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lntroduct ion 

Shortly after our Quarterly Report for the period April 1, 1995 - June 30, 1995 was 
submitted, we completed the fast two thermogravimetric-mass spectrographic (TGMS) 
analyses of our samples. ?he results of these analyses will be included in the Final 
Report with the TGlMS data accumulated for the other coaf samples. We then turned 
our attention to activating each of the coals using air activation. The results of the 
activation study are reported below. 

Preliminarv Determination of BET Surface Areas 

All of the samples have been analyzed using pyrolysis in helium (all have been run in 
purified helium; several early analyses had been made in helium that was contaminated 
with traces of oxygen) and oxidative pyrolysis in a He:O;! mixture. Sufficient residue 
was available to perform BET surface area analyses for several of these samples. The 
results are given in Table 1. This table compares the surface areas for the raw 
(untreated) coal samples and samples hat had been heated in purified helium andlor in 
helium contaminated with traces of oxygen (unknown oxygen concentrations). One of 
the samples (ANL501) was activated to different mass losses to determine the effect of 
mass loss on final surface area. This aspect is discussed in the next section. 

The results of these preliminary BET analyses reveal that even simple pyrolysis in 
purified helium may result in an increase in BET surface area (increasing by a factor of 
up to five times). Note that the coat sample with the largest initial (raw coal) surface 
area (DECS-2) appeared to be essentially unchanged after helium pyrolysis. The slight 
difference in sutface ar@a (22.15 m2lg after helium pyrolysis vs 26.72 m2/g &y a raw 
sample) may reflect the analytical precision of the BET method (estimated to @$ +&$% 
of the reported value) or may be due to slight differences among sub-sample&s&fo 
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Table 1. BET Surface Areas for Raw, Pyrolyzed, and Partially Activated Coal Samples 

Sample 

ANLI 01 
ANL202 
ANL301 
ANL401 
ANLSOI 
ANL6Ol 
ANL701 
ANL801 
DECS-2 
DECS-21 
DECS-22 
D ECS-23 

ANL Fefers to 

Seam - Rank Raw Pyrolvzed Partial Activation 

Upper Freeport 
Wyodak- Anderson 
t llinois #6 
Pittsburgh 
Pocahontas #3 
Blind Canyon 
Lewiston-Stockton 
Beulah-Zap 
I Hinois #6 
Lykms Valley 82 
Upper Kittanning 
Pittsburgh 

MVB 
SBB 
HVB 
HV8 
LVB 
HVB 
HVB 
LIG 
HVB 
AN 
HVB 
HVB 

4.164 16.95 50.52 
7.398 

4.504 
2.572 12.70 
4.005 
4.662 
5.374 

26.72 22.15 49.33 
8.874 16.08 72.40 
2.744 25.73 
4.086 

25.29 

-oal samples from the Argonne National Laboratory and DECS refers to coal samples 0 
obtained from the Dep&tment of Energy Coal Sample bank at Penn State. LIG = lignite, SBB =‘sub 
bituminous, HVB = high-volatile bituminous, MVB = medium-volatile bituminous, AN = anthracite. The 
surface area values stated for raw, pyrolyzed, and partially activated coals are in m2/g. 

Effects of % Burn-off on BET Surface Area 

ANL501 (a low-volatile bituminous coal) was chosen for checking the effects of O h  burn- 
off on the surface area generated during activation. There were three reasons for using 
this coal for these experiments: 1) preliminary data suggested that it was amenable to 
activation (its surface area increased from 2.6 to 12.7 m*/g even during simple pyrolysis 
in purified helium); 2) it has a relatively tow % volatile matter (only 18.60%); hence, the 
loss of volatiles already present in pore spaces would make a relatively small 
contribution to any increase in surface area relative to other coals in this study; and 3) it 
has a relatively low % ash content (4.77%), so that any correction for ash content would 
be minimized. 

Four activation experiments were performed in an artificial air mixture (80% He + 20% 
02). In each experiment, the sample was heated at 1OoClminute in the artificial air 
mixture flowing through the system at 12 standard liters per hour (SLPH) after the 
system had been evacuated and back-filled with the gas mixture. 

In each experiment, the system was aiiowed to continue heating (temperature 
increasing at 10oClminute) until a predetermined percentage of the sample had been 
burned off. The power to the furnace was then turned off and the gas mixture flowing 
into the system switched to pure helium to reduce the rate of continued oxidation as 
quickly as possible. Given the large volume of the system, it was not possible to stop 
the oxidation in an instant, so that some additional oxidation occurred, but at a much 
reduced rate. The residues were collected and weighed to confirm the mass losses 
observed during activation by thermogravimetric analysis. Small sub-samples 
(approximately 20 mg) were used to determine the BET surface areas. The surface 
area data are given in Table 2. 



Table 2. BET Surface Areas for ANL501 Coal Activated to Several Mass Losses 

Run Number 

ACT501 A 
ACT501 0 
ACT501 C 
ACT501 D 

Max. Temp. {"c) Mass toss (%I Surface Area [m*@.) 

61 0 
51 5 
458 
462 

61 
49 
32 
16 

181 
201 
241 
172 

Note: The maximum temperature (OC) is the highest temperature reached during the heating cycle. The 
mass loss is expressed as the % of the original mass lost (corrected for the ash content of the coal). 
Surface areas are given in m2/g. Surface areas were corrected for mass changes during out-gassing of 
the sampte in a vacuum at 200%. 

Figure 1 illustrates the results of these analyses. The "end points" were considered to 
be the surface area for the raw coal (representing no burn-off) and no surface? area for 
1 OUYo burn-off. (No attempt was made to determine the surface area of any remaining 
mineral matter or ash.) SigrnaPlotTM was used to generate the best-fit c u m  shown in 
Figure 1. 

The equation for this curve is: S = S0(l-x)[l-Y(1-~)]0~5 

where SO = 5.4403, x = fraction burned off, Y = 8817.57. The correlation coefficient, 
r* = 0.99. Y is a single, adjustable parameter related to the true density of the porous 
substrate, the porosity at a given time, and the BET surface area per unit mass of the 
sotid (Bhatia and Perlmutter, 1985). 

Figure 2 illustrates the effect of burn-off on the "intrinsic" BET surface area (in m2/g), 
Le., as if the surface area generated was based on the original sample mass rather than 
the final sample mass. The results suggest that the increase in intrinsic surface area 
with respect to % burn-off is nearly linear. 

The coefficients of the best-fit line are: 

bo = 54.06, b l  = 7.38, and r2 = 0.94. 

These preliminary analyses suggest that surface area generated during air activation 
increases rapidly with increasing % burn-off, peaks out in the vicinity of 40% burn-off, 
and then decreases with increasing % burn-off. (in previous studies of graphite, coal, 
etc., we have observed that the maximum reaction rates occur in the vicinity of 40% 
burn-off .) The remaining coal activations to be performed would include samples 
ranging in rank from lignite to anthracite. We anticipated that these samples would 
require activation over a range of temperatures and we decided to try to attain burn-offs 
in the range from 35 to 45% (i.e., on the maximum of the surface area vs. % burn-off 
curve) in order to obtain comparable results for this wide range of sample rank. The 
results of the air activation study for all samples is discussed in the following section. 
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Figure 1. Surface area generated vs. percent burn-off. 
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Figure 2. Intrinsic surface area generated vs. percent burn-off. 



Air Activation of All Coal SamDles 

We measured BET surface areas (using nitrogen) for all of the samples after they were 
activated in an artificial air mixture (He:02, 80:20). Surface areas corrected for mass 
changes during out-gassing and for the ash contents of each coal are given in Tabie 3. 

Table 3. BET Surface Areas for Air-Activated Coal 

Sample 

ANL801 
AML202 
ANL301 
ANLGO1 

ANL401 

AN001 

ANL101 
ANL5OI 

DECS-2 

DECS-23 

DECS-22 

DECS-21 

7 Rank R(o) 

LIG 0.28 
SBB 0.31 
HVB 0.46 
HVB 0.50 
HVB 0.52 
HVB 0.72 
HVB 0.73 
HVB 0.77 
HVB 0.77 
MVB 0.99 
LVB 1.42 
AN 5.19 

- V.M. 

49 .?8 
49.03 
47.39 
48.1 1 
45.49 
41.67 
43.53 
37.64 
39.68 
31.62 
19.53 
5.08 

- Ash Temp. 

9.72 37% 
8.77 372 

15.48 453 
4.71 437 

16.16 454 
9.25 455 
9.44 477 

19.84 476 
23.27 492 
13.18 470 
4.77 458 

11.15 622 

%Burn-off 

40 
45 
43 
35 
39 
38 
38 
40 
41 
39 
32 
36 

- Area 

27.3 
71.5 

203.1 
175.5 
179.7 
233.0 
188.3 
167.8 
145.5 
235.4 
241 .o 
11 7.9 

Coal Area 

30.2 
78.4 

240.2 
184.2 
21 4.3 
256.8 
207.9 
209.3 
189.6 
271 .I 
253.1 
132.7 

Note: Volatile matter (V.M., dry, ash-free) and ash contents (dry) are given in percent. Temp. = the 
maximum temperature reached during the air activation. The "Area" column gives the BET surface area 
(m 2/g) corrected for the mass change during out-gassing in a vacuum at 200%. The "Coal Area" column 
gives the BET surface area (m2/g) corrected for the amount of ash present, assuming ash makes no 
significant contribution to the surface area of the activated coal. 

The Yo burn-offs were determined in the foHowing manner: The sample mass to be 
activated was corrected for the ash content of each coal to maintain a consistent 
starting coal mass of 200 mg (e.g., for a coal with 20% ash, the starting sample mass 
used would be 250 mg). During activation, the mass loss to 15WC was assumed to be 
due to motecular water (H20) in the coal matrices. 

The % burn-off was calculated as: 

% burn-off = (total mass loss - mass H20)/(200 mg - mass H20)xIOO 

While the calculation of % burn-off is mathematicaily simple, the precise determinations 
of values to be used in the equation can be difficutt. The primary potential source of 
error lies in determining the mass of H@ lost. Some moisture may be {ost during the 
handling of the sample and/or during the initial set up of the instrument. In two cases, 
ANL801 (lignite) and ANL202 (sub-bituminous coal), the mass losses due to H20 were 
large and it was difficult to decide the precise moment when all of the loosely bound 
H20 was gone. (We chose to use the mass loss to 15OOC to estimate the loss of H20 
for all samples.) A second potential source of error ties in the correction made for ash 
content. The small sample masses (200 rng coal equivalent) used for these activation 
experiments might actually contain slightty more, or less, ash than the amount of ash 



present (using ASTM method D3174) in a 1 g sample. Note that the ash contents 
reported by two laboratories may vary by as much as +/-1 Oh.  

Corrected surface areas were compared with two important coal parameters. Figure 3 
illustrates the relationship between Ro (mean maximum reflectance, a rank parameter) 
and the activated coal surface area (m2/g) for each coat. Figure 4 iltustrates the 
relationship between Yo V.M. (da9 and the activated coal surface area (m*/g) for each 
coal. In calculating the surface area data used for constructing these figures, we made 
an assumption that the ash (and/or any unconverted mineral matter which remained in 
the sample) does make a significant contribution to the surface area of the final 
product after activation. This appears to be a reasonable assumption. When ANL501 
was air-activated over a range of burn-offs, the BET surface area generated decreased 
for the two samples with the highest burn-offs. If the remaining mineral matter in an 
activated coal makes a major contribution to surface area, its contribution should 
increase with increasing burn-off. 

Results of Air Activation Analyses 

Relationship between Ro and activated coal surface area. 

There appears to be a definite trend in surface area generated during air activation with 
respect to increasing rank (based on the Ro values for the coals analyzed) (see Fig. 3). 
Measured surface areas increase from values well betow 100 m2/g for lignite and sub- 
bituminous coal to values exceeding 250 m2/g for some coals in the high-volatile 
bituminous, medium-volatile bituminous, and even the low-volatile bituminous ranks. 
Although there were no samples with Ro values in the range from about 1.5 to 5, the 
surface area determined for the single anthracite coal (DECS-21, Ro = 5.1 9) was less 
than 150 Note that the parameter Ro is determined by measuring the reflectivity 
of vitrinite particles and does not take into account other important parameters such as 
the overall distribution of macerals, % V.M., ash content, etc. 

When the samples to be used in this study were chosen, one of them, DECS-22 (Upper 
Kittanning seam) was selected because it was very rich in liptinites (31.8% liptinites) to 
see whether the presence of large amounts of liptinites would result in increased 
surface area during activation. The resutts of the BET analysis for DECS-22 reveal the 
lowest amount of surface area generated (189.6 mZ/g) for any of the bituminous coals 
tested. 

Relationshi0 between % V.M. (daf) and activated coal surface area. 

The surface areas for air-activated samples (corrected for out-gassing and ash content) 
were also plotted with respect to the % V.M. (daf) (see Fig. 4). The maximum activation 
appears to take place in the range from 20 to 45 % V.M. (daf). Surface areas >250 
m2/g were generated for three samples in the range from 19 to 42 % V.M. (daf). We 
used a spline-fitting program in SigmaPiotm to generate the solid line that illustrates the 
maximum surface area generated through the direct air activation of raw coal (Le., not 
previously beneficiated to remove water and mineral matter, nor converted to a char). 



AREA CORRELATIONS 8/95 

Seam IFb /Con Area /Rank 
I I I 

ANL801 
ANL202 
AN1301 
AN1601 

ANL401 
DECS23 

IDECW I 0.771 189.61HVB 
ANL701 I 0.771 209.3lHVB 
ANL101 I 0.991 271.1 IMVB 
ANLSO1 1.42 253.1 LVB 
DECS21 5.19 132.7 AN 
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Figure 3. Relationship betweeen surface area and mean maximum reflectance (Ro) 
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There were two paired sample sets in the suite analyzed: ANL301 and DECS-2 are 
both from the Illinois #6 seam, and ANL401 and DECS-23 are both from the Pittsburgh 
seam. In both cases, the surface area generated was lower for the sample from the 
Department of Energy Coal Sample Bank at P enn State (approximately 1 1 % lower for 
the Illinois #6 coal and 19% lower for the Pittsburgh coal). One obvious difference 
between the Argonne and Penn State samples is in their particle size distributions. The 
samples from Penn State contain much more coarse-grained (20-35 mesh) materia!. 
We are going to determine surface areas generated for two spiits (20-35 mesh and e60 
mesh) for one of the Penn State coals (using identical conditions of activation) to 
determine whether particle size has a significant impact on surface area generated by 
air activation. 

Some Preliminarv Conclusions 

Based on the information presented here (shown in Figures 3 and 4) and other coal 
data in our databases, we can draw some preliminary conclusions: 

1. The primary parameter controlling the generation of surface area during air 
activation appears to be coal rank. The greatest amounts of surface area were 
generated for bituminous coals (including high-volatile, medium-volatile, and low-volatile 
bituminous coals). 

2. The presence of ash (and/or remaining mineral matter after activation) 
appears to be the second most important factor in the generation of surface area. Since 
they make a negligible contribution to surface area generated, the surface area 
generated per unit of mass is expected to decrease as the amount of ash and/or mineral 
matter remaining increases. Figures 3 and 4 show corrected values for surface area 
generated. 

3. The three coals (ANL701, DEGS-22, and DECS-23) which fall furthest below 
the fitted curve (Fig. 4) also contain the largest quantities of inertinite and liptinite 
macerals. ANL701 contains 15% inertinites and 12% tiptinites, DECS-22 contains 39% 
inertinites and 32% liptinites, and DECS-23 contains 14% inertinites and 7% liptinites. 
We believe that the concentrations of inertinites and liptinites in a coal will play an 
important role (perhaps the third most important factor) in the generation of surface 
area. 

4. The role of particte size used in the activation experiments is still not certain. 
Three of the coals that fail furthest below the fitted curve shown in Figure 4 are Penn 
State coals (DECS-2, DECS-22, and DECS-23), which are more coarse grained than 
the Argonne samples. We are in the process of studying the role of particle size. 

Work Remaining to be Done 

During the final phase of this study (during the period from October 1, 1995 through 
December 31 , 1995), our primary goal will be to use statistical analysis to evaluate the 
available data to determine the specific relationships between the chemicat and physical 



properties of a coal and the surface area generated during activation, and to what 
degree the differences reflect sampleto-sample variations or represent the limits of 
analytical precision for the methods used. 

We will perform several activation experiments using carbon dioxide and steam, and 
compare these results with those obtained for air-activated samples. We are also in the 
process of performing FTlR anaiyses of the coal samples (using equipment that recently 
became available for our use) so that this information can be entered into our database. 

In our final quarterly report (and the Final Report for this project) we will compare the 
results of our activation analyses with the results published by other researchers for 
coals. We will also discuss the potential for using coal that has been activated directly 
(Le., without pre-treatment to remove water, mineral matter, to first produce a char, etc.) 
for specific applications. 
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