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The interaction between oxygen and the surface of raw and catalytically promoted (potassium or 
calcium) bituminous coal chars was studied using a novel true differential calorimeter. Results 
clearly indicated that on potassium-promoted chars, oxygen adsorbs onto a thin layer of partially 
oxidized potassium. Also the oxygen uptake on potassium-promoted chars was found to be much 
greater than on calcium or unpromoted chars. This supports the view that potassium "spreads" on 
char surfaces. In contrast, these calorimetric results and the results of parallel XRD studies suggest 
that on demineralized bituminous coal calcium sinters and alloys with residual sulfur to produce 
relatively inactive catalysts. These findings strongly support one earlier model of potassium- 
promoted coal char reactivity: potassium catalyzes char gasification through a process in which a 
thin partially oxidized potassium film is alternately oxidized by the gas and reduced by the char. 
© 1991 Academic Press, Inc. 

INTRODUCTION 

Catalytic gasification of carbonaceous 
materials continues to be an industrially im- 
portant process; the past decade has wit- 
nessed a flurry of research activity in all 
phases of catalytic carbon gasification. Ex- 
cellent reviews of this progress are available 
(1-3). Yet, particularly in the cases of alkali 
and alkaline-earth metal-catalyzed gasifica- 
tion of coal chars, there is considerable de- 
bate as to the mechanism of gasification and 
identification of the catalytically active 
phase. One model of metal-enhanced coal 
char reactivity, the so-called oxygen trans- 
fer mechanism, is that (i) gas adsorption 
takes place upon the metal or carbon- 
adsorbing sites, (ii) the gas is activated, and 
(iii) the activated gas atoms diffuse to where 
reaction takes place (2, 4-7). This can in- 
volve an oxidation/reduction cycle of the 
metal (8-10). One major unanswered ques- 
tion from this model is that regarding the 
path of activated oxygen diffusion (3, 11). 
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Another question relates to the state of the 
metal. For example, potassium has been de- 
scribed both as metallic (5, 11) and partially 
oxidized (8-10, 12). To properly evaluate 
the above models of reactivity for catalyzed 
chars it is necessary to obtain accurate infor- 
mation regarding the number and identity of 
both carbon and catalyst sites. 

Adsorption methods previously used to 
characterize chars include N2 and CO2 ad- 
sorption for total surface area (13-15), 02 
chemisorption, and various desorption stud- 
ies for determination of catalytic site con- 
centration (6, 16, 17). No combination of 
these methods is able to provide detailed 
information about the chemical structure of 
the catalytic surface. For example, oxygen 
chemisorption on metal-impregnated sur- 
faces is currently the best method available 
for obtaining an approximate value for the 
total catalytic surface area. Yet, it is impos- 
sible to distinguish metal catalytic surface 
from active carbon surface using this 
method. It is also impossible to get quantita- 
tive data on the phase (e.g., oxidation state) 
of the various catalytic metals. The present 
study was designed to demonstrate that a 

388 



MICROCALORIMETRIC STUDY OF OXYGEN ADSORPTION 389 

true differential calorimeter can yield quan- 
titative data regarding the number and iden- 
tity of oxygen-adsorbing sites on both raw 
and catalytically promoted (K and Ca) 
chars. 

On the basis of these studies several con- 
clusions were reached. With regard to de- 
mineralized uncatalyzed bituminous coal 
chars it is felt, in agreement with earlier 
workers (15-18), that the gas-adsorbing 
sites are chemically similar to those found 
on high-surface-area carbons. With regard 
to chars prepared with CaCO3 (alkaline- 
earth metal salt) it was found that the cal- 
cium salt, following either high-temperature 
or low-temperature preparation, did not sig- 
nificantly change the amount of oxygen ad- 
sorbing surface. These chars have an active 
site population similar to that of the raw 
chars. In contrast, the addition of K2CO3 
to the demineralized bituminous coal and 
subsequent charring had a dramatic effect. 
It increased the number of adsorbing sites 
and changed the rate and heat of oxygen 
adsorption. Also, the observed heats of ad- 
sorption clearly suggest the catalytically 
active surface in potassium carbonate- 
catalyzed gasification is partially oxidized 
potassium. This finding supports the oxida- 
tion-reduction mechanism of char gasifica- 
tion in which partially oxidized potassium 
present in thin layers is the active phase. 
The results also suggest a "path"  for acti- 
vated oxygen diffusion. 

EXPERIMENTAL 

Calorimeter. The design and operation of 
the Calvet-type calorimeter used in this 
work is described in detail elsewhere (19, 
20). The reliability of the technique is af- 
firmed by the results of previous studies in 
this laboratory (21, 22). The procedure is 
described briefly below. The sample is ex- 
posed to a measured amount of gas in a 
thermally controlled environment at 303 K. 
Heat generated by the adsorption of the gas 
flows out of the sample chamber through 
thermopiles, which generate a signal pro- 
portional to the instantaneous heat flow. 

The integrated signal is proportional to the 
total heat generated. The shape of the heat 
peaks yield qualitative information regard- 
ing the kinetics of the adsorption process. 
Once the system has returned to equilibrium 
the procedure is repeated. This is done re- 
peatedly until it is clear from the signal 
shape and strength that very little heat is 
being produced and that the gas is only phys- 
ically adsorbing on the sample. 

Note that the temperature of adsorption 
(303 K) is lower than the temperature con- 
ventionally used to titrate carbon active 
sites with oxygen (23), although tempera- 
tures as low as 375 K have been used (13). 
One advantage of performing the adsorption 
at a low temperature is that the only process 
that takes place is the adsorption of oxygen. 
There are no simultaneous processes that 
lead to product desorption as have been en- 
countered in higher-temperature studies of 
oxygen/carbon interaction (24). Thus, the 
results reported are not ideal for comparison 
with active surface area (ASA) studies, but 
are excellent for comparison with earlier ca- 
lorimetric studies of oxygen adsorption on 
carbon (20, 25-27), and for contrast with 
adsorption on chars containing catalyst. 

BET and Polyani-Dubinin (P-D) mea- 
surements. The BET and P-D (CO2) mea- 
surements were conducted in a standard 
glass high-vacuum system with an ultimate 
pressure of 1 x 10 -6  Torr. After char pro- 
duction, described below, each of these 
samples was exposed to the ambient labora- 
tory atmosphere for several days before sur- 
face area measurements were conducted. 
The procedures used in making the surface 
area measurements are standard and are de- 
scribed in detail elsewhere (15). 

X-ray diffraction. XRD characterization 
of the samples was conducted in air using 
a Rigaku Model DMAX-IA diffractometer. 
This diffractometer employs a copper target 
X-ray source, curved crystal graphite mono- 
chrometer, and Ti-drifted NaI scintillation 
detectors. The distance between sample and 
detector is 185 mm and a divergent slit of 1 ° 
and a receiving slit of 0.3 ° were used. 
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Sample preparation. Experiments were 
conducted on samples from the same batch 
of bituminous coal char (Pitt No. 8, sample 
No. MQA1; received from the DOE/PSU 
Coal Bank). Demineralization was carried 
out, using the method of Bishop and Ward 
(28), as follows. (1) Six grams of coal, 
ground under nitrogen to pass 200 mesh, 
were mixed with 40 ml of 5 N HCI in a plas- 
tic beaker (125 ml). The slurry was then 
agitated at 60°C for I h. (2) The coal was 
filtered, washed, and bathed in stirred full- 
strength HF at 60°C for 1 h. (3) Step (2) was 
repeated except with full-strength HC1. (4) 
The coal was then filtered and continuously 
washed with distilled water. (5) A slurry was 
prepared with an excess of CO2-free dis- 
tilled water and refluxed for several hours. 
It was necessary to repeat step (4) until no 
chlorine was detected in the filtrate with an 
indicator. The coal was thoroughly dried in 
air at 50°C for 24 h. 

Altogether six samples were studied: (i) 
char prepared by devolitilization of the par- 
ent coal at 500°C, (ii) char prepared by de- 
volitilization of the parent coal at 900°C, (iii, 
iv) chars prepared by physically mixing the 
demineralized parent coal with metal car- 
bonate (K2CO3 or CaCO3) and then devolitil- 
izing at 500°C, and (v, vi) chars prepared by 
physically mixing the demineralized parent 
coal and metal carbonates and then devoli- 
tilizing at 900°C. Relevant parameters for 
each sample are given in Table 1. More de- 
tail on sample preparation is given below. 

In order to accommodate the inherent 
physical limitations of the calorimeter all of 
the coal underwent a three-stage treatment 
before measurements were made. That is, 
the coal was first pyrolyzed, then crushed, 
and finally heat treated. This sequence was 
chosen since high-rank low-volatile coals 
form a plasticized material upon cooling 
(29). The exact procedure for the two " raw"  
samples is described below. The same pro- 
cedure was carried out for the "loaded" 
samples except in these cases 10% by weight 
of a fine powder of calcium or potassium 

T A B L E  1 

S a m p l e  P r e p a r a t i o n  S p e c i f i c a t i o n  

Sample Added by Pyrolysis Offgassing 
physical conditions treatment 
mixing 

Low- No catalyst 1 h-500°C 3 h-500°C, 
temperature flowing N2, 1 × 10 -4 Tort 
raw crushed 

High- No catalyst 1 h-500°C 3 h-900°C, 
temperature flowing N2, 1 × 10 -4 Ton" 
raw crushed 

Low- CaCO~ 1 h-500°C 3 h-500°C, 
temperature flowing N2, 1 x 10 -4 Ton" 
calcium crushed 

High- CaCO 3 1 h-500°C 3 h-900°C, 
temperature flowing N2, 1 × 10 -4 Ton. 
calcium crushed 

Low- K2CO 3 1 h-500°C 3 h-500°C, 
temperature flowing N2, 1 × 10 -4 Ton" 
potassium crushed 

High- K2CO 3 1 h-500°C 3 h-900°C, 
temperature flowing N2, 1 × 10 -4 Ton. 
potassium crushed 

carbonate was physically mixed into the 
coal before any heat treatments. 

Demineralized raw coal was heated under 
flowing N 2 in a tube furnace to 500°C, held 
at that temperature for 1 h, and then cooled 
gradually (ca. one-half hour) to room tem- 
perature. This process resulted in the forma- 
tion of an agglomerated/plasticized mate- 
rial. This material was crushed to a fine 
powder using a mortar and pestle. From this 
powder two samples were made. A "high- 
temperature" sample was prepared by heat- 
ing the powder (1.5 h) to 900°C in a vacuum 
furnace (1 × 10 -4 Torr), holding it there for 
3 h, then cooling it gradually (1.5 h) to room 
temperature. The sample was held under 
dynamic vacuum for an additional 10 h be- 
fore being vacuum transferred into the calo- 
rimeter sample cell. A "low-temperature" 
sample was prepared in a nearly identical 
manner, however, this sample was heated 
only to 500°C. 

Catalysts were added by the process of 
physically mixing metal carbonates with the 
demineralized coal prior to preparation. 
This method was used since prior studies (2, 
30) have indicated that this will leave highly 
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FIG. 1. Differential heat of oxygen adsorption versus 
the quantity of gas adsorbed for the 500°C (O) and 900°C 
( t )  offgassed chars. The low-temperature-treated char 
clearly chemisorbs less gas than its high-temperature- 
treated counterpart. 

dispersed catalyst particles on the coal char 
in certain cases (e.g., potassium carbonate) 
and poorly dispersed particles in others 
(e.g., calcium carbonate). Some insight re- 
garding this contrasting behavior was de- 
sired here. 

RESULTS 

Oxygen adsorption on raw demineralized 
chars. Figure 1 shows the differential heat 
of adsorption vs the amount adsorbed per 
gram of sample for both the low- and high- 
temperature raw chars. The adsorption pro- 
cess on the two samples is clearly different. 
The differential heat vs coverage fluctuates 
for both samples; however, the initial ad- 
sorption occurs at a much lower heat (ca. 40 
kcal/mol) for the 900°C treated sample than 
for the 500°C sample (ca. 65 kcal/mol). Also, 
the differential heat of adsorption achieved 
a maximum of over 80 kcal/mol for the high- 
temperature-treated sample, whereas the 
heat only climbed to about 65 kcal/mol for 
the low-temperature-treated sample. More- 
over, the high-temperature-treated char 
clearly adsorbed more gas. 

There is also qualitative information 
available regarding the kinetics of the ad- 
sorption process. In Fig. 2, normalized cool- 

ing width (NCWHM) is plotted on the same 
figure as the heat of adsorption. The normal- 
ized cooling width is the time elapsed from 
the moment at which the maximum in the 
heat output curve is reached until the half 
height point, normalized relative to the cool- 
ing width of the first heat output curve of 
that sample. Initially on both samples the 
adsorption process is relatively rapid. With 
each subsequent dose, however, heat pro- 
duction and hence output takes longer. This 
indicates that the chemisorption process 
(Region I) takes progressively longer to 
complete. Eventually, only physical adsorp- 
tion (Region II) takes place, and heat output 
becomes very rapid. 

It is notable that both the heats and kinet- 
ics of oxygen adsorption observed for these 
raw char samples is similar to that observed 
on some high surface area carbons (19, 20, 
25-27). 

The fact that the differential heat in- 
creases or fluctuates (Region I) is not 
thought to be instrument error because of 
the smoothness of the raw data; the steady 
change of the NCWHM; the repeatability of 
the chaotic behavior on several samples; the 
contrast with the steady decline in heat ob- 
served with other samples in this study; and 
previous experience with a similar calorime- 
ter (20). It must be emphasized that if an 
adsorption process is kinetically controlled, 
there is no theoretical reason for the AH 
values to decrease smoothly. It is also ex- 
pected that adsorption on a heterogeneous 
surface, such as that presented by coal char, 
will be controlled by kinetics, not equilib- 
rium. Moreover, the suggestion that the ad- 
sorption process is kinetically controlled on 
these samples is consistent with the 
NCWHM data, which show adsorption to 
slow with each dose (20, 31). 

Oxygen adsorption on CaCOa-loaded 
chars. Figures 3a and 3b show the heat of 
adsorption and NCWHM data for the low- 
and high-temperature CaCO3 loaded char 
respectively. There are both similarities and 
differences between the heats and kinetics 
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FIG. 2. Calorimetric study of raw chars, (a) Differential heat of oxygen adsorption (A) and NCWHM 
( I )  versus the quantity of gas adsorbed for the 500°C raw pretreated char. The marked regions are 
discussed in the text. (b) Differential heat of oxygen adsorption (A) and NCWHM (U) versus the 
quantity of gas adsorbed for the 900°C raw pretremed char. 

of adsorption on these samples and those on 
the raw char samples. The principle similari- 
ties are that the total amount chemically ad- 
sorbed is similar and the kinetics and heats 
of adsorption are not dramatically different. 
The principle differences are that, except for 
the first two/three doses, the heats decrease 
smoothly on the calcium-promoted chars, 
and more gas adsorbs after the low-tempera- 
ture treatment than after the high-tempera- 
ture treatment. 

Region I behavior for adsorption of oxy- 
gen on the two calcium chars is somewhat 
different in each case. The heats follow a 

smooth trend for both samples; however, 
they drop off far more rapidly for the high- 
temperature char. Moreover, as in the raw 
char case the maximum value for the param- 
eters NCWHM for the high-temperature 
char is much greater than that for the low- 
temperature sample. 

Oxygen adsorption on K2CO3-1oaded 
chars. The heat vs amount adsorbed data is 
clearly different for these samples (Figs. 4a 
and 4b), than that obtained for raw chars 
and calcite loaded chars. Following is a list 
of the chief differences. (i) The heats of ad- 
sorption are distinctly different than on raw 
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FIG. 3. Calorimetric study of calcium-loaded chars. (a) Differential heat of oxygen adsorption (A) and 
NCWHM ( I )  versus the quantity of gas adsorbed for the 500°C CaCO3 pretreated char. (b) Differential 
heats of oxygen adsorption (A) and NCWHM ( I )  versus the quantity of gas adsorbed for the 900°C 
CaCO 3 pretreated char. 
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FIG. 4. Calorimetric study of potassium-loaded chars. (a) Differential heats of oxygen adsorption (A) 
and NCWHM (J)  versus the quantity of gas adsorbed for the 500°C K2CO 3 pretreated sample. (b) 
Differential heats of oxygen adsorption (A) and NCWHM (n) versus the quantity of gas adsorbed for 
the 900°C KECO 3 pretreated char. This char chemisorbs by far the most gas of any of the six samples. 
(c) Differential heat of oxygen adsorption versus the quantity of gas adsorbed for the low-temperature- 
pretreated KzCO 3 char. The two experiments show that the data are fairly reproducible. See text for 
details. (d) Differential heat of oxygen adsorption versus the quantity of gas adsorbed for the high° 
temperature-pretreated K2CO 3 char. The data for two experiments indicate good reproducibility. 

chars or carbons. On both low- and high- 
temperature chars the heats are between 30 
and 50 kcal/g tool 02 adsorbed over a wide 
range of coverage. These numbers are dis- 
tinctly lower than those on the other sam- 
ples. (ii) The rate of chemisorption is steady 
over a broad range of coverages, particu- 
larly on the high-temperature sample. (iii) 
Nearly an order of magnitude more gas is 
absorbed on these samples than on the other 
samples. (iv) Finally, the temperature of the 
pretreatment makes a significant difference 
in the number of adsorbing sites. This is not 
the case for the other samples. 

Second trials with fresh samples show 
that the data is reproducible to a fairly high 
degree. That is, an analysis of the differen- 
tial heat spectra for two low-temperature 
samples (Fig. 4c) indicates that the data fol- 
low the same basic trend with only a minor 
discrepancy in heats at moderate to high 
coverage. Moreover, both samples chemi- 
sorb nearly the same amount of gas. Similar 
behavior is observed for the high-tempera- 
ture samples (Fig. 4d). 

Adsorption isotherms and Surface Area 
estimates. Operation of the calorimeter also 
produces equilibrium adsorption data; that 
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typical of those seen on all six samples studied (O). 
The total quantity of gas chemisorbed on the chars was 
determined in three ways as discussed in the text. The 
three methods yielded similar results for all six coal 
chars. The total amount of gas chemisorbed was used 
to calculate the catalyst surface area corresponding to 
each method for all chars by assuming that an adsorbed 
oxygen molecule occupied 20/~2 on the char surface. 
These results are summarized in Table 2. The second 
isotherm (0)  was obtained after 1 h of pumping. 

is, the final (pseudo-equilibrium) pressure 
vs cumulative amount adsorbed is obtained 
for each dose. This information can be used 
to generate conventional isotherms. 

Figure 5 shows adsorption isotherms for 
the low-temperature CaCO3-1oaded sample. 
Three methods were used to determine the 
oxygen adsorption capacity at 303 K. The 
letter A (left axis, Fig. 5) indicates the 
amount of chemisorbing surface area mea- 
sured on the basis of the heat of adsorption 
data (AH greater than 10 kcal/g mol ad- 
sorbed). The letter B indicates the capacity 
measured on the basis of a single isotherm, 
and C indicates the amount of chemisorbing 
gas measured on the basis of the two iso- 
therm methods. All three methods give the 
same value within a factor of about 1.5 for 
all samples, which is very good agreement 
(Table 2). However, the isotherm data, 
which are typically the only data available, 
do not provide any information regarding 
possible distribution of chemisorbing sites, 
the strength, or the kinetics of adsorption at 
these sites. 

TABLE 2 

Total Oxygen Uptake 

Sample O 2 uptake Single Dual 
from heats isotherm isotherm 
(AH > 10 total 02 total 02 
kcal/mol) uptake uptake 

(m2/g) (m2/g) (mE/g) 

500°C Raw 5.1 7.0 6.6 
900°C Raw 8.9 10.2 10.2 
500°C CaCO 3 5.8 7.2 7.0 
900°C CaCO3 4.6 5.4 5.5 
500°C K2CO3 36.1 29.5 28.9 
900°C K2CO3 66.3 63.6 60.2 

BET and P-D surface area estimates. Val- 
ues of BET and P-D surface area for all 
six chars are given in Table 3. The BET 
measurements indicate that all of the chars 
have little or no mezo- or macro-pore sur- 
face area; however, the P-D surface areas 
indicate that the raw chars and the calcite- 
promoted chars have a high micropore sur- 
face area. In contrast, the potassium-pro- 
moted chars have a far smaller micropore 
surface area. In fact, the oxygen-adsorbing 
capacity for the high-temperature po- 
tassium-promoted char is apparently higher 
than the total micropore surface area. 

X-ray diffraction analysis. Results of the 
XRD study of five of the six post-calorimet- 
ric air-exposed samples are presented in 
Figs. 6-8. The diffraction pattern for the 
raw 900°C sample is not shown because it 
is identical to that for the low-temperature 
sample. Reflections from the Grafoil sample 

TABLE 3 

Surface Areas of Coal Chars 

Sample BET (mE/g) P-D (m2/g) 

500°C Raw 7.7 289 
900°C Raw 1.4 289 
500°C CaCO 3 14.0 250 
900°C CaCO3 3.2 206 
500°C K2CO 3 6.6 77 
900°C K2CO 3 1.6 13 
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FIG. 6. XRD study of raw chars. XRD pattern of 500°C raw pretreated sample following calorimetric 
oxidation and subsequent air exposure. All strong peaks observed for this sample and the high- 
temperature raw sample are explained by the Grafoil sample holder. 

holder are found at 13 ° , 25 ° , and 54 ° (32) 
and act as an internal standard. It should 
be noted that the data in this study are for 
identification of the final oxidized state of 
the catalyst-char system. 

Figure 6 depicts the diffraction pattern 
for the raw demineralized char pretreated at 
500°C. Note that no strong peaks are present 
other than those attributable to the holder. 
Hence, it is likely that the demineralization 
has removed much of the mineral matter 
from the coal and that any residual material 
is well dispersed. 

Diffraction patterns for the CaCO3- 
treated chars are shown in Figs. 7a and 7b. 
All of the additional peaks observed for the 
low-temperature char (Fig. 7a) are ex- 
plained by the presence of CaCO3, sug- 
gesting that at 500°C, CaCO3 does not 
decompose. This is borne out by thermody- 
namic calculations that predict a decompo- 
sition pressure of 4.5 x 10 -5 Torr at a tem- 
perature of 500°C. In the diffraction pattern 
of the high-temperature char (Fig. 7b) the 
peaks at 31.2 °, 44.7 °, and 55.5 ° are identified 
as calcium sulfide (CaS), while the peaks at 
32.2 °, 37.4 °, 53.8 °, and 64.1 ° are identified as 
calcium oxide (CaO). The peaks at 17.8% 
33.8 ° , 47.0% and 50.5 ° are attributed to 
Ca(OH)2. This is consistent with past obser- 
vations that bituminous coals contain a con- 

siderable amount of pyrite (FeS) (cannot be 
removed via demineralization) with which 
the CaO produced (from high-temperature 
decomposition of the calcite) readily reacts 
to form CaS. Some of the excess CaO then 
picks up atmospheric water to form 
Ca(OH)2. 

The diffraction patterns for the po- 
tassium-catalyzed samples are given in Figs. 
8a and 8b. Note the appearance of several 
distinct nongraphitic peaks in the XRD pat- 
tern for the low-temperature sample. Appar- 
ently all of the K2CO3 is chemically con- 
verted to a mixture of potassium oxides, as 
evidenced by the appearance of a band of 
several peaks around 30 ° (Fig. 8a), all of 
which could result from various potassium 
oxides (e.g., K20 and KO2). XRD clearly 
indicates that n o  K 2 C O  3 remains following 
heat treatment and subsequent air exposure. 
However, the diffraction pattern suggests 
that following the high-temperature treat- 
ment (Fig. 9b) the potassium has a less-well- 
defined crystallinity as evidenced by the dis- 
appearance of most peaks. 

DISCUSSION 

The data collected in this work permit 
clear contrasts between the low-tempera- 
ture (300 K) oxygen-adsorbing sites on each 
of the different surfaces. The data can also 
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FIG. 7. XRD study of calcium-loaded chars. (a) XRD pattern of 500°C CaCO 3 pretreated sample 
following calorimetric oxidation and subsequent air exposure. All nongraphitic peaks are due to the 
presence of a bulk carbonate phase. (b) XRD pattern of 900°C CaCO3 pretreated sample following 
calo ~metric oxidation and subsequent air exposure. It is evident that calcium sulfide, calcium oxide, 
and calcium hydroxide are present. 

be correlated to previously observed differ- 
ences in reactivity permitting, particularly 
in the case of potassium promoted chars, 
an improved understanding of the catalytic 
mechanism. 

Raw chars. A simple model of the chemis- 
try of raw coal chars can be developed on 
the basis of the calorimetric studies. Spe- 
cifically: The gas-adsorbing sites on the raw 
char are similar to those found on high sur- 
face area carbons. There are a variety of 
adsorbing sites that are not in chemical con- 
tact (heterogeneous surface), such that the 
adsorption process is controlled by kinetics 
and not equilibrium considerations. Finally, 
high-temperature pretreatments increase 
the number of oxygen adsorbing sites (at 

300 K) by desorbing site-blocking species 
from the char surface. 

Previous studies of adsorption of oxygen 
on high surface area carbons support the 
first claim. Several groups have shown that 
the heats of adsorption of oxygen on 
"clean" carbon surfaces yield initial heats 
of around 70 kcal/g mol (20, 25-27), which 
gradually decrease. This is similar to the 
heats observed in this study. It has also been 
shown that the adsorption process on car- 
bons is generally kinetically controlled (20, 
31). In fact, for studies of carbon total active 
surface area (ASA) higher adsorption tem- 
peratures are employed specifically to over- 
come kinetic barriers (23, 33). 

One plausible explanation for the fluctua- 
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FIG. 8. XRD of potassium-loaded chars. (a) XRD pattern of 500°C K2CO3 pretreated sample following 
calorimetric oxidation and subsequent air exposure. This figure suggests that a mixture of potassium 
oxides is present. (b) XRD pattern of 900°C K2CO3 pretreated sample following calorimetric oxidation 
and subsequent air exposure. There are no clearly identifiable species. 

tions in the heats of adsorption is that the 
surface is a heterogeneous one such that 
kinetics controls the adsorption process. A 
thorough discussion of this is not merited in 
the present context, but is available else- 
where (21, 30). A few standard concerns are 
addressed here. For example, if diffusion 
into the bed or individual particles were rate 
controlling, then equal heats of adsorption 
would be found for each dose, as pointed 
out in several places (34, 35). Moreover, 
there would be a constant decrease in the 
rate of adsorption. Also, physical adsorp- 
tion, experimentally found to be the most 
rapid, would be the slowest process as 
equilibrium of physical adsorption would 
not be obtained until gas had diffused to 
all parts of the sample surface. In sum, 

a model in which diffusion controls the 
adsorption process is not consistent with 
the data. 

Calcium carbonate-loaded chars. It is 
clear that there are only subtle differences in 
the character of oxygen adsorption between 
the raw chars and the calcium-loaded chars. 
The major difference is that over a wide 
range of coverage there are no fluctuations 
in the heat of adsorption on calcium-loaded 
chars. The similarities suggest that the cal- 
cium does not create a large number of new 
gas-adsorbing sites. Possibly adsorption on 
these chars occurs both on the surfaces of 
large "calcium" particles and on carbon 
sites. Competition between site types could 
explain the initial fluctuations. 

The conclusion that calcium is not creat- 
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ing a significant number of new catalyst sites 
is consistent with the X-ray studies. For ex- 
ample, it is clear that on the low-tempera- 
ture sample most of the C a C O  3 is not fully 
decomposed and is present as poorly dis- 
persed particles. The high-temperature 
treatment converts a great deal of the cal- 
cium to calcium sulfide. The remainder is 
probably present as poorly dispersed CaO. 
It is also noteworthy that the surface areas 
(BET and P-D) are similar for the raw chars 
and calcium-loaded chars. 

This model of calcium behavior is consis- 
tent with earlier studies. For example, add- 
ing calcium to coal chars is a well-known 
method for reducing sulfur emissions. It has 
been shown that this results from the inter- 
action of calcium and sulfur to form stable 
compounds (36). It has also been found that 
the method of addition and pyrolysis history 
strongly influence dispersion in calcium salt 
catalyzed char system (2, 37). In particular, 
it is well known that high dispersions of cal- 
cium can only be achieved by ion exchange 
or by other chemical methods and only on 
some chars. Physical mixing does not work. 
Moreover, calcium looses activity and sin- 
ters at high temperatures into large particles 
of CaO, no matter what the initial dispersion 
(37, 38). It has also been shown that calcium 
must be added in rather large quantities to 
significantly increase reactive site density 
and activity per unit area (39). 

Potassium carbonate-loaded chars. 
Given all the data a model of the morphology 
of the potassium layer and its oxidation 
state, particularly following the high-tem- 
perature treatment, can be developed. The 
model developed is similar to that developed 
using other techniques. 

The morphology of the surface layer is a 
very thin (a few atomic layers) skin of a 
potassium-based structure. The adsorption 
sites on the potassium chars are probably 
nearly all associated with the promoter and 
not carbon sites. The dramatic increase in 
the amount adsorbed could be linked to the 
creation of new carbon sites, but this seems 
unlikely as the heats of adsorption on both 

samples are too low to be explained in that 
fashion. This suggestion that potassium car- 
bonate creates many new oxygen-adsorbing 
sites is consistent with earlier models 
of potassium behavior on chars. It has 
been shown that potassium "melts" or 
"spreads" to form a thin film on carbon 
during heating at high temperatures (41). 

Area measurements (BET, P-D) support 
the contention that the potassium layer is 
very thin. That is, the oxygen-adsorbing 
area is about equal to the total surface area 
for the low-temperature sample and is larger 
than the total surface area for the high-tem- 
perature sample. Also, the total surface area 
on both samples is considerably less than 
that on the other char samples. These find- 
ings suggest (i) the potassium spreads to 
form a thin layer, which virtually covers the 
entire surface, (ii) the spreading potassium 
blocks many pores, significantly reducing 
the total surface area, and (iii) oxygen ad- 
sorption is not confined simply to the very 
surface layer. The first two suggestions are 
consistent with earlier models of potassium 
behavior (40, 41). The third point is consis- 
tent with other studies of oxygen adsorption 
on metals. For example, it has been shown 
that iron that is differentially dosed with ox- 
ygen at room temperature will passivate 
only following the formation of two or three 
layers of oxide (21). This suggests that the 
potassium oxide layer is actually several 
atomic layers thick. 

The impact of preparation temperature on 
oxygen uptake also provides an indirect in- 
dication of the thickness of the catalyst 
layer. If it is assumed that all potassium is 
in the form of K20 following pretreatment 
(see later discussion) and that only KO2 is 
formed by interaction with oxygen, then the 
fraction of K20 oxidized during the calori- 
metric experiment can be determined. Re- 
suits from all four potassium-promoted sam- 
ples are listed in Table 4. These results 
clearly indicate that preparation tempera- 
ture plays a dramatic role in catalyst disper- 
sion on potassium-promoted samples. The 
oxide film is likely less dispersed on low- 
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TABLE 4 

Oxide Film Dispersion on Potassium 
Carbonate-Promoted Chars 

Sample Wt% K % K20 oxidized 
to K O 2  a 

500°C 6.6 13 
500°C (rerun) 6.9 15 
900°C 5.3 52 
900°C (rerun) 5.8 55 

a See text for explanation of assumptions em- 
ployed. 

temperature-treated samples as supported 
by 13 and 15% K 2 0  oxidized as compared 
to 52 and 55% K20 oxidized for the high- 
temperature-treated samples. (Note that the 
latter values are corrected for evaporation. 
See Table 4.) These results show that it is 
plausible that a significant amount of po- 
tassium is already partially oxidized prior 
to gas adsorption and that it is present in 
very thin layers. These results and the fact 
that the heats of adsorption are similar 
following both low- and high-temperature 
treatment also suggest that the spreading 
has not fully developed after treatment at 
500 C. 

Next, the question of oxidation state 
arises. If potassium metal is produced dur- 
ing heat treatment, then subsequent oxida- 
tion would occur as one or more of the fol- 
lowing reactions: 

K (s) + 02 (g) --~ § K203 (S) 
AH = --85.2 kcal/mol 02 (1) 

K (s) + 02 (g) --~ KO2 (s) 
AH = -68.4 kcal/mol 02 (2) 

and 

2 K (s) + 02 (g) --~ K202 
AH = - 118.3 kcal/mol 02 (3) 

Other potential reactions include 

4 K (s) + 02 (g) --~ 2 K 2 0  

AH = - 172.8 kcal/mol 02 (4) 

and 

] K (s) + 0 2 (g) --~ ] KO 3 
AH = -42.2 kcal/mol 02. (5) 

Reactions (1)-(5) do not seem likely since 
the heats of oxidation are generally outside 
the range of the observed heats. Alternately, 
the potassium may be already partially oxi- 
dized, due to decomposition of the carbon- 
ate, and in the form K201 -x. Initially enough 
oxygen would be adsorbed to make stoichio- 
metric crystals. Next, additional oxygen 
would be adsorbed, as per the following re- 
action: 

K20 + ~ 02 --~ 2KO2 
AH -- -34  Kcal/g mol 02. (6) 

The value of AH for this reaction is close to 
that observed experimentally. 

X-ray studies, conducted after air expo- 
sure, are consistent with but do not prove 
the suggestion that the final stable forms 
of the potassium are partially oxidized thin 
films. Indeed, the loss of detectable crystal 
structure following high-temperature treat- 
ments is consistent with thin layer forma- 
tion. Also, the X-ray results allow alterna- 
tive explanations to be rejected. One 
suggestion (42) is that at low K2CO 3 loadings 
a substantial amount of the catalyst formed 
during pyrolysis interacts with the mineral 
matter in the coal to form potassium alumi- 
nosilicates. None of the potassium alumino- 
silicates listed in the powder diffraction files 
were found to be present in the bulk. A 
second theory has the potassium catalyst 
interacting with the graphitic carbon in the 
char to form intercalate-like structures. 
Kapteijn et al. (43) have found this to be 
the case for one high-rank K2CO3-catalyzed 
gasification char. None of the patterns pre- 
sented in earlier studies can explain the 
peaks in Figs. 8a or 8b. Thus, it seems un- 
likely that an intercalated potassium struc- 
ture has formed. 

Mims and Pabst (12, 44) suggested that 
potassium-oxygen-carbon complexes form 
on the char surface and are responsible for 
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the excellent dispersion and reactivity of 
K2CO3-catalyzed chars. This is impossible 
to substantiate using XRD. However, if it is 
true that the potassium carbonate decom- 
poses and forms surface phenoxide groups 
during pyrolysis as suggested by Mims and 
Pabst (12), then the nature or type of these 
groups present on the surface should be a 
strong function of temperature. Indeed, 
there is a dramatic contrast between the be- 
havior of samples prepared at 500°C and 
those prepared at 900°C. The addition of 
potassium and low-temperature preparation 
increases the number of oxygen adsorbing 
sites. It also slightly decreases the charac- 
teristic heat of oxygen adsorption. Also, the 
heats show maxima and minima at low cov- 
erage, which is indicative of a nonequilib- 
rium competition for adsorbate between 
sites of widely differing energetics (e.g., 
"carbon-type" and "potassium-type" ad- 
sorbing sites). In contrast on the high-tem- 
perature char the heats are remarkably low 
over a wide range of coverage. Also, the 
heat declines in an almost "s tepped" fash- 
ion and the rate of adsorption is virtually 
constant over a broad coverage range. This 
suggests that equilibrium adsorption is tak- 
ing place. 

In sum, it is suggested that following high- 
temperature treatment the potassium is 
present as a thin film in a partially oxidized 
state, although it may be "complexed" with 
carbon. (It is felt that the same film has par- 
tially developed after the low-temperature 
treatment; however, it is clear the film has 
not fully developed after the low-tempera- 
ture treatment. Also, after that treatment 
there are probably several different po- 
tassium species present.) Adsorption occurs 
initially in a kinetic and then in an equilib- 
rium fashion until a well-defined stable ox- 
ide is formed (as per reaction (6)). This sug- 
gestion is in accord with the catalytic 
oxidation/reduction mechanism for CO2 
gasification proposed earlier by Moulijn and 
Kapteijn (8, 10). 

Finally, a thin partially oxidized po- 
tassium layer suggests a mechanism for "ac- 

tivated oxygen" diffusion. That is, activated 
oxygen in the surface would need only to 
diffuse through one or two layers of catalyst 
to encounter carbon, at which interface cat- 
alyst reduction would take place. Thus, all 
potassium, not just that near particle edges, 
should be active. This is consistent with the 
finding that at low to moderate loading activ- 
ity is proportional to the amount of po- 
tassium present on the char (12). 
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