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I. Task Description for FY 1986

This program is designed to study the basic chemistry of the reaction
of carbonaceous materials with water in the bresence of cata]yst§ to
produce hydrocarbons and/or synthesis gas. Relatively low temperatures
are being used. Earlier work has shown that a combination of KOH and‘a
transition metal oxide, such as NiO, constitutes catalysts superior to
either component alone. It is an objective of the present task to
identify the optimum ratio of the components and to determine the
existence and composition of a potential catalytic compound, e.g. a
potassium nickelate. The applicability 6f the reactions thus far studied
with gfaphite to char, coke and possibly coal will be investigated.
Improvements in kinetics will be sought and the effect of added gases,

such as st; C0 and 02 will be researched.

I1. Highlights

1. A nickel-potassium catalyst is superior to either component alone in
the steam gasification of graphite and of several chars. The rate of

gasification is much higher for chars than for graphite.

2. The optimum molar ratio of Ni/K is between 1 and 2 and the optimum

catalyst to carbon ratio is about 10 -.

3. Nickelsalkali (Na;K) mixtures are much more effective catalysts than

nickel/earth alkali (Ca;Mg) mixtures.
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4, The  nickel/potassium catalyst permits reasonable rates of
gasification at temperatures between 600 and 900 K, appreciably lower

than alkali carbonates permit.

5. XPS spectra show shifts in the nickel on carbon spectrum after

exposure to steam when potassium is present, indicative of formation

of a stable N12+ species.

6. The catalyst, probably a potassium nickelate, is gradually poisoned
in the gasification of chars, but not of graphite. Treatment of char
with aqua regia largely eliminates the poisoning, which may therefore

be attributed to ash components.

7. COntro1Ted atmosphere electron microscopy (CAEM) shows that
gasification with the K/Ni0 catalyst proceeds by edge recession due
to wetting of the surface while nickel or potassium have previously

been shown to catalyse gasification by particle led channeling.

III.Progress of Studies

A. Flow Reactor Work

1. Introduction

The gasification of carbon solids with steam provides a route to
hydrogen and syngas production. Thermodynamic considerations indicate

that this process is feasible at temperatures as low as 300 K. In this
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range CH4 and CO2 would be the expected products, according to equation 1.

2C+2HO > CH + CO0 . (1)

2 ’ 4 2

while at higher temperatures the production of H, and CO, and then H, and

CO become more favorable (equations 2 and 3).

C+2HO > 2H +CO (2)

2 2 2

C+HO > H + CO (3)

2 2

Since kinetic barriers are an important constraint for the process,
several catalysts have been proposed in the literature to reduce the
temperature necessary to run this reaction. Alkaline and alkaline-earth
hydroxides, carbonates and oxides have been, so far, the catalysts more
widely studied. They are active at temperatures of about 1000 K and
higher and. their activity remains constant wup to high carbon
conversions. Use of these compounds, however, presents various
problems. Large'amounts of catalyst are necessary (>10% loadings) and in
the case of gasificétion of coals and chars, they become very difficult
to recover, due to their compound formation with ash components.
Transition metals in particular iron and nickel, have also been suggested
as catalysts for this process, because they are active at temperatures
much lower than the alkali compounds (600 K): however, they deactivate
very rapidly, due to carbon encapsulation and in the case of graphite
gasification and interaction with ash and sulfur compounds in the case of

char gasification.

We have previously reported that mixtures of potassium and nickel

kept most of the desirable properties of the components alone; i.e.



-6 -

activity at relative 1low temperatures _(600 K) and 1low deactivation
rates. We proved that a cooperative effect between the two components
was responsible for these characteristics and we suggested that a
potassium-nickel mixed oxide was the active catalyst. In the present
report, we include more recent studies on the graphite gasification with

steam using this typé of catalyst.

The interaction between a transition metal and an alkali or alkaline
earth metal for the gasification of carbon solids has been studied by

several authors. Haga and Nishiyama[l] reported that calcium increased

the activity of nickel for hydrogasification of pitch coke. Adler and
Huttinger[Z] found that mixtures of 1iron and potassium had unique
properties for steam gasification of PVC coke in the presence of hydrogen
and Suzuki ét a].[3] show that sodium promoted the activity of iron for

the steam gasification of Yallourn coal.

The results presented in this report support our origina] suggestion
that a potassium-nickel mixed oxide is the active catalyst and we
conclude that this catalyst must be very well dispersed on the carbon
surface. The results on char gasification show that the nickel-potassium

mixed oxide is more active than any of the components deposited alone.

2. Experimental

The experiments were run in a fixed bed flow reactor system shown in

Figure 1. Steam was produced by pumping water through a heated element.
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A knock-out container, labelled 3 in Figure 1, was used to separate the
condensed water from the steam and to dampen the pulsations in flow due
to the pump. The reactor was an alumina tube of .5 inch diameter, inside
of which there was a small alumina cartridge containing the sample (see
insert in Figure 1). The outside diameter of the cartridge was machined
to match the inside diameter of the reacfor tube, to assure that all the
steam was forced to flow through the sample. The use of spacers assured
that the position of the sample inside the reactor was the same in all
the experiments. The temperature was measured with a thermocouble in
contact with the external walls of the cartridge. To avoid losses of
fine carbon particles during experiments, the cartridge was sealed using
a ceramic cement that required a heat treatment in argon. Since this
treatment only required temperatures up to 643 K, we do not expect it to
have any effect on the results obtained. The pressure inside the reactor
was controlled using valve 7. The outlet gases wefe cooled -in a
condenser, sized to assure that the gas products will reach room
temperature at its outlet. The total gas production was measured using a
gas buret and the product distribution determined using an on-line gas
chromatograph and a sampling valve. The sampled géses were separated by
a 10 feet long 1/8 inch wide Carbosieve SII column and detected using a

Thermal Conductivity Detector. The carrier gas was helium.

Graphite and four chars were used as carbon substrates. 1In all of
the experiments 0.5 g of sample were used. Graphite was obtained from

Ultra Carbon Corporation (UCP-2) and contained less than 1 part per
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million of any transition metal. The elemental analysis, coal precursor
and pre-treatment of the four chars used is given in Table 1. They will

be named in this report according to their coal precursor.

The catalyst was Tloaded onto the carbon substrate by incipient
wetness. Hydroxide or nitrate solutions were used to deposit the
alkaline or alkaline earth cation, depending on their solubility in
water. In the nickel-potassium system the catalyst activity was the
same, whether potassium was deposited using a nitrate or hydroxide

solution. Nickel nitrate was always used to deposit the nickel.

Before introducing steam, the sample was treated in argon to seal the
cartridge, as mentioned before, and to decompose the nitrate salts to
form the oxides. The treatment involved periods of one hour at each,
363, 393 and 643 K, followed by a half an hour period ét 723 K. After
this treatment, steam was introduced by closing valve 5 and opening valve
4 (Figure 1). The temperature was kept at 723 K until no more argon was
collected in the gas buret (10 min.). The temperature was then raised to
the desired reaction temperature. After this was reached, a 15 min
period was allowed before data were collected, to assure that the system
had reached steady state conditions. Rates were determined by collecting
gas for 10 min and then a gas chromatograbh sample was taken to determine

the product distribution.

H2 and CO2 were the major reaction products. Since C0 has a
2

retative high solubility in water, the rates of reaction were determined
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measuring the H2 production. The carbon conversions were determined by:
(a) total H2 production, integrating curves of reaction rates versus
time, or (b) by weight loss, measur%ng the difference in weight of the
cartridge sample after the sample has been heat treated and after

reaction.

Since a small fraction of the gases was CO, and the stochiometry of
H2 produced per carbon consumed is different in reactions 2 and 3, the
carbon consumption obtained from.the total Hz production was calculated
using equation 5

moles C consumed = (moles Hzgproduced + moles CO produced) (4)
2

which can be derived from mass balance equations.

Carbon conversion was calculated from total H2 production by dividing

the carbon consumption obtained from equation 4 by the total weight of
the sample. Alternatively carbon conversion was calculated by weight
loss measurement; it was assumed that the change in weight was due only

to gasified carbon.

3. Results

(a) Steam gasification of graphite

Figure 2 shows that mixtures of alkalis (Na or K) and nickel are more
active for steam gasification of graphite than mixtures of alkaline
earths (Ca or Mg) and nickel. The activation energy also depends on the

cation, and in the case of sodium and calcium the values are very
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different from the one reported for nickel alone. 1In all four cases it
is clear that there is an interaction between the transition metal and
the group IIa or IIb cation. This conclusion is also derived from the
catalytic behavior of these compounds as a function of time (Figure 3).
While nickel deposited alone on graphite shows a very high rate of
gasification that goes to zero after a few hours, (Figure 3 Curve B), a
mixture of potassium and nickel maintains its initial activity for a
period of six hours, even though its value is lTower than the initial one

for nickel alone (Figure 3 Curve A).

For the nickel-potassium catalyst the rate is proportional to the
cata]yst’1oading up to a catalyst to carbon molar ratio of 2 x 10-2; at
higher loadings the rate goes down by 20% (Figure 4). When the ratio of
nickel to pofassium was changed at a constant nickel loading (Figure 5),
a maximum in activity was observed at a molar ratio of Ni/K equal to 2.0
(Nickel molar ratio (xNi)=0'67)' At higher Ni/K molar ratios a constant
rate of gasification with time was generally observed, as described in
Curve B of Figure 3, but on a few occasions, a high initial rate of gas
production was obtained (see Fig. 6). In contrast to the case of nickel
deposited alone, the catalyst in those experiments did not deactivate
completely and after a few hours it kept an activity level similar to
that of experiments where the ratio of nickel to potassium was the same
but the initial burst did not occur. This initial burst was never seen
when the Ni/K ratio is less or equal than 1.0, and it always occurred at
higher ratios. Sample preparation was the same in all cases. A possible
exp]énation for this behavior pattern will be given in the discussion

section.
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The dependence of the rate of gasification on the pressure of steam
is shown in Figure 7. Even though the scatter in the data is larger at
higher temperatures, the rate of gasification does not show a clear

dependence with the pressure of steam in the range studied.

(b) Steam gasification of chars

The steam gasification of four chars has been studied using nickel
and potassium oxides as catalysts deposited together or by themselves.
- In all the experiments the potassium loading in the sample was 2.7% in

‘weight and the nickel loading was 4.1% in weight.

Figure 8 shows that the activity of the nickel-potassium catalyst for
steam gasification of I1linois #6 char (Curve A) is much higher than the
mathematical sum of the rates of the component§ deposited alone (Sum of
Curves B and C), indicating again the existence of a cooperative effect

between the two oxides.

Figure 8 also shows a different behavior for the nickel and the
nickel-potassium catalysts on the gasification of Illinois #6 char and
graphite. For the nickel-potassium catalyst, the initial rate of
gasification of this char is 200 times higher than that of graphite, and
even though the catalyst deactivates, after 6 hours the rate is still 10
times higher (compare Curve A in Figures 3 and 8). In contrast with the
nicke]-potassium‘céta]yst, nickel deposited alone is almost inactive for

the gasificatioh of this char, while its initial rate of gasification of



-12 -

graphite is extremely high (compare Curve B in Fiqures 3 and 8). Carbon
conversions obtained from integration of Curves A and B in Figure 8 show
that after 6 hours the nickel potassium catalyst gives a 34% conversion

while nickel alone only gasified 3% of the carbon.

The carbon conversions obtained for the four different chars and
graphite using a potassium nickel catalyst are summarized in Figure 9.
As was already mentioned for the case of 1Illinois #6, the carbon
conversions for all four chars after 6 hours are at least 20 times higher
than that of graphite. 1In the Illinois #6 and Montana chars, the carbon
conversions measured by hydrogen production or by weight loss agree very
well, {ndicating that the carbon is 1indeed gasified by reaction with
water, according to equation 4. In the case of Western Kentucky and
North Dakoté chars, thg convefsions determined by hydrogen production are
higher_ than those measured by weight loss. This suggests that in
addition to the reaction between carbon and water, the nickel-potassium
mixture also probably catalyses hydrogen production by breaking

hydrogen-carbon bonds already present in the char.

Figure 10 shows the rate of gasification of Montana char as a
function of time, catalyzed by a mixture of nickel and potassium and by
nickel alone. Curves A and B show that if the char is treated in steam
at high temperatures, these two catalysts show similar activities as a
function of time, in contrast with the behaviors already described for
IT]inois #6 char and graphite. These results suggest that for this

particular char, the nickel in both catalysts was interacting with some



-13 -

component in the char and therefore giving the same activity as a
function of time. 1In order to test this idea, the char was treated with
aqua regia overnight at room temperature, to dissolve as much of the
inorganic components of the char as possible. Catalyst was then
deposited on the treated char. The results obtained are shown in Curves
C and D of Figure 10. As in the case of I1linois #6 char, the
nickel-potassium catalyst was more active than nickel alone, which is
reflected in a higher carbon conversion after six hours. In this case no
deactivation was observed over a six hour period, indicating also that
the aqua regia treatment is dissolving the compound responsible for the

catalyst deactivation.
(c) Discussion

The results presented in this report clearly show that mixtures of
nickel and potassium have catalytic properties for the steam gasification
of graphite or char that neither of the components alone possess. Theﬁe
mixtures show a higher activity than potassium hydroxide and a higher

resistance to poisoning than nickel metal.

Potassium is a well known promoter of transition metals in a large
number of catalytic processes. 1In this case, however, we do not believe
that the characteristics of this mixture can be explained by a promotion
of one component on the catalytic properties of the other. Figure 3
shbws that the initial activity of the nickel-potassium mixture is lower

than that of nickel alone, so the effect of the potassium on nickel is
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(1]

not to increase 1its intrinsic activity. Haga and Nishiyama
pointed out that alkaline earth do nqt increase the intrinsic activity of
nickel for carbon hydrogasification; they rather decrease it. They
suggest that in their case, the effect of the alkaline earth is to avoid
the sintering of the nickel. Our results, a§ w111 be discussed later,
also suggest that the nickel potassium mixture is very well dispersed on
the carbon surface, but Figure 2 shows that mixtures of nickel with
various alkali or alkaline earth oxides have different activities and
activation energies for the process. Thereforé the effect of the group
ITa or IIb cation on nickel cannot be explained only by a geometric

effect.

Figure 5 shows that there is a maximum in activity when the ratio of
nickel to potassium is varied at a constant nickel loading on graphite.
This can be explained if the activity of the nickel potassium catalyst
depends on the formation of a compound with a defined stochiometry.
Several potassium-nickel ternary oxides have been reported 1in the
literature. This type of oxides has also been synthesized using other
transition metal oxides and/or other alkali or alkaline earth oxides or
hydroxides. Baker and Dawson[4] reported that the reaction between
K2N1'02 and Hzo at room temperature 1is highly exothermic, according to

equation 6
K2N1'02 + H20 = 2 KOH + Ni0 (6)

It is possible that at higher temperatures the equilibrium is shifted to

the 1left, favoring the formation of the ternary oxide. In the

also .
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temperature range studied, neither KOH nor Ni0 are catalysts for the
steam gasification of graphite; therefore if the ternary oxide is the
only active catalyst, the maximum in rate observed in Fiqure 5
corresponds to the ratio 6f nickel to potassium that maximizes its

concéntration in equilibrium with these other two solids.

Even though Ni0 is not a good catalyst for this process it can be

reduced to the metallic state by carbon, accordihg to equation 7
Ni0 + C — Ni + CO (7)

If nické] metal were present, a high initial rate of hydrogen production
should be observed, as in Curve B of Figure 3. Since this is not the
case, we pfopose that the potassium-nickel ternary oxide is very well
dispersed on the carbon surface and does not allow the contact between
Ni0 and graphite. This suggestion 1is supported by the work of other
authors. Adler et al.[zl studied the catalytic properties of mixtures of
K2$04 and FeSO4 for the steam gasification of graphite. They found that
the mixture forms a molten phase at 650°C that wets the substrate
extremely well, whereas the components deposited alone remain as

(5] using controlled atmosphere electron mycroscopy

powders. Baker et al.
(CAEM) reported that mixtures of nickel and calcium wet and spread on the
edge planes of graphite, favoring its water attack by an edge recession
mode. In the next section of this report, similar results found for the

nickel potassium system using CAEM will be discussed.



- 16 -

As mentioned earlier, in some occasions an initial gas burst was
observed, after which the catalyst a;tivity levels to a rate similar to
that of experiments where the nickel to potassium loading was the same
but the burst did not occur. This initial high rate can be due to a
small fraction of the nickel not ‘bound to potassium, which gets in
contact with the carbon substrate and is reduced. After a few minutes,
this small fraction deactivates and the H2 rate observed is only due to
the activity of the nickel-potassium ternary oxide. This initial gas
burst is not commonly observed because, in general, the ternary oxide is
preventing the interaction between the excess nickel and the carbon
substrate. These results also suggest that there is no interaction
between Ni metal and potassium nickelate, since the_behavior described in
Curve A of Figure 6 can be explained by just adding Curves A and B in

Figure 3.

Figure 7 shows that in the range studied, the rate of gasification is
independent of the steam pressure. Similar results have been found when
the reaction 1is catalyzed by alkali metal hydroxides or carbonates. 1In
those cases, it is proposed that the water coverage remains at saturation
under reaction conditions, and the rate 1limiting step 1is the
decomposition of surface carbon oxide groups formed from the dissociation

of water.

The results obtained for the steam gasification of the four char
studied also support the existence of a stable ternary oxide, which
catalyses the process. The initial activity of nickel alone for steam

gasification of Illinois #6 char is two orders of magnitude lower than
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that of graphite (Compare Cufves'B in Figures 3 and 8). As mentioned in
the introduction, ash and sulfur compounds present in the char interact
strongly with metallic nickelland considerably reduce its, activiiy for
steam gasification. The potassium-nickel mixture, on the contrary, shows
a higher rate of gasification on Il1linois #6 char than on graphite.
Furthermore, its activity is higher than the sum of the activities of the
components deposited by themselves. This again suggests that nickel and
potassium form a stable compound, that in the éase of char gasification
is more resistant: to deactivation than either nickel or potassium
deposited alone. The higher activity of the potassium-nickel catalyst
for steam gasification of chars 1is also reflected in highef carbon
conversfons as observed in Figure 9. A higher surface area, involving a
higher concentration of active sites could bé the reason for this higher
activity. A1so, the presence of oxygen groups on the surface could
improve the spreading of the catalyst Vénd Atherefore increasé‘ its
activity. This ‘explanation has been proposed to explain correlations
between the activity of alkali hydroxfdes and carbonates for the steam

gasification of several chars and the oxygen content in the char.

Figures 8 and 10 also show that the nickel-potassium oxide activity
for char gasificafion decreases as a function of time. Figure 10 also
shows that an aqua regia pretreatment of the char removes the cause of
the deactijvation. At this point not enough results are available to
further comment on the problem, but Both kinetic and surface science

studies of the system will be done to obtain more information.
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B. Controlled Atmosphere Electron Microscopy (CAEM)

1. Introduction

This part of the'work was performed in collaboration with Dr. R. T.
K. Baker of Exxon Research & Engineering Company. The use of the Exxon

instruments by LBL scientists under Dr. Baker's supervision and with his

advice is appreciated.

2. Experimental

A detailed description of <the CAEM technique can be found
elsewhere (6). Nickel and potassium were introduced onto single-crystal
| graphite transmission specimens as an atomized spray for a 0.1% aqueous
solution containing a 50:50 mixture of nickel nitrate and potassium
hydroxide. Conditions of spraying were selected so that upon subsequent
decomposition of the precursor molecules, a mixed niéke]-potasSium
coverage equivalent to two monolayers was obtained. Prior to reaction in
a gasifying environment the system was heated in argon at 723 K fpr 0.5 h
in order to achieve good nucleation of nickel-potassium particles, which

on average grew to 15 nm in diameter.

The gases used in this part of the investigation were obtained from
Scientific Gas Products, Inc. with stated purities of 99.999% and were
used without further.purification. Steam was introduced into the system
by allowing a carrier gas to flow through a bubbler containing deionized
WAter maintained at 293 K, a procedure which produced a gas/water ratio

of ~40/1 in the gas reaction cell.
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3. Results and Discussion

(a) Ni/K on graphite treated with steam

When the nickel-potassium/graphite was treated in a steam environment
particles located on the graphite edge  regions started to undergo a
transformation at temperatures between 748 K to 786 K from a non-wetting
to a wetting condition and eventually disappeared due to a spreading
action of material along the edge sites. On cpntinued heating to 828 K
these regions started to erode givihg the initially uniform edges -a very
ragged appearance. Edge recession became more ordered as the temperature
was gradually raised to 948 K and from reference to the position of twin
vbands it was possible to determine that the recession was taking place in
directions parallel to the <1120> crystallographic orientations of the
graphite structure. Figures 11A-11B show a sequence taken from the video
display showing the recession of edges at 1098 K. The rate of edge
'ketession continued to increase as the temperature was raised from’948 K
to 1373 K. It was interesting to find that compared to the behavior of
71 [8]

nickel under similar conditions, the nickel potassium

and potassium
catalyst did not exhibit any evidence of widespread deactivation.
Howevef, at 1228 K it was occasionally found that edge recession cgased
as particles reformed and proceeded to create channels. This phenomenon
may have been caused by a change in the wetting characteristics of the

catalyst with graphite brought about by build-up of the hydrogen product

in the gas phase.

‘_In some cases specimens were given a pretreatment in either wet
hydrogen or wet oxygen where the initial catalytic action occurred by the

channeling made. When steam was substituted for these environments then
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on subsequent reheating particles located at the ends of ‘the channels
underwent spreading and gasification proceeded by edge recession. It was
noticeable that with these specimens there was an increase in the overall
reactivity due to the creation of a greater number of available edge

sites.

Detailed quantitative kinetic analysis of many edge recession
sequences showed that the rates of gasification in steam were independent
of the pretreatment process, and from the s]obe of the Arrhenius plot
presenfed in Figure 12 it has been possible to derive a value of 30.9 + 3
kcal mole for the apparent activation energy of the
nickel-potassium/graphite steam reaction. It is interesting to find that
this figure 'is close to those found for the influence of nickel and

potassjum of 33.8 + 4 kcal mole *[7) and 35.0 ¢+ 4 kcal mole™ [8],

respectively. Comparison of the fintrinsic activities of the three
systems shows that the mixed catalyst is marginally highér than nicke],
but much lower than potassium, when reacted under similar conditions.
However, the activity of the mixed catalyst is ﬁaintained to higher
temperatures than is possible with either of the single components. It
is possible that the addition of potassium to nickel prevents the
formation of a graphite overlayer, which has been suggested as a possible

reason for the deactivation of nickel in the graphite-steam reaction (9).

(b) Ni/K on graphite treated with H2 or 02

_Additiona] work was performed in CAEM equipment on gasification with
hydrogen and with okygen using Ni/K catalysts. This work will be

described in the next report.
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Figure Captions

Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5

Flow reactor system used to obtain the kinetic results presented

in this report.

Rate of steam gasification of graphite catalyzed by four
mixtures of alkali or alkaline earth oxides and nickel oxide.
The numbers above each bar are the activation energies fpr the
respective catalyst. The molar ratio of alkali or alkaline

earth cation to nickel is equé] to 1.0 and the molar ratio of

nickel to carbon is 1x10 2.

Rate of steam gasification of graphite as é function of time
cafa]yzed by a mixture of nickel and potassium (Curve A) and by
nickel alone (Curve B). In both cases the mo]ar ratio of nickel
to carbon 1is equal to 1x10-2. For Curve A the molar ratio of

nickel to potassium is 1.0.

Dependence of the rate of steam gasification of graphite on

nickel loading at a constant ratio of nickel to potassium.

Dependence of the rate of steam gasification of graphite on the

ratio of nickel to potassium at a constant nickel loading.



Fig. 6

Fig.

7

Fig. 8

Fig. 9

Fig.

10
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Rate of steam gasification obtained for two similar experiments
at high nickel to potassium ratio. Notice that after 50 min.
the rate is the same for both experiments, even though Curve A
shows an initial high activity typical of Ni alone. For an

explanation about the different behaviors, see the discussion

section.

Dependence of the rate of steam gasification of the steam

pressure.

Rate of steam gasification of Il1linois N-6 char as a function of

H time for three different catalysts and for the uncatalyzed

reaction.

Percentage of carbon conversion after 6 hours for five different
carbon sources when the reaction is catalyzed by a mixture of
potassium and nickel. The carbon conversions were determined by
two different methods, total hydrogen production and carbon

weight loss.

Rates of steam gasification of Montana char as a function of
time catalyzed by a mixture of potassium and nickel oxides and

by nickel alone. Curves A and B show the results when the char

is only heat treated before loading the catalyst. Curves C and

D show the results when the char is treated in aqua regia
overnight after the heat treatment and befdre the catalyst

loading.



Fig. 11A/B

Fig.

12
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Controlled Atmosphere Electron Micrographs time sequence
showing the edge recession activity of the potassium-nickel

catalyst at 1200 K. The diameter of the figqure is 1.5 um.

Arrhenius plot of the potassium/nickel catalyzed steam
gasification of graphite measured from CAEM experiments.

The sTopes give an activation energy equal to 30.7 Kcal/mol.
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TABLE 1
Characteristics of Coal Char and Graphite Samples Used in this Study

Analysis (wt%)b

Char - ASTM Rank? of c
Name Parent Coal Pretreatment c H N 0 S Ash
Western Hv.B.Bit. Unspecified - 72.3 3.2 1.4 7.9 3.2 12
Kentucky
Washed (WK)
North Lignite Partial Steam 71.2 1.1 0.37 13-17 2.0 8-12e'
Dakota Gasification
Husky (NDHL) T = 1200K
Montana (MS) Subbituminous Partial Steam 66.0 1.1 0.20 - 0.92 -

gasification: ‘

T = 1200K
I11inois N-6 HV.C. Bit. Pregasifier 72.0 3.3 1.5 10.9 2.6 9.1
Low Temp. Heater '
(I 6LT) T 670K
Graphite UCP-2 None 100 0 0 0 0 0
3 hy. = High volatility B and C indicate bituminous classes.
b Dry mineral matter containing basis. Oxygen by difference.
¢ Total sulfur.
d By low temperature technique (oxygen plasma).
e

Not measured. Range of values reported in reference 12.
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Figure 11B
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