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I. Task Description for FY 1989 

This program has investigated the role of catalysts in relatively low 
temperature steam gasification. New mechanisms have been demonstrated 
and it has been shown that combinations of alkali hydroxide with 

transition metal oxides form compounds which act as the true catalyst to 
produce mostly hydrogen and carbon dioxide. Most of the mechanistic work 
has been done with graphite as a pure source of carbon. A number of 
chars with different ash contents and ash compositions have been gasified 

at relatively low temperatures (-800K). There is a major effect of the 
ash content on the catalyst. In some cases catalysts are being rapidly 
deactivated by ash components while in other cases gasification is 
promoted by ash. Demineralized chars can be gasified at low temperatures 
with the potassium-nickel catalyst without appreciable deactivation. In 

general chars are much easier to gasify than graphite. More recently it 
has been found that combinations of alkali and earth alkali catalysts, 
for instance mixtures of potassium and calcium oxides, are excellent 
gasification catalysts that cannot easily be poisoned by ash components. 
These catalysts are also considerably less expensive than transition 
metal compound containing materials. Future work will investigate the 
role of alkali-earth alkali catalysts which have been shown to be able to 
dissociate water at relatively low temperatures. A series of chars of 
different derivations will be gasified with these materials. The 
investigation will include the effect of oxidizing or reducing 
atmospheres. Poisoning of catalysts will be investigated by adding ash 
components back to demineralized chars. 

II. Highlights 

• The effect of sulfur compounds on K-Ni and K-Ca catalyst 
activity during steam gasification of chars was studied. 

• Inorganic, pyritic sulfur showed only very minor activity 
inhibition even at high (3%) sulfur loadings for both types 

of catalyst. 
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• Organic sulfur (Dibenzothiophene) showed little effect on 
the K-Ca catalyst, but severely poisoned the K-Ni catalyst. 
At a 3% S loading, it essentially killed the catalyst 
activity. 

• A kinetic study of K, K-Ca, and K-Ni catalysts on graphite 
indicates that the catalyst susceptibility to H2 decreases 
in the order K-Ni > K > K-Ca. It is suggested that 

hydroxide formation plays a role in hydrogen inhibition. 

• A temperature programmed reaction (TPR) study of the 
decomposition of the nitrate salts used for deposition on 

chars has been carried out. It shows that potassium nitrate 
alone results in a compound formation of carbon and 
potassium oxide and/or metal which may be intercalated and 
cannot react with edges of the carbon. In the case of 
binary catalyst, mixtures of specific oxides which can 
contain an alkali peroxide are formed, which can wet the 
carbon surface. 

III. Progress of Studies 

a) Effect of Sulfur Compounds on Gasification Catalysts 

Earlier work in this project has shown that some of the 
catalysts used in the steam gasification of chars deactivate over a 
period of time. It has been demonstrated that this catalyst poisoning is 

due to ash components in the char. Demineralized chars do not show this 
deactivation. The poisoning effect by ash components varies with 
different chars and is much more noticeable for transition metal 
containing catalysts (e.g., potassium-nickel) than for alkali-earth 
alkali (e.g., potassium-calcium oxide) catalysts. 

Since almost all ash contains sulfur compounds, a study was 
undertaken to determine the role of sulfur poisoning in the catalytic 
gasification of chars. 
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The char used in this study was a Franklin #8 pitt char derived 

from the bituminous coal by steam oxidation at 1100°C. The char was 
demineralized by the HF/HCl treatment discussed in earlier reports, but 
still contained a small amount of residual sulfur content. 

The demineralized char could not be gasified by our standard 
procedure in the absence of catalysts, but was readily gasified after 
impregnation with either K-Ni or K-Ca catalysts. 

Two types of sulfur compounds were added to the demineralized 
char, which was then impregnated with catalysts. They were: 1) mineral 
sulfur as pyrite (99.7% pure) in amounts of 0.1, 1.0, and 3.0% S based on 
char; 2) organic sulfur as dibenzothiophene (high purity) in amounts of 
0.1. 1.0, and 3.0% S. The sulfur loaded demineralized chars containing 

catalysts were gasified at 640°C, atmospheric pressure and a water liquid 
rate of 0.056 cc/min/.5g sample. Pyrite was added to the char by 
co-grinding, dibenzothiophene (DBT) by impregnation. 

Fig. 1 shows that with K-Ca catalyst on the demineralized char, 

the addition of pyrite has no appreciable effect on the rate of 
gasification which is quite constant in the range tested (up to 60% 
conversion). The differences between the three sulfur loadings and the 
base case are within experimental error. 

Fig. 2 presents the rates for gasification with a K-Ni catalyst 
in the presence of pyrite. The picture is very similar to that with K-Ca 
catalyst and there appears to be no detrimental effect of pyritic 

sulfur. As previously observed, the K-Ni catalyst is more active than 
the K-Ca catalyst. 

Both Fig. 1 and Fig. 2 show a very small initial activity of the 
catalyst-free, but pyrite containing demineralized char, perhaps 
attributable to the iron content of the pyrite. 
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A very different picture emerges when organic sulfur (as DBT) is 
added. In the case of the K-Ca catalyst (Fig. 3) the rates of 
gasification are somewhat lower than for the sulfur-free case and 

decrease with increased sulfur loading. The greatest difference between 
the sulfur-free and the sulfur loaded catalysts occurs during the first 
30% of char conversion. The sulfur-free case shows a high initial rate 
which declines to a steady state after 30% conversion while the 
sulfur-loaded cases show an initial and continuous steady state rate at 
about the same level as the sulfur-free case after 30% conversion. While 
an argument could be made that the initial higher rate in the absence of 

S compounds is due to greater pore accessibility and that pores may 
initially be plugged by DBT, no proven explanation for this phenomenon is 
currently available. However, the poisoning effect for K-Ca is 
relatively minor. 

By contrast (Fig. 4) the K-Ni catalyst shows a definite poisoning 
with increasing amounts of DBT, which at a level of 3% essentially kills 
catalyst activity during the first 20% of conversion. 

Overall, it then appears that organic sulfur is a fairly severe 
poison for gasification with transition metal catalysts while pyritic 
sulfur is quite inert. Alkali-earth alkali catalyst are quite sulfur 

resistant. 

b) Kinetic Study of K-Ca and K-Ni Catalysts on Graphite 

A kinetic study was performed in order to complete the 

comparison between the two bimetallic catalysts (K-Ca and K-Ni) which 
were the most active of those studied for the steam gasification of the 
various carbon samples investigated. 

The partial orders of reaction were determined on graphite 
samples containing a catalyst/carbon ratio equal to 0.01. The same 
determination was also made with a K/graphite sample having a 

catalyst/carbon ratio equal to 0.02. 
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The experimental technique used was the dilution with inert gas 
(He) while keeping the partial pressure of the other gaseous reactants 
constant. Every system was kinetically tested after 30% of graphite 

conversion to insure that a steady state was achieved (pseudo zero 
order). Also, no tests were made after 70% of conversion, so that major 
changes in catalyst/carbon ratio did not affect the final carbon 
conversion rates, as has been observed toward the end of gasification. 

These conditions required selection of different temperatures for 
every system: K-Ni/graphite 660°C, K-Ca/graphite 668°C, K/graphite 680°C. 

The high activation energies found and previously reported for 
all the carbonaceous and catalyst samples studied in our system along 
with the very small grain size used and the high linear velocity of the 
gases makes us assume that chemical controlling steps are driving the 

reaction, and that diffusional considerations can be excluded. 

During steady state our reactor can be visualized as if a 
constant "flow" of carbon to be gasified were passing through a 
stationary catalyst. If all other conditions are constant, including 
H20, H2, and co2 partial pressures, the reaction rate should be 

constant. This state is experimentally observed and can be expressed 
because of our conditions (low conversion levels and high space 
velocity) in a very simplified way as occurring in a differential reactor: 

If 

Then 

F : 
0 

F: 
Neat: 
R : c 
c: 
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Assuming that the number of moles of catalyst participating in 

the reaction is constant during the period of investigation: 

{1) 

S is the molar space velocity and at our conditions will be 
approximately constant. This single expression {1) means that the rate 
in our reactor can be obtained at any given time by calculating the 
variation of conversion at regular intervals of time. 

On the other hand, the kinetic expression can be generalized as: 

{2) 

Then the order of reaction can be determined by varying the 
partial pressure of one component while keeping the partial pressures of 

the other components constant by using an inert gas to maintain the total 
pressure constant. 

It has been determined that, at our conditions, co2 has no effect 
on the reaction rate (partial order zero). 

Water was introduced in large excess when the hydrogen partial 
pressure was varied. Hydrogen was used in excess when water partial 
order was to be determined. 

Expression (2) then becomes 

Rc = k• 

when the water partial pressure or respectively the hydrogen partial 
pressure was varied. 

If we take natural logarithms: 
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Then the slopes of the plots of these expressions (Fig. s. 6, and 
7) will give us the partial orders of reaction a and b for every catalyst 

studied. 

Good correlations are observed and the orders obtained for every 

system are in Table I. 

TABLE I 

Regress ion 
System Water Partia 1 H2 Partia 1 Factor for 

order (a) order (b) (a) (b) 

K-Ca/graphite O.SO:t{).03 -0.21:t{).Ol 0.96 -0.98 

K/graphite 0.66:t{).04 -0. 71:t{).Ol 0.94 -0.99 

K-Ni/graphite 0.69:t{).03 -l.04:t0.01 0.95 -0.99 

From these results it is apparent that the susceptibility to H2 
decreases in the order K-Ni > K > K-Ca. 

Assuming that total dissociation of water is required for the 
reaction, one can propose that hydroxide formation may be the way by. 
which hydrogen inhibition happens·. It is well known Ni has a greater 
tendency to form such species than either K or Ca. It appears that water 
dissociation is easier on K-Ca than on the other catalysts; however, a 
single order study is not sufficient for definitive conclusions. 
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c) Thermally Progranmed Reaction (TPR) of Nitrate 

Decomposition 

Knowledge of the initial state of the catalyst just prior 

to steam gasification of carbon samples is important information that 
could help to explain the mechanism of reaction and may permit 
development of better catalysts for this process. 

With this in mind the decomposition of metal salts, in our case 
exclusively nitrates, used for depositing metal oxides on the carbon 
surface should be better understood so that information can be obtained 
on the ratio of oxygen and metals at the beginning of the gasification 

reaction. 

A TPR study of nitrate decomposition during the activation step 
prior to initiation of the steam gasification of graphite was performed. 

A 1°C/min temperature program was used with 1 cc/min He flowing 
continuously into the reactor to carry the products through a short line 
to the analytical system (G.C.). The frequency of analysis in most cases 
was between every 18 to 20 min; thus, at least one analysis for the 

products of decomposition was obtained for every 20°C. A small expansion 
volume (6cc) was provided between the reactor and the analytical system 
in order to ensure an integral analysis of the gases contained in the 
lines at every moment. Integral analysis is more reliable when, as in 
this case, slow temperature program rates and slow response analytical 
systems are used. 

In addition to information about the temperature at which 
decomposition of the salts occurs, this study also gives quantitative 
information concerning the relative proportions of the different products 
released. 

NO, co2, and o2 are in that order the main products for all the 
decompositions studied. Only trace amounts of NO and hydrocarbons 

X 
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were found. Their evolution as a function of temperature for every 

system is shown in Figs. 8 to 13. 

It can be seen that K (Fig. 88), Ni (Fig. 11), and K-Ni (Fig. SA) 

catalysts gave a similar pattern of decomposition with a small peak 

between 180-260°C and another big peak between 350-410°C. 

The systems Ca/graphite (Fig. 10) and K-Ca/graphite (Fig. 9) show 

only one peak. 

A bimodal dispersion of the Ni(N03)2 and KN03 may explain the two 
decomposition peaks obtained. 

The integration of the total area for each compound and their 
ratios will give semi-quantitative information about the stoichiometry of 
the oxides left on the carbon surface. 

In Table II the ratios are reported for each of the systems based 
on the compound having the smallest area. 

TABLE II 

System NO C02 02 

K-Ni/graphite 1.9 1.0 * 

K/graphite 2.4 1.6 1.0 

Ni/graphite 1.9 1.6 * 

K-Ca/graphite 9.5 3.8 1.0 

Ca/graphite 4.0 1.0 * 

K-Ca (no carbon) 1.9 1.0 * 

*almost no oxygen released 

0034a - 11 



- 12 -

Based on these results, the oxidation state of the catalyst in 

each system can be arrived at by proposing chemical equations between 

nitrates and carbon that fit the proportions obtained for the released 

gases. 

The system K-Ni/graphite apparently follows the equation: 

( l ) 

The system K-Ca/graphite shows a very similar reaction (1) with a 

small release of oxygen. 

Ca/graphite shows a different reaction: 

( 2) 

Since Caco3 is stable above 800°C, this finding is not surprising. 

The case of Ni/graphite follows the reaction: 

Ni(N03)2 +1 .SC ~ NiO + 2NO + 1.5C02 ( 3) 

The system K/graphite decomposes in such a way that the existence 

of oxidic species like K2o or K0 2 on the graphite surface would be 

possible only if an important fraction of potassium were in the metallic 

state or coordinated to the _carbon like an interlayered organometallic 

compound. 

No evidence of oxygen spillover was found, and apparently the 

decomposition of the K-Ca system in the absence of carbon results in the 

same oxide as that obtained from the K-Ca/graphite system, by the 

reaction: 

(4) 
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According to the TPR pattern, this reaction is occurring in two 

steps: 

KCa(N03)3 ~ KCa(N02)3 + 1.502 
KCa(N02)3 ~ KCa03 + 3NO 

(5) 

(6) 

Based on these results it appears that for a bimetallic system a 

higher valent oxide, relative to that obtained with the individual metals 

is present at the beginning of gasification. 

It is possible then that one of the roles of the binary mixtures 

is to force the formation of a specific alkali oxide which can be a 

peroxide. Such a preferential way to the oxide formation is clearly 

shown for Ca the tendency of which is to form carbonates is eleminated in 

the K-Ca mixture. 

These results may suggest formation of an unstable carbonate or 

metal carboxylate species which decomposes cyclically into the lower 

oxide, which in turn is further oxidized by water (or o2 or C0 2). Thus, 

the oxidation of carbon keeps going on providing a possible mechanism for 

low temperature carbon gasification . 
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