the magnesium 
salt, irrespective of the enhancement in to- 
tal conversion. A similar, but less pro- 
nounced, phenomenon was noted in the 
case of Ni-Ca catalyst. The most remark- 
able feature in Ni-Ca catalyst is the HTR 
enhancement by calcium, with the magni- 
tude being almost independent of the 
amount of the addition. The manner in 
which LTR was enhanced by Ni-Ca resem- 
bled that in which it was enhanced by mag- 
nesium. 

The effects of the addition of 1% of mag- 
nesium and calcium salts to 1% nickel are 
shown in Fig. 4, which indicates that al- 

Tempemture I’CI 

FIG. 3. Methane formation with Ni-Ca catalyst. 
Amount of nickel: 5%; amount of calcium: given in the 
figure. 
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Eflect of Surface State of Carbon 

The examinations described above were 
conducted with a surface-modified carbon. 
By altering the pretreatment conditions, 
carbons of different surface states and, 
therefore, of different reactivities, can be 
prepared. Those which were heated at 
400°C in air for various length of time and 
then poured into cold water were desig- 
nated WPC. Those heated in hydrogen at 
900°C were designated HPC. Using some of 
these, the effect of the promoters was ex- 
amined. The conversions in LTR are plot- 
ted against the amount of magnesium for 
five carbons in Fig. 5. The intercepts in the 
ordinate signify the reactivity of each car- 
bon for catalytic gasification without pro- 
moters. The conversion increased with the 
same slope for each nickel content, and lev- 
eled-off at 0.2-0.5% of magnesium. Figure 
2, in which the reactivity of B(5) specimen 
in Fig. 5 is plotted, shows that further addi- 
tion of magnesium suppressed the reaction. 
The maximum conversion seems to be 
higher for carbons of a higher reactivity. 
The results indicate that the effect of the 
promoter is not limited to a particular state 
of carbon, although the manner of promo- 
tion varies somewhat with the state of car- 
bon. The effect of calcium on nickel-cata- 
lyzed hydrogasification of coal chars and an 
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FIG. 5. Effect of magnesium on carbon conversion 
of different carbons. The numbers in parentheses rep- 
resent the amount (percentage) of nickel. A, WPC 
(surface area = 3.0 m*/g); B, WPC (1.0 mVg); C, WPC 
(0.5 mVg); D, HPC (3.0 m*/g); E, HPC (0.5 m*/g). 

activated carbon will be reported else- 
where. 

Isothermal Reactions 

To clarify the action of the promoters, 
the temperature-programmed mode was 
stopped in the midst of the reaction and the 
isothermal mode methane formation was 
analyzed. The results of the Ni-Mg system 
are given in Fig. 6. The decrease in the 
methane formation rate became slower as 
the amount of the addition increased, al- 
though the manner of deactivation is still 
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FIG. 6. Remaining reactivity of carbon with Ni-Mg 
catalysts at 700°C. 

characteristic of LTR. The slower deactiva- 
tion suggests a slower sintering of nickel, if 
the sintering is the main reason of the deac- 
tivation. In Fig. 7, where a case of 5% Ni + 
1% Ca is given, the decrease at 650°C again 
shows this is a part of LTR, whereas the 
reaction at 750°C is mostly lasting; i.e., this 
is in a region of HTR. It can be seen from 
Fig. 1 that the reaction at 750°C is almost 
negligible without the promoter. 

Examinations of the State of Catalysts 

The state of the alkaline earth component 
of the dual catalysts was examined using 
thermogravimetry. The carbon was impreg- 
nated with the promoter without nickel and 
heated in hydrogen. The weight decrease 
indicated the following course of decompo- 
sition. 

Mg(NO& = MgO 

Ca(NO& - CaC03 67o’c, CaO 

Ba(NO& 480°C BaC03 7s(pc_ BaO. 

However, a further study using X-ray dif- 
fraction revealed that calcium and barium 
carbonates decomposed into oxides at a 
lower temperature in the presence of 
nickel, and in the case of calcium the de- 
composition was complete by about 550°C. 
Thus, the components effective for promo- 

FIG. 7. Isothermal hydrogasification of carbon with 
Ni(S%)-Ca(l%) catalyst at 650 and 750°C. (*), Heating- 
up period at 5”CImin. 
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tion seem to be oxide for both LTR and 
HTR. 

In the normal procedure, the carbon 
specimen was impregnated with the nickel 
and the promoter simultaneously. When 
the magnesium salt was loaded on carbon 
and decomposed at a temperature of be- 
tween 400 and 900°C in advance of nickel 
impregnation, the reactivity of the speci- 
men was nearly the same. But when the 
impregnation and reduction of nickel pre- 
ceded the addition of magnesium salt, the 
conversion in LTR was about two-thirds of 
that of simultaneous impregnation (3.7 to 
5.9%). 

In preparing the nickel-calcium catalyst, 
acetate, hydroxide, or chloride of calcium 
was used instead of nitrate. The former two 
gave essentially the same reactivity, while 
chloride was ineffective and rather inhib- 
ited the reaction. It seems probable that 
those salts which yield an oxide upon ther- 
mal decomposition are the effective pro- 
moters. The inhibition by calcium chloride 
may be ascribed to the action of chlorine 
ions (24, Z5), as well as to the form of the 
decomposition product. 

The dispersion of nickel was examined 
using X-ray diffraction line broadening 
W3, scanning electron microscopy 
(SEM) , and temperature-programmed de- 
sorption of hydrogen (TPD). The average 
diameter of nickel crystallites from XD and 
the percentage of dispersion from TPD are 
tabulated in Table 1, which shows that 
nickel crystallite was smaller in the pres- 
ence of a promoter, especially of magne- 
sium salt. SEM observation gave the same 
trend (Fig. 8). Thus the effect of promoters 
is, at least partly, associated with the in- 
creased dispersion of nickel. 

DISCUSSION 

Mechanism of Gasification and the Efict 
of Promoters 

The mechanism of catalytic hydrogasih- 
cation has been the subject of several stud- 
ies, but no conclusive explanation has yet 

TABLE 1 

Dispersion of Nickel on Carbon” 

AVerage 
crystallite 
dimnet& 

(nm) 

Ni Ni-Mg Ni-Ca 

Dispersionc 
m 

Ni Ni-big NiCa 

400 29 4 17 3.0 14.3 3.7 
550 36 6 23 0.3 7.7 0.9 
700 46 22 46 0.05 2.3 0.1 
850 63 32 51 - - - 

a Catalyst: Ni 556, Mg or Ca 1%. 
* From X-ray diffraction line broadening. 
c Calculated from the amount of hydrogen desorkd in TPD. 

been given. Whether the catalyst excites 
the hydrogen or carbon is still a matter of 
debate (16). Without a fixed mechanism for 
the gasification, it is difficult to ascertain 
the role played by the promoters. The spe- 
cific feature of promotion by the additives 
is that it causes the methane formation peak 
to shift to higher temperatures (Figs. l-3). 
The decrease in the rate beyond the peak 
temperature can be explained by the sinter- 
ing of nickel particles. If so, the promotion 
by the additives is ascribed to the suppres- 
sion of sintering, so that a larger degree of 
three-phase contact (carbon-nickel-gas- 
eous hydrogen) is maintained. Such a three- 
phase contact region may be directly asso- 
ciated with the gasification reaction. 
Alternatively, gasification may occur 
through hydrogen atoms spilled over from 
nickel to the carbon surface (27, 18). In 
both cases, the correlation of nickel disper- 
sion and the reactivity can easily be under- 
stood. 

The role of alkaline earth oxides in nickel 
dispersion would be an anchoring action on 
the carbon surface, in which small nickel 
particles are stabilized. This needs a still 
more detailed explanation which can only 
be speculated upon here. Perhaps the pro- 
moters on the carbon surface are immobile 
and nickel atoms and minute particles at- 
tached to them become stable. Another 
study in this laboratory has revealed that 
nickel particles on carbon aggregate in a 
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5%Ni-0.5%Mg 5%Ni-0.5%Ca 

FIG. 8. SEM photographs of carbon gasified with Ni, Ni-Mg, and Ni-Ca catalyst. Different sections 
of an identical specimen are indicated by a and b. 

manner similar to Ostwald ripening, i.e., the promoters were added. This can be 
particles do not move over the surface but seen in Figs. 2 and 3, when the rates of 
larger particles grow in the dispense. of methane formation are compared at some 
smaller particles (19). The interaction be- lower temperature, say 550°C. Thus the 
tween nickel and promoters is not clear. promoting action for LTR seems to depend 
Before reduction, nickel oxide might partly on the ability to suppress, or retard, the 
form a compound or a solid solution with sintering. 
magnesia or alumina at the interface. 
Nickel aluminate is reported to be reduced 
only slightly at the temperature employed Promotion of High-Temperature Reaction 

(20). These points need-further study. In the present study, only the calcium 
An important point to be mentioned is compounds enhanced the HTR. The better 

that promoters do not increase the intrinsic dispersion of nickel caused by the promoter 
activity of nickel, rather decrease it. In might be favorable for the reaction, but the 
other words, the turnover number, if this ability to keep dispersion was largest with 
could be defined, would be smaller when magnesium, -which failed to enhance the 
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