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The catalytic steam gasification of graphite and several chars to H2 and CO2 has been studied 
using a K-Ca-Ox catalyst (K-Ca/C = 0.01 atomic ratio) in a flow reactor system at relatively low 
temperatures (600-950 K) and in a controlled atmosphere electron microscope (CAEM). A kinetic 
study of graphite gasification with water was performed. K-Ca-Ox appeared to be less sensitive to 
hydrogen partial pressure that has an inhibiting effect on this reaction than other active catalysts. 
Evidence was found for water dissociation on the catalyst. Activation energies obtained in the flow 
reactor system were essentially the same as those for graphite and chars and for various catalysts. 
The K-Ca-Ox catalyst was more resistant to sulfur poisoning than a K-Ni-Ox catalyst described in 
a previous publication. A CAEM study of the K-Ca-Ox-catalyzed steam gasification of graphite 
showed: (1) a homogeneous composition of the dispersed K-Ca  catalyst mixture; (2) graphite 
consumption by edge recesssion during steam gasification; (3) an activation energy close to that 
found in the flow reactor system. The results indicate that steam gasification proceeds via water 
dissociation and oxygen transfer to the carbon. The rate-controlling step, however, is the C-C 
bond breaking next to a surface carbon-oxygen complex which produces CO2. Chars gasify at 
rates higher by an order of rnagnitude than that of graphite. The K-Ca-O~ catalyst exhibits superior 
poison resistance. © 1990 Academic Press, Inc. 

INTRODUCTION 

The catalyzed steam gasification of car- 
bon solids such as graphite and chars has 
been quite extensively reported (1-3). This 
catalytic reaction is unusual because the 
gasification of the solid reactant occurs at a 
solid-solid (carbon-catalyst) interface. 
The reaction is used for production of gas- 
eous fuels, the removal of polymeric car- 
bon from oxide surfaces, and gasification of 
biomass (4, 5). There have been studies of 
the intermediates and the oxygenated sur- 
face species formed during carbon gasifica- 
tion (6-11). 

We have previously described research 
using only potassium oxide as a catalyst for 
gasification (12, 13). We also found that po- 
tassium-nickel oxide mixtures exhibited 
markedly higher activity than that of either 
K20 or NiO (13). In this paper, we intro- 
duce and describe the behavior of a supe- 
rior poison-resistant catalyst mixture, po- 
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tassium-calcium oxide, for the steam 
gasification of carbon solids. This catalyst 
exhibits high activity at relatively low tem- 
peratures (850-900 K) and it produces pri- 
marily H2 and CO2. The activity is at least 
partially attributable to the excellent wet- 
ting of carbon by the catalyst precursors in 
their molten state prior to their decomposi- 
tion. 

Electron microscopy studies indicate 
that a homogeneous binary catalyst is 
formed after decomposition of the nitrate 
precursor salts and that gasification occurs 
by edge recession of the graphite prismatic 
planes while the basal plane is unreactive. 
This is similar to findings with K-Ni -O  
catalysts (14). Water dissociation by the K-  
Ca-Ox catalyst was found to be an impor- 
tant reaction step. Hydrogen is released 
and oxygen forms compounds with the car- 
bon. The rate-limiting step appears to be 
the breaking of C-C bonds releasing carbon 
oxides (12). 

0021-9517/90 $3.00 
Copyright © 1990 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



464 P E R E I R A  ET AL.  

The rate equation obtained for graphite 
gasification is given by 

Rate = A' exp(-209 kJ/mol/RT) P"(H20) 

X P b ( H 2 )  , 

where a - 0.5 and b - -0 .2  to -1 .  (The 
order of b for H2 is catalyst dependent as 
shown in Table 2. It is -0.21 for K-Ca-Ox,  
-0.71 for K-Ox, and -1.04 for K-Ni-Ox.)  

The rate is expressed in moles of carbon 
converted per mole of catalyst per second; 
P ( H 2 0 )  is the water partial pressure, P ( H / )  

represents hydrogen partial pressure, and a 
and b are the respective partial orders. 

Chars from coals gasify at much higher 
rates (e.g., tenfold) than that of graphite. 
The relative ease of gasification of different 
types of carbon is lignite > subbituminous 
char > bituminous char > graphite and is 
independent of the catalyst used. The po- 
tassium-calcium oxide catalyst is much 
more resistant than the potassium-nickel 
oxide catalyst tO poisoning either by the 
mineral content of the char or by sulfur arti- 
ficially added to the sample. 

EXPERIMENTAL 

(A) Sample Preparation 

Graphite was obtained from Ultra Car- 
bon Corp. (spectroscopic grade Type 
UCP2; 325 mesh). Chars were obtained 

from the Institute of Gas Technology. Ta- 
ble 1 lists the relevant characteristics of the 
carbon sources tested. The samples were 
impregnated with nitrate solutions of potas- 
sium and nickel or of potassium and cal- 
cium to incipient wetness. The atomic ratio 
K/M +~ was kept equal to 1 and the ratio 
K/C = 0.01. The samples were dried at 420 
K f o r  1 h. 

(B) Flow Reactor System (FRS) 

Figure 1 shows a diagram of the FRS 
used. The reactor is a 5-ram-i.d. alumina 
tube. About 0.5 g of sample is deposited 
between two alumina wool plugs. Steam is 
produced by pumping water with a Harvard 
compact infusion pump Model 975 through 
heated lines. By keeping water flows below 
0.1 ml/min, the total pressure in the reactor 
is very close to 760 Torr. A liquid rate of 
0.06 ml/min was selected as a standard 
flow, equivalent to 240 ml/min of steam at 
850 K. Steam leaving the reactor is con- 
densed by volume expansion. Gas flow pro- 
duced is recorded by a precalibrated ther- 
mal mass flowmeter connected to a base 
time recorder and is analyzed by a gas chro- 
matograph using a thermal conductivity de- 
tector and a carbosieve S-II 100/120 mesh 
10 f t x  a-in. column. The unit permits care- 
ful mass balancing, product analysis, and 
control of feed rates and temperature. 

TABLE 1 

Characteristics of Carbon Sources Used in this Work ° 

Carbon source Ultimate analysis wt% Specific 
(dry basis) (by diff) area (mZ/g) 

BET N2 
C H S N 0 ASH 

North Dakota 64.0 4.6 0.5 1.5 18.0 11.4 313 
char (lignite) 

Rosebud char 62.8 4.4 1.3 1.0 15.9 14.7 26.9 
(subbituminous) 

KY 13 char 73.7 4.8 1.4 1.9 10.1 8.1 10.t 
(bituminous) 

Graphite 99.9 . . . . .  3 

a Analysis supplied by IGT. Surface area measured by dynamic BET in this 
laboratory. 
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FIG. 1. Diagram of flow reactor system. 

The sample treatment in the unit prior to 
steam gasification comprises an increase in 
temperature from ambient to the decompo- 
sition temperature (td) of the precursor 
salts plus 20 K at a rate of 12 K/rain. This 
temperature is maintained for half an hour. 
The temperature is then raised to reaction 
temperature at a rate of 12 K/rain for the 
K-Ca-containing samples or 2 K/rain for 
the K-Ni-containing samples. A small He 
stream is maintained until 10 rain after reac- 
tion temperature is reached in order to 
avoid air passing into the lines during the 
start of reaction. 

(C) Controlled Atmosphere Electron 
Microscopy (CAEM) 

Transparent flakes of graphite were pre- 
pared by attaching the graphite to a glass 
slide using low-melting-point wax and re- 
peatedly cleaving the graphite along its ba- 
sal plane with adhesive tape until only a 
small section was left stuck to the glass 
slide. The section was released using ace- 
tone, picked up on a gold 500-mesh grid, 
and allowed to dry in air. The graphite was 
then impregnated with K and Ca nitrate and 
the flow reactor system described was used 
to decompose the salts. 

The experiments were performed in a 
KRATOS EM-1500 transmission electron 

microscope at the National Center for Elec- 
tron Microscopy at the Lawrence Berkeley 
Laboratory. 

A Gatan single-tilt heating stage was used 
in a Gatan environmental cell. Argon was 
bubbled through water and the water vapor/ 
argon mixture was fed directly into the cell 
at a pressure of 3 Torr. The microscope was 
operated at its maximum accelerating volt- 
age, 1.5 MeV, and dynamic images were 
displayed and recorded via a video camera. 

RESULTS 

(A) Steam Gasification of 
Graphite--Kinetic Study 

The relative activities of various cata- 
lysts for gasification of graphite, a hydro- 
carbon-free carbon source, were studied. 

Under constant conditions the main 
products of steam gasification are COz and 
H2, with small amounts of CO (<2%) and 
CH4 (<0.5%). The selectivity to CO,~ 
(moles of COz formed per mole of carbon 
converted) was always higher than 97% 
with a H2/CO2 ratio very close to 2. We 
therefore believe that the reaction occur- 
ring is 

C + 2H20 ~ COz + 2Hz. 

Table 2 shows the rates and conversions 
reached after 700 rain of reaction under 
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TABLE 2 

Steam Gasification of Graphite with Various Catalysts 

Catalyst After 700 rain of reaction 
under STD conditions 

Conversion % Rate (mol/rnol/min) 

Kinetic study 

Ea (KJ/mol) HzO partial H2 partial Regression 
order (a) order (b) (a)-(b) 

K-O  15 0.091 265 
Ca-O 7 0.040 - -  
Ni-O 0 0.00 - -  
K - C a - O  25 0.139 276 
K - N i - O  28 0.145 273 

0.66 -+ 0.04 -0.71 -+ 0.01 0.94-0.99 

0.50 +- 0.03 -0.21 +- 0.01 0.96-0.98 
0.69 -+ 0.03 - l . 0 4  +-- 0.01 0.95-0.99 

standard conditions (T = 893 K, FW = 
0,066 ml/min, total P < 760 Torr, 0.5-g 
sample) for the bimetallic compounds stud- 
ied and for the respective monometallics. K 
and Ca oxides by themselves show some 
activity under our experimental conditions; 
Ni oxide is inactive; increased activity is 
found with the metallic mixtures. 

A kinetic study was performed to en- 
hance the comparison between the two 
most active bimetallic catalysts of those 
studied for the steam gasification of the var- 
ious carbon samples investigated. The par- 
tial orders of reaction were determined with 
graphite samples containing a catalyst/car- 
bon molar ratio equal to 0.01 with a mole of 
catalyst comprising 1 tool of K and 1 mol of 
Ca or of Ni. The same determination was 
also made with a K/graphite sample having 
a catalyst/carbon molar ratio equal to 0.02. 
One of the reactants was diluted 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 ensure that a 
steady state was achieved (pseudo-zero or- 
der). Also, no tests were made after 70% 
conversion, so that major changes in cata- 
lyst/carbon ratio did not affect the final car- 
bon conversion rates. These conditions re- 
quired selection of different temperatures 
for each system: K-Ni/graphite, 933 K; 
K-Ca,  941 K; K/graphite, 953 K. 

The high activation energies found for all 
the carbonaceous and catalyst samples 

studied in our system along with the very 
small grain size and the high linear velocity 
of the gases used indicate that chemical re- 
action steps are controlling the rate of reac- 
tion and not diffusion. 

Most of the kinetic studies reported in 
the literature have been carried out in gravi- 
metric systems in which the carbon conver- 
sion is monitored by weight loss. Because 
of the characteristics of this reaction (solid- 
solid and solid-gas reaction), care must be 
taken to perform kinetic studies in our flow 
reactor system as shown by Holstein (15). 
We therefore describe below in some detail 
how we analyzed our data. 

During steady-state operation our reactor 
can be visualized as one in which a constant 
"flow" of carbon is passing through a sta- 
tionary catalyst, ff  all other conditions are 
constant, including H20, H2, and CO2 par- 
tial pressures, the reaction rate should be 
constant. This state is experimentally ob- 
served with graphite and can be expressed 
because of our conditions (low water con- 
version levels, high space velocity) in a 
very simplified way as occurring in a differ- 
ential reactor. Assuming that the number of 
moles of catalyst participating in the reac- 
tion is constant during the period of investi- 
gation one finds 

Rc = (Fo/Ncat)X or Rc = SX, (1) 

where Rc is the rate of carbon conversion 
per mole of catalyst, Fo is the "molar flow 
of carbon," Neat indicates moles of catalyst 
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in the reactor, X indicates conversion, and 
S is the molar space velocity which under 
our conditions is approximately constant. 

The rate expression can be generalized as 

Rc = kf[Pa(H20)pb(H2). . .). (2) 

The partial orders of reaction can then be 
determined by varying the partial pressure 
of one component while keeping the partial 
pressures of the other components con- 
stant, using an inert gas to maintain the to- 
tal pressure constant. 

Under our conditions, CO2 has been 
shown to have no effect on the reaction 
rate. 

In the presence of a large excess of water 
or, alternatively, hydrogen, expression (2) 
becomes 

Rc = k'P~(H20) or Rc = k"Pb(H2). 

When the experimental data was plotted, 
good correlations were found, and the or- 
ders obtained for every system are pre- 
sented in Table 2. 

From these results it is apparent that the 
inhibiting effect of H2 decreases in the order 
K-Ni  > K > K-Ca.  The close values of the 
activation energies indicate that the rate- 
controlling step may be independent of the 
catalysts. The high value found (about 60 
Kcal/mol or 270 K J/tool) indicates that the 
rate depends on a thermally activated step 
such as the surface complex decomposition 
suggested by Mires et al. (8). 

(B) Water Dissociation with 
K-CaOx Catalyst 

When steam is passed over the K-Ca-Ox 
catalyst in the absence of carbon the disso- 
ciation of water is observed and the evolu- 
tion of H2 is readily detectable. The reac- 
tion stops after 2 h at 900 K when using 0.3 
g of catalyst and steam at 1 arm. If the tem- 
perature is raised, an additional H2 release 
is observed, but this always stops after a 
few minutes at each temperature. No re- 
lease of 02 was observed at any time. Blank 
checks without catalyst showed no H2 re- 
lease. H2 release was observed for one cy- 

cle of increasing temperatures only. This is 
most likely due to the oxidation of the cata- 
lyst to a form that is no longer active for 
water dissociation as indicated by the ab- 
sence of oxygen evolution. In the presence 
of carbon the water dissociation becomes 
catalytic, as the carbon provides a sink for 
the oxygen produced from H20 thereby 
preventing the catalyst deactivation. 

(C) Controlled Atmosphere 
Electron Microscopy Studies o f  
Graphite Gasification 

The entire process sequence from forma- 
tion to reaction of the K-Ca  oxide/graphite 
samples was followed by electron micros- 
copy. Figure 2 shows the state of the sam- 
ple before and Fig. 3 after decomposition of 
the salts at room temperature but before re- 
action. Good dispersion is observed after 
decomposition of the salts with a relatively 
wide distribution of particle sizes. The 
black areas are covered by catalyst, while 
the white background is due to carbon. A 
large and a small catalyst particle are de- 
noted by A and B in Fig. 3. 

Figures 4a and 4b show EDS electron mi- 
crograph analysis of particles of different 
sizes encircled as 
spectra are almost 
the metal oxide 
mixed, leading to 

A and B in Fig. 3. The 
identical and apparently 
catalyst is thoroughly 

the supposition that the 
catalyst activity is not due to an addition of 
individual activities but the result of a quite 
homogeneous combination of K and Ca. 

The reaction in the electron microscope 
cell was initiated by heating to 853 K with a 
pure Ar stream (total P = 2 Torr). Once 
that temperature was reached, wet Ar was 
introduced at the same pressure. The tem- 
perature range explored under these condi- 
tions was 880 to 950 K. No visible reaction 
occurred until 893 K and 40 Torr of total 
pressure were reached. In Figs. 5, 6, 7, and 
8 the progress of the reaction at 940 K is 
shown until all carbon in the focused area 
has been consumed as evidenced by no fur- 
ther movement over an extended time pe- 
riod (Fig. 8). 
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FIG. 2. Electron microscope picture of K-Ca(NO3)Jgraphite on a gold grid. 

Figure 5 shows an edge at the center with 
a dark band of catalyst in contact with it; 
this is in contrast with the particle distribu- 
tion shown in Fig. 3. A catalyst spot on  the 
basal plane is observed in the middle right 

side of the picture and at the extreme right 
can be noted a barely visible edge which 
appears clearly in Fig. 6 taken I rain after 
Fig. 5. The left and right edges converge as 
gasification proceeds and finally merge. 
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FIo. 3. Electron microscope picture of the sample of Fig. 2 after decomposition and before reaction. 

The catalyst spot does not change until it 
is reached by the recession of the left edge 
(Fig. 7) as indicated by the diminishing dis- 
tance between it and the large amount of 
catalyst in the center of the picture (Figs. 6 

and 7). In Fig. 7 the catalyst spot has been 
incorporated into the larger catalyst area at 
the left edge. In any of the areas monitored 
at the different temperatures studied, no 
variations were observed for the catalyst 
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Fro. 4. (a) Electron micrograph of a big particle [A in Fig. 3] and (b) of a small particle [B in Fig. 3] 
showing homogeneous compositions of K and Ca. 

spots deposited on the basal plane of graph- 
ite. Only edge recession was observed. 

The reaction was completely stopped 
when a wet stream of Ar plus 6% H2 was 
passed through the cell. Hydrogen inhibits 
the reaction as also shown by the kinetic 
studies. 

The activation energy of the reaction 
with wet Ar has been calculated from four 
different temperatures and two different ar- 

eas monitored. Figure 9 shows the Arrhe- 
nius plot giving an activation energy of 217 
KJ or 52 Kcal/mol. This value is reasonably 
similar to that found in the flow reactor sys- 
tem. 

(D) Char Gasification With Steam 

Chars contain C - H  bonds in addition to 
C-C bonds and have much higher surface 
areas than graphite. Since both the H/C ra- 
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FIG. 5. State of a K-Ca(OL/graphite sample after 45 s reaction. 

tio and the surface area (as well as mineral 
impurities content) vary from char to char, 
several different char types were investi- 
gated to establish the catalyst performance 
for their steam gasification. In Table 3 data 
for the K-Ca-Ox-catalyzed gasification of 
various chars are compared. The activation 

energies are similar to that of graphite, indi- 
cating that the much higher conversion and 
rates compared to those of graphite must be 
due to the char composition. The rate of 
gasification proceeds in the order lignite > 
subbiturninous > bituminous > graphite. It 
should be noted that another mixed oxide, 
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F:G. 6. Picture taken 1 min after Fig. 5. The progress of the left edge relative to the central catalyst 
spot of Fig. 5 can be observed and a second edge coming from the right side of the picture shows up 
more clearly. 

K-Ni-Ox,  exhibited identical trends when 
different chars were compared with graph- 
ite. Thus, the observed rate data is not a 
unique property of the K-Ca-Ox catalyst. 
The chars contain hydrocarbons that ap- 
pear to gasify more rapidly than graphite. 
The reaction of steam with C-H bonds is 

more facile than the reaction with C-C 
bonds. In no case were hydrocarbons ob- 
served in the reaction products. 

It was found that the K-Ca-Ox catalyst 
is highly resistant to poisoning by the sulfur 
content in the char. When K-Ni-Ox cata- 
lyst was used for steam gasification it was 



STEAM GASIFICATION OF GRAPHITE AND CHARS OVER K-Ca-Ox 473 

FIo. 7. Taken 3 min after Fig. 6. The central catalyst spot of Fig. 5 has been covered by the graphite 
edge progressing from the right side of the picture. 

rapidly poisoned in the presence of sul- 
fur. 

Figure 10 compares the rates of steam 
gasification under the standard conditions 
of a demineralized char loaded with either 
K-Ca-Ox or K-Ni-Ox in the presence or 
absence of 3% sulfur (obtained by the de- 

composition of dibenzothiophene) to dem- 
onstrate the poison-resistant behavior ex- 
hibited by the K-Ca-Ox catalyst. 

DISCUSSION 

The K-Ca-Ox catalyst is much more ac- 
tive than potassium oxide or calcium oxide 
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FIG. 8, Final view of the catalyst after all the graphite has been consumed. 

alone as shown in Table 1. Its reaction rate 
is twice that of K-Ox and fivefold that of 
Ca-Ox at a temperature  of 893 K and 750 
Torr  of steam. This high activity is probably 
due to the inhibition of a stable calcium car- 
bonate formation that results in the case of 

calcium alone as a catalyst. In addition the 
formation of  a molten eutectic phase which 
is observed during the catalyst preparation 
and prior to decomposit ion of the nitrate 
salts provides good wetting of  the carbon 
solids. 
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FIG. 9. Arrhenius plot for catalytic graphite gasifica- 
tion obtained by electron microscopy. 

The rate equation for the gasification re- 
action and the activation energies for gasi- 
fying the various carbon solids (graphite 
and different chars) are very similar for dif- 
ferent catalysts although the hydrogen in- 
hibition effect varies somewhat from cata- 
lyst to catalyst, being the smallest for the 
K-Ca-Ox catalyst. Several oxygenated 
carbon species can coexist at the tempera- 
ture range used in this work. However, the 
decomposition temperature for each of 
these species is different and the type of 
carbon oxide released can be different. 
Phenolic species decompose at tempera- 
tures higher than those used here and pro- 
duce predominantly CO rather than CO2. 
Under our conditions carboxylates and lac- 
tone species are decomposed, producing 
COz (11). 

It appears that the mechanism of gasifica- 

tion is very similar for the three catalysts. 
As suggested by earlier studies (8, 12), the 
C-C bond breaking next to a surface car- 
bon-oxygen complex to produce CO2 (or 
CO at higher temperatures) is the likely 
rate-determining step for carbon gasifica- 
tion. There is a great deal of supporting evi- 
dence for this model, including oxygen- and 
carbon-labeled isotope studies and temper- 
ature-programmed thermal desorption (8, 
12). The formation of stable oxygenated 
surface species has been identified by spec- 
troscopic techniques such as EPR, FTIR, 
and XPS (10, 17, 18). Also, the change in 
Hz/COz ratio during steam gasification 
clearly indicates oxygen uptake by carbon 
in the beginning of the reaction (16). 

The dissociation of water into hydrogen 
and oxygen by the catalyst has also been 
identified as an important reaction step. 
Surface science studies (19, 20) have shown 
the ability of potassium to dissociate water 
to produce K-Ox. It appears that the evolu- 
tion of hydrogen derives from this process, 
as does the oxidation of carbon at the cata- 
lyst interface. Our results show that water 
dissociates by a stoichiometric reaction 
over the K-Ca-O~ catalyst. In the presence 
of carbon this reaction becomes catalytic 
and is an important step in the gasification 
although its activation energy is relatively 
low (138 K J/tool or 33 Kcal/mol of H2) (13). 

Chars gasify at much higher rates than 
graphite (over tenfold increase, Table 3). It 
is clear that gasification of the carbons that 
contain many C-H bonds in addition to 

TABLE 3 

Steam Gasification of Three Chars with K - C a - O  Catalysts 

Char Activation % Conversion Reaction rate 
(rank) energy after 120 rnin (mol/mol/min) 

(KJ/mol) reaction 120 rain 

Selectivities 

H2 CO CH 4 C02 

North Dakota 234 45 
(lignite) 

Rosebud 240 30 
(subbituminous) 

KY 13 Frank. 269 15 
(bituminous) 

15.6 1.3 0.02 <0.006 0.975 

2.75 1.2 0.02 <0.005 0.975 

0.82 0.98 0. ! <0.01 0.89 
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FI6. 10. Sulfur poisoning of demineralized K-Ni/KY 13 char and K-Ca/KY 13 char systems. Rate 
vs. conversion plots. (A) K-Ca/KY 13 char; (B) K-Ca/KY 13 char + 3%S (ex DBT); (C) K-Ni/KY 13 
char; (D) K-Ni/KY 13 char + 3%S (ex DBT). 

C-C bonds is more facile. This has the ef- 
fect of increasing the rate without change in 
the activation energy for the process. Thus, 
it appears that the rate of gasification is the 
same for graphite and for chars but that the 
preexponential factor is greatly increased 
for chars. This could be related to the much 
higher edge density of chars. These are the 
sites from which gasification proceeds. 

The K-Ca-Ox catalyst exhibits superior 
poison resistance compared to that of the 
K-Ni -Ox  catalyst, which has similar steam 
gasification activity. This property should 
be of importance in the technology as it per- 
mits the use of carbon feedstocks that have 
not been demineralized or contain sulfur. 
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