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Lignite chars were prepared in Nz under widely varying conditions of pyrolysis heating rate, 
temperature, and residence time. Their reactivities were measured by isothermal thermogravi- 
metric analysis in 0.1 MPa air. A major decrease in char reactivity was observed with increasing 
severity of heat-treatment conditions. The relatively high gasification reactivity of lignite chars, 
compared to those obtained from higher rank coals, is due to the catalytic effect of the initially very 
highly dispersed CaO on the char surface. Char deactivation is caused primarily by CaO crystallite 
growth, measured by X-ray diffraction line broadening. When the reactivities of the various chars 
are expressed as turnover frequencies, i.e., per unit catalyst site, differences in observed rates of 
about 200 times are reduced to within 1 order of magnitude. Thus, it has been shown that the 
commonly observed and heretofore empirically treated lignite char deactivation with increasing 
severity of pyrolysis conditions can be correlated with a decrease in a measurable fundamental 
property of the chars: catalyst dispersion. 

INTRODUCTION 

In kinetic studies of coal gasification it is 
frequently assumed that the reactions oc- 
curring between the rapidly devolatilized 
char and the gases in contact with it fall into 
the category of gas-solid noncatalytic re- 
actions (1, 2). In such studies the parame- 
ters which have the predominant effect on 
the reaction rate are taken to be the effec- 
tive gas diffusivity in the pores and the total 
surface area of the reacting solid. Consider- 
able efforts have been made in the past to 
measure or calculate the initial values of 
these parameters (for a review see, for ex- 
ample, Refs. (3) and (4)) and to predict or 
measure their changes in the course of char 
gasification reactions (5-14). In cases of 
good agreement between theory and exper- 
iment, it is often found that the proposed 
models contain many adjustable parame- 
ters that cannot be related easily to measur- 
able physical properties of the char. More 
often than not, however, the experimen- 
tally observed differences in reactivity of 

carbons in general, including coal chars, 
cannot be satisfactorily explained when this 
approach is used (15, 16). This is not sur- 
prising when one realizes that it is too often 
ignored that the inorganic constituents, 
which are invariably present in coals, can 
act as more or less efficient gasification cat- 
alysts. For example, catalysis plays a major 
role in the reactivity of lignite chars (I 7- 
21). These can be visualized as supported 
catalysts, in which the char (carbon) acts as 
a support and the inorganic impurities 
(principally Ca species) act as the catalyst. 
The presence of exchangeable cations 
(mainly Ca*+) associated with the carboxyl 
groups in the lignites makes possible their 
very high initial dispersion upon pyrolysis 
(22, 23). Therefore, lignite char gasification 
should be treated as a catalytic gas-solid 
reaction in which the catalyst dispersion 
has a major effect on the reaction rate. In 
previous studies of lignite char gasification 
(17-21), the catalyst has neither been 
clearly identified nor has its dispersion been 
measured. 
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We have shown recently (23) that the rel- 
atively high gasification reactivity of lig- 
nites is due primarily to the catalytic effect 
of the highly dispersed CaO on the char sur- 
face. We have also correlated the process 
of char deactivation (achieved by increas- 
ing the pyrolysis residence time) with a de- 
crease in CaO dispersion. This paper gives 
a more detailed and quantitative analysis of 
this correlation. 

EXPERIMENTAL 

Coal preparation. A previously well- 
characterized lignite from North Dakota 
(PSOC-246) was used in this study (24, 25). 
A size-graded fraction of the raw lignite 
(mean particle size - 170 pm) was washed 
with HCl and HF in order to remove essen- 
tially all the inorganic constituents. This de- 
mineralized coal (Demcoal) was subse- 
quently ion-exchanged with Ca2+, using a 
1.5 M solution of Ca acetate. Ion exchange 
with Cu2+ was also carried out, using a 0.5 
h4 solution of Cu acetate. Details of the ex- 
perimental procedures are reported else- 
where (22, 26). 

Coal pyrolysis. The demineralized and 
cation-exchanged lignite (Dem+ Ca and 
Dem+Cu) was devolatilized in a stream of 
Nz (99.99% purity) by both slow and rapid 
pyrolysis. The residence time was varied 
between 0.3 s and 1 h. The final pyrolysis 
temperature was between 975 and 1475°K. 
Slow pyrolysis (lO”K/min) was performed 
in a conventional horizontal-tube furnace. 
Rapid pyrolysis (- 104”K/s) was conducted 
in an entrained-flow furnace, described in 
detail elsewhere (22, 27). 

Char reactivity measurements. Reactivi- 
ties of the various chars were determined 
by isothermal thermogravimetric analysis 
(TGA) in 0.1 MPa air. The high reactivity of 
carbon in air (I 7) allowed operation at low 
temperatures, typically between 525 and 
725°K. Under these conditions the concen- 
tration of active sites, created at higher 
temperatures (r975”K), did not change sig- 
nificantly between the pyrolysis and gasifi- 
cation steps. Further details of the experi- 

mental procedure are given elsewhere (22, 
23, 26). 

Char characterization. The amounts of 
Ca and Cu added to the demineralized coal 
and retained in the chars after pyrolysis 
were determined by emission spectros- 
copy. X-Ray diffraction (XRD) patterns 
were obtained for selected samples in order 
to determine the chemical state and disper- 
sion of the catalyst on their surface. A 
Rigaku diffractometer (Geigerflex DImax, 
40 kV, 20 mA, CuKol radiation) was used. 
In an attempt to obtain independent infor- 
mation about CaO dispersion, X-ray photo- 
electron spectroscopy (XPS) and selective 
chemisorption were also performed. A con- 
ventional volumetric apparatus was used 
for chemisorption (4). Adsorption iso- 
therms were obtained with CO1 at 298°K. 
After the first adsorption isotherm was ob- 
tained, the physically adsorbed gas was 
evacuated at 298°K for 3 h. Subsequently, a 
second adsorption isotherm was deter- 
mined in the same relative pressure range. 

RESULTS 

The acid washing of the lignite is quite 
effective in removing essentially all of its 
inorganic constituents. The ash content 
was reduced from 9.7 to about 0.2 wt%. Ion 
exchange with Ca acetate resulted in a load- 
ing of about 2.9 wt% Ca, compared to I.5 
wt% in the raw coal. 

Figure 1 shows the effect of pyrolysis 
temperature on the reactivity of Dem+Ca- 
char. The residence time in all cases was 1 
h and the samples were devolatilized at 10 
K/min. The plots of char conversion (burn- 
off) versus time were essentially linear up 
to about 40-50% burn-off and subsequently 
exhibited a gradual decrease in slope. In all 
cases, the maximum slope was used in the 
calculation of reported reactivities. The ac- 
tivation energy was about 130 kJ/mol, es- 
sentially identical to the value obtained for 
the gasification of demineralized char (26). 
Reactivities were independent of gas flow 
rate and sample bed depth. Thus, interpar- 
title heat and mass transfer limitations 
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FIG. 1. Effect of pyrolysis temperature on the reactivity of Dem+Ca-char (slow pyrolysis; residence 
time, 1 h). 0, 975°K; W, 1275°K; A, 1475°K. 

were eliminated. There was also no effect 
on reactivity of a threefold variation in par- 
ticle size, between 60 and 170 pm. This var- 
iation, however, probably did not affect ap- 
preciably the accessibility of the reactant 
gas to the micropores (<2 nm in size) where 
most of the char surface area resides. This 
criterion is thus not sufficient to show the 
absence of intraparticle mass transfer limi- 
tations. A complementary study was neces- 
sary to clarify this point. The results, re- 
ported in detail elsewhere (26), suggest that 
the observed reactivities are, indeed, intrin- 
sic, chemically controlled rates. The abso- 
lute gasification rates were always kept be- 
low 5 mg/h in order to prevent ignition and 
nonisothermal behavior (22, 23). 

Figure 2 gives the XRD patterns obtained 
for the starting Dem+Ca-coal and the 
chars whose reactivities are shown in Fig. 

1. As discussed previously (23)) it is clearly 
seen in Figs. 2c and d that CaO is the pre- 
dominant Ca species which catalyzes lig- 
nite char gasification. 

Table 1 summarizes the information on 
reactivities and CaO dispersion for a series 
of Dem+Ca-chars with widely varying 
pyrolysis temperature-time histories. The 
sample code (column 1) denotes the mode 
of pyrolysis (R = rapid, S = slow) and the 
residence time at pyrolysis temperature. 
Unless otherwise indicated in parentheses, 
all samples were prepared at 1275°K. It is 
seen in column 2 that the CaO content of 
the rapidly devolatilized chars varies from 
8.0 to 10.4%. This variation parallels the 
increase in the C/H ratio of the char with 
increasing pyrolysis residence time (23). In 
the case of slowly devolatilized samples, 
the CaO content is consistently lower. This 
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FIG. 2. X-Ray diffraction patterns for Dem+Ca-coal and chars (slow pyrolysis; residence time, I h) 
(a) coal, (b) 975”K, (c) 1275”K, (d) 1475°K. 

is a reflection of the lesser extent of volatil- 
ization of carbon-containing gases in fixed- 
bed pyrolysis, compared to entrained-flow 
pyrolysis, due to enhanced secondary char- 
forming reactions (28, 29). The very low 
CaO content of the char obtained at 1475°K 
(5.6%) suggests that some Ca may also be 
lost by volatilization. Indeed, from the ex- 
perimentally measured weight loss of about 
45% for this char, one would expect a CaO 
content of about 7.4%, based on the 2.9% 
Ca content in the starting coal. 

The average crystallite diameter (D) of 

CaO (column 3, Table 1) was calculated us- 
ing the line broadening concept and the 
Scherrer equation (30) in the form: 

Kh 
D = (I32 - b2)“2(cos 0)’ (1) 

In Eq. (l), h is the wavelength of the x-rays 
and 8 is the diffraction angle. The instru- 
mental broadening (b) was determined to 
be 0.175” (28) from the (111) reflection of Si 
crystals (>lO pm). The (200) CaO peak 
widths at half height (B) were determined 
from scans made at 0.5” (20) min-‘. The 
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TABLE 1 

Effect of Pyrolysis Conditions on the Reactivity of Dem+Ca-Char and CaO Dispersion 

Sample CaO D 
(wt%) (nm) 

s cao R 625 
(m*/g CaO) (gig C/h) (g/m?~O!h) 

TOF 
(s-7 

R - 0.3 s 8.0 -O >25b >300 -l@ CO.42 (z-0.10) co.67 (~0.16) 
R- 1.8s 9.3 -0 >25b >300 -10’ CO.36 (~0.09) CO.58 (20.14) 
R-30s 9.5 21.5 5.8 72 1.3 0.19 0.30 
R - 1 min 9.5 23.5 5.3 65 1.1 0.18 0.29 
R - 3 min 8.9 23.5 5.3 65 1.1 0.19 0.30 
R - 5 min 10.4 24.5 5.1 63 1.0 0.15 0.24 
S-Oh 7.6 25.0 5.0 62 0.90 0.19 0.30 
S-lh 7.5 28.0 4.4 55 0.40 0.10 0.16 
S - 1 h (975°K) 7.2 -O >25b >300 -5.0’ eO.23 (~0.03) co.37 (20.05) 
S - 1 h (1475°K) 5.6 47.0 2.6 33 0.05 0.03 0.05 

a Not detectable by XRD. 
b Assuming D < 5 nm. 
c Extrapolated value. 

commonly used value of the Scherrer con- 
stant (K = 0.9) was used in all calculations. 
Column 4 gives the values of dispersion 
(percentage exposed) of CaO, calculated 
using: 

d 
5M 1.24 

cao = DpANA = 7 (D in nm). (2) 

In Eq. (2) M is the molecular weight, p is 
the density, A is the surface area occupied 
by one CaO molecule, and NA is Avoga- 
dro’s number. It is assumed that CaO crys- 
tallites are regular cubes with five faces ex- 
posed and accessible to the reactant gas, 
with each molecule occupying 0.115 nm*. 
Column 5 gives the values of dispersion of 
CaO in terms of surface area, using: 

s 
5 1538 -- cao = Dp - L) (D in nm). (3) 

Column 6 gives the values of reactivity of 
the different chars at 625”K, expressed per 
unit initial mass of dry ash-free char. 
Column 7 gives the reactivity values ex- 
pressed per unit catalyst surface area. 
Column 8 gives the turnover frequencies 
(TOF) in atoms of carbon gasified per sur- 
face molecule of CaO per second. 

Figure 3 shows the effect of pyrolysis 
conditions on the reactivity of Dem+Cu- 

char. The activation energy in all cases was 
again about 130 kJ/mol. 

Figure 4 shows the XRD patterns for 
Dem+Ca- and Dem+Cu-chars, both pre- 
pared by rapid pyrolysis at 1275°K for 0.3 s. 
It is seen that the crystallite size of the Cu 
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FIG. 3. Effect of pyrolysis conditions on the reactiv- 
ity of Dem+Cu-char. 0, R - 0.3 s (1275°K); W, S - 1 
h (975°K); A, S - 1 h (1275°K). 
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FIG. 4. X-Ray diffraction patterns for short-residence-time Dem+Ca- and Dem+Cu-chars (pyrolysis 
temperature, 1275°K; residence time, 0.3 s). (a) Dem+Ca, (b) Dem+Cu. 

species is already large enough to be de- 
tected by XRD. On the other hand, CaO 
crystallites formed under these conditions 
are too small to be detected (23). Also, it is 
seen that, in contrast to the Ca-exchanged 
lignite, the decomposition of the Cu-ex- 
changed carboxyl groups leads to the for- 
mation of metallic Cu. 

Average crystallite sizes of Cu on the 
various chars are given in Table 2, together 
with their respective reactivities and Cu- 
dispersion values, calculated as in Table 1. 
The appropriate equations are: dcu = 1.04/ 
D and ScU = 558/D (D in nm). 

DISCUSSION 

We have shown recently (23) that the 
Dem+Ca-chars exhibit essentially the same 
gasification behavior as the raw (as-re- 

ceived) lignite chars. Thus, they are con- 
venient “model compounds” for studying 
the effect of catalysis in lignite char gasifi- 
cation at a fundamental level, in the ab- 
sence of complicating (and obscuring) ef- 
fects of other inorganic constituents. It was 
also shown that the Dem+Ca-chars are 
about 50 times more reactive than the Dem- 
chars obtained under identical pyrolysis 
conditions (23). Clearly, Ca is a very effi- 
cient carbon gasification catalyst. Indeed, 
Walker et ai. (31) conclude that it is the 
most important in situ catalyst for the gasifi- 
cation of American coal chars in OZ. CO?, 
and HzO. 

Importance of Cafalysf Dispersion 

Results presented in Fig. 1 and elsewhere 
(23) show that the increase in severity of 

TABLE 2 

Effect of Pyrolysis Conditions on the Reactivity of Dem+Cu-Char and Cu Dispersion 

Sample cu D d 5-r” R R MN TOF 
(wt%) (nm) (%) (m?/g Cu) (g/g F//h, (g/m’ Cu/h) (s ‘) 

R - 0.3 s (1275°K) 2.2 10.0 9.ou 56 2.3 I.Y 1.7 
S - 1 h (975°K) 1.4 17.0 5.3 33 I.0 2.2 2.0 
S - 1 h (127S”K) 1.4 20.0 4.5 28 0.46 1.2 I.1 

r? A = 0.065 nmVatom Cu 
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lignite pyrolysis conditions causes a major 
decrease in the gasification reactivity of the 
remaining char. The obvious question, 
which nevertheless has not been ade- 
quately addressed, is: what is (are) the rea- 
son(s) for the observed char deactivation? 
In previous work, we have shown, both in 
the case of demineralized (26) and raw (32) 
chars, that the total surface area is not a 
relevant parameter. That is, two chars hav- 
ing the same total surface area, measured 
using CO2 adsorption at 298°K and the Du- 
binin-Polanyi approach (4), can have 
widely differing gasification reactivities. 

Figure 2 provides, qualitatively, one an- 
swer to the above question. It is seen, at 
one extreme, that in the char pyrolyzed at a 
relatively low temperature of 975”K, Ca 
species are not detectable by XRD and are 
thus very well dispersed. This is not sur- 
prising, since ion exchange initially pro- 
vides essentially atomic dispersion, i.e., 
one Ca2+ per two carboxyl groups in the 
lignite. During pyrolysis, the carboxyl 
groups decompose at an early stage and 
CO1 is evolved. Depending upon the tem- 
perature and residence time, the Ca species 
gain more or less mobility on the surface 
and crystallite growth becomes possible. 
Thus, at the other extreme, Figs. 2c and d 
clearly show that at 1275°K and above rela- 
tively large crystallites of CaO are formed, 
with significantly poorer dispersion. 

A quantitative analysis of the decrease in 
CaO dispersion and its effect on char reac- 
tivity is given in Table 1. For the short- 
residence-time (0.3-1.8 s) and low-temper- 
ature (975°K) chars, a crystallite size of <5 
nm is arbitrarily assumed (column 3). This 
is the usually cited lower XRD detection 
limit for supported metal catalysts. It is in- 
teresting to note that even at temperatures 
below the Tammann point (33, 34) of CaO 
(1490”K), in this case at 1275”K, crystallite 
growth (sintering) is very rapid, the disper- 
sion decreasing by a factor of at least four 
in the first 30 s. Further decrease in catalyst 
dispersion with increasing residence time 
between 30 s and 1 h is relatively small. 

When the pyrolysis temperature is in- 
creased to 1475”K, i.e., close to the Tam- 
mann temperature, at which significant par- 
ticle mobility is expected, an additional 
almost twofold decrease in dispersion is ob- 
served. 

Column 6 of Table 1 shows that when the 
reactivities of the various chars are normal- 
ized with respect to the initial char weight, 
they differ by as much as 200 times. On the 
other hand, when they are normalized with 
respect to the CaO surface area (column 7) 
or when the rates are expressed as turnover 
frequencies (column 8), these differences 
are reduced to within 1 order of magnitude. 
The upper limit of turnover frequencies for 
the short-residence-time and low-tempera- 
ture chars was set by assuming the mean 
CaO crystallite size to be <5 nm. The lower 
limit can be set by realizing that SCaO 
(column 5) cannot be higher than 1240 m2/g. 
This value (100% dispersion) is obtained if 
it is assumed that each CaO molecule is a 
surface molecule. Thus, the corresponding 
lower limits are indicated in parentheses in 
columns 7 and 8 of Table 1. 

It is clear from the preceding discussion 
that the gasification reactivity of lignite 
chars is dominated by the concentration of 
catalyst (CaO) active sites. The fact that 
there is still a sixfold difference in turnover 
frequencies that needs explanation suggests 
two possibilities: (a) the concentration of 
carbon-active sites is also important in the 
kinetics of catalyzed gasification, and/or (b) 
the average crystallite size obtained from 
XRD line broadening does not give exactly 
the true value of catalyst dispersion. 

The first possibility is discussed at length 
in a companion publication (26). There it is 
shown (in the case of demineralized lignite 
chars, where the uncatalyzed gasification is 
expected to be dominant) that the oxygen 
chemisorption capacity of the various chars 
(at 375°K and 0.1 MPa air) decreases by a 
factor of about 10 with increasing severity 
of pyrolysis, in the same temperature-time 
range as used here. Also, the average car- 
bon crystallite diameter of the chars in- 
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creases from about 2.2 to about 3.5 nm, 
measured from the line broadening of the 
(10) carbon peak. It was assumed that these 
are valid indicators of the concentration of 
carbon-active sites, at least from a relative 
standpoint. 

With respect to the second possibility, 
one must be aware of all the assumptions 
involved in the determination of catalyst 
dispersion from XRD line broadening. If a 
wide particle size distribution exists, the 
amount of “x-ray amorphous” material 
(35) may vary from sample to sample, thus 
affecting the dispersion values. The exis- 
tence of polycrystalline CaO particles is 
also probable. However, no attempt has 
been made in the present study to test the 
validity of the assumptions made in Table 1 
in going from column 3 to column 7. It 
should be noted that the low TOF values in 
column 8 are obtained precisely for those 
chars that are expected to have a lower 
concentration of carbon active sites, i.e., 
for the more severely heat-treated chars. In 
these chars the CaO particles are also ex- 
pected to be less porous, the CaO crystal- 
lite boundaries are expected to be less ac- 
cessible to the reactant gas and the 
estimated surface areas in Table 1 are prob- 
ably too high. Having in mind the very 
small contribution of carbon-active sites 
to the overall gasification reactivity of 
Dem+Ca-chars (23), it is concluded from the 
above discussion that probable errors, 
within 1 order of magnitude, in the estima- 
tion of catalyst dispersion by XRD are re- 
sponsible for the observed (relatively small) 
differences in the TOF values in Table 1. 
The reported values should be considered, 
therefore, as the lower limits of turnover 
frequency. 

Considerable effort has been made in the 
course of this study to verify the CaO dis- 
persion data obtained by XRD. In prelimi- 
nary XPS studies, two Dem+Ca-chars at 
the opposite ends of the pyrolysis time 
scale were analyzed: R - 0.3 s and S - 1 h, 
both prepared at 1275°K. It was expected 
that the Ca/C atomic ratio would be higher 

for the former char, since CaO is more 
highly dispersed on its surface. However, 
the opposite result was obtained; the Ca/C 
ratio was higher for the more severely heat- 
treated chars. It was concluded that with 
the increase in the severity of pyrolysis 
conditions, the CaO particles tend to dif- 
fuse out of the micropores toward the outer 
surface of the char in order to facilitate sin- 
tering, resulting in surface enrichment. The 
same observation was made recently by 
Wigmans et al. in the case of Ni dispersed 
on a microporous activated carbon (36). 
Being a surface technique, with the escape 
depth of electrons of less than 5 nm, it is 
probable that XPS “sees” only these large 
CaO crystallites on the outer surface of 
char particles (ground to -10 pm). Thus it 
cannot be used to determine catalyst dis- 
persion The scanning electron micro- 
graphs shown in Fig. 5 provide evidence for 
the validity of this conclusion. Calcium- 
containing species were identified by x-ray 
energy spectroscopy on the surface of both 
samples. However, the Ca peaks were 
much more intense in the case of char S - I 
h. The particles of CaO, previously identi- 
fied by XRD (see Fig. 2c), are clearly seen 
(Fig. 5a) in abundance on the surface of this 
char. On the other hand, they are not visi- 
ble on the surface of char R - 0.3 s (Fig. 
5b). These results also suggest that CaO is 
much better dispersed on the surface of 
chars which have undergone milder heat 
treatment. 

The choice of adsorbate for determining 
catalyst dispersion by selective chemisorp- 
tion is not a straightforward matter in the 
case of the CaO/lignite char system. It is 
well known that CO2 readily chemisorbs on 
the oxides of alkali and alkaline-earth 
metals (3740). Its use was also attempted 
in our work. A typical set of adsorption iso- 
therms at 298°K is given in Fig. 6. The dif- 
ference in volume adsorbed between the 
two isotherms at an arbitrarily selected rel- 
ative pressure is attributed to CO1 chemi- 
sorbed on CaO. A sample with one of the 
highest dispersions of Ca (325%) was used: 
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R- 1 .I3 s, prepared at 1275°K. One compli- C02. The reproducibility limits for physi lcal 
catir tg factor is immediately apparent from adsorption were determined on Dem-ch ars 
Fig. 6: the amount of physically adsorbed and found to be + 1 cm3 (STP)/g. Thus, o 0 
co2 on the highly porous char (support) is when the amount of CO2 chemisorbed on 
very large, about 30 cm3 (STP)/g at 4 kPa CaO exceeds about 2 cm3/g can the disp ler- 

a) 

FIG. 5. Scanning electron micrographs of Dem+Ca-chars: (a) S - 1 h (1275”K), (b) R - 0.3 s (1275°K). 
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FIG. 6. Adsorption isotherms at 298°K for CO* on Dem+Ca-char R - 1.8 s (1275°K). Initial 
sing temperature, 385°K. Intermediate outgassing temperature, 298°K. 0, First isotherm; 0, 
isotherm. 

sion be reliably measured. In the case of 
severely heat-treated chars, where the 
mean CaO particle size is at least 20 rim 
(see Table I), an order-of-magnitude calcu- 
lation readily shows that this condition is 
not fulfilled. However, in the case of sam- 
ple R - 1.8 s shown in Fig. 6, a higher 
volume of CO2 chemisorbed was expected, 
at least 4-5 cm3/g, instead of the experi- 
mentally observed -2 cm’/g. Obviously, 
some of the CaO surface is not accessible to 
COz molecules at 298°K. This conclusion is 
discussed in more detail and substantiated 
elsewhere (22). 

It was shown by XPS (23) that CaO parti- 
cles are indeed present on the surface of the 
short-residence-time chars even though 
they are not detectable by XRD. It was rea- 
soned on the basis of these results that, if a 
catalyst with a much lower Tammann tem- 
perature is prepared under the same condi- 
tions, it would be detected by XRD, due to 
its easier (faster) sintering. Indeed, this is 
shown to be the case in Fig. 4 for the Cu/ 
char system. The mean crystallite size of 
Cu (Tammann point, 680°K) was calculated 
to be about 10 nm. By varying the heat- 
treatment conditions, Dem+ Cu-chars of 

outgas- 
second 

different reactivity were obtained (Fig. 3) 
and the correlation between char reactivity 
and catalyst dispersion was again tested. 
The results are shown in Table 2. Reactivi- 
ties per unit mass of char (column 6) differ 
by a factor of 5. The turnover frequencies 
(column 8) differ by less than a factor of 2. 
Again, as in Table 1, the lower value of 
TOF is observed for the more severely 
heat-treated char. The significance of these 
results lies in the fact that in many cases of 
supported-metal catalysis, a good qualita- 
tive agreement has been found between 
metal dispersion measurements by XRD 
and other techniques (see, for example, 
Refs. (41) and (42)). Comparison of turn- 
over frequencies in Tables 1 and 2 indicates 
that Cu is a better catalyst for char gasifica- 
tion in air than is CaO. 

Mechanism of Catalysis 

The mechanisms of catalysis of carbon 
gasification in general (43-52) and of CaO 
catalysis of char gasification in particular 
(21, 44, 53) are debatable issues that still 
need much investigation. For reactions in 
oxidizing atmospheres (02, COZ, H20) cata- 
lyzed by alkali and alkaline-earth metals, 
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the oxygen-transfer mechanism is favored able in the literature, discussed below, sug- 
(44). The various pieces of circumstantial gest the following oxidation-reduction (re- 
evidence obtained in this study and avail- dox) sequence: 

C, + CaO + 02 --;, Ca02 + C,-0 (ads) (44 

Cb + CaO + 02 + CaOz + Cb-0 (ads) (4b) 

2C, + 02 + 2C,-0 (ads) (4c) 

cb-0 (ads) + C,-0 (ads) (W 

G-0 (ads) + CO(g) (de) 

2C,-0 (ads) ---) COz(g) + C, (40 

Ca02 + Cb * CaO + Cb--0 (ads) (4d 
Ca02 + C, -+ CaO + C,-0 (ads) (4h) 

The proposed mechanism reflects the ex- 
perimental finding that the concentration of 
both catalyst and carbon-active sites may 
influence the overall char gasification reac- 
tivity. It also provides independent, parallel 
paths for the uncatalyzed and catalyzed re- 
actions. 

Steps (4a-4c) represent the catalyst oxi- 
dation and the dissociative chemisorption 
of O2 either on a catalyst or carbon active 
site. Two types of carbon sites are postu- 
lated: C, denotes an active-carbon site lo- 
cated at the edge of the carbon crystallite, 
either free or at the catalyst-carbon inter- 
face; Cb denotes a basal (inactive) carbon 
atom at the catalyst-carbon interface. The 
formation of a higher surface oxide of Ca 
(either superoxide or peroxide) has been 
postulated, and in some cases demon- 
strated, in the literature. For example, Car- 
berry ef at. (54) suggested that the en- 
hanced selectivity in Ag-catalyzed ethylene 
oxidation to ethylene oxide in the presence 
of a CaO promoter is due to superoxide for- 
mation on the surface of Ca sites as well as 
on the Ag sites. Among the alkaline-earth 
metals, the ease of formation of a higher 
oxide (related to the size of the cation) is: 
Mg < Ca < Ba. Both Ca and Ba are excel- 
lent gasification catalysts; Mg is a poor cat- 
alyst. This may well be due to its inability to 

undergo the redox cycle suggested above. 
In experiments described in detail 
elsewhere (22, 26), we have also shown 
that CaO is an excellent O2 dissociation cat- 
alyst. No molecular 02 was detected upon 
desorption to 1225°K. In the presence of 
CaO, the oxygen chemisorption capacity of 
a lignite char (R - 0.3 s) at 375°K increases 
by about 100%. 

Step 4d represents the surface diffusion 
of oxygen from a basal carbon atom at the 
catalyst-carbon interface to an active car- 
bon site. It has been shown recently (5.5) 
that CaO is also a very active catalyst for 
oxygen exchange in C02, i.e., for the scis- 
sion of a C-O bond. This finding suggests 
the possibility of a spillover mechanism 
(56), indicated in steps, (4b,d,e,f). 

Steps (4e,f) reflect the experimental fact 
that both CO and CO2 are primary reaction 
products (57); only one of the possible 
ways of CO;! formation is shown. Steps 
(4g,h) represent the catalyst reduction by 
carbon, i.e., the completion of the redox 
cycle. 

The experimental fact that the same acti- 
vation energy, of about 130 kJ/mol, was ob- 
served in the case of Dem-, DemfCa-, and 
Dem+Cu-chars also supports the suggested 
oxygen-transfer mechanism of catalysis, in 
which the role of the catalyst is to increase 



CATALYST DISPERSION IN CHAR GASIFICATION 393 

the number of active sites, i.e., the preex- 
ponential term in the Arrhenius rate expres- 
sion. However, the possible existence of a 
compensation effect (58) does not permit 
any additional mechanistic interpretation of 
this finding. 

mental analyses were performed by the staff of the 
Mineral Constitution Laboratory of The Pennsylvania 
State University. The coal samples were obtained 
from the Coal Research Section of The Pennsylvania 
State University. 
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