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During the development of transferable measurement techniques for the heat 
capacity of raw coal, it was observed that the atmosphere in sealed sample cells 
affected the thermal behavior, particularly during the initial measurements. The 
model which had been used to represent the specific heat of coal did reproduce 
the results in air but failed to reproduce the deep exotherm of the thermograms 
obtained in nitrogen. The specific heat of coal has been determined in helium, 
argon, and carbon monoxide to provide insight into possible modifications to 
the model. The results of initial and repeat runs in the five different atmospheres 
and the impact of these results on the modeling are presented and discussed. 
The agreement between the experimental heat capacity and that predicted by 
the model, up to 500 K, is excellent and supports Merrick's predictions for the 
heat capacity of coal. 

KEY WORDS: atmospheric effects; coal; heat capacity; modeling; water 
desorption. 

1. I N T R O D U C T I O N  

A recent  su rvey  of  the  s ta tus  of  t h e r m o p h y s i c a l  p r o p e r t y  m e a s u r e m e n t s  for  

coa l  i nd i ca t ed  tha t  of ten  these  p rope r t i e s  were  k n o w n  on ly  a p p r o x i m a t e l y ,  

for few or  p o o r l y  c h a r a c t e r i z e d  coals ,  wi th  l i t t le a g r e e m e n t  a m o n g  

inves t i ga to r s  as to a p p r o p r i a t e  m e a s u r e m e n t  p r o c e d u r e s  [ 1 ] .  O u r  

l a b o r a t o r y  has  d e v e l o p e d  p r o c e d u r e s ,  us ing  c o m m e r c i a l l y  ava i l ab l e  

a p p a r a t u s ,  t ha t  give cons i s t en t  resul ts  for  the  h e a t  c apac i t y  of  coal .  
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A differential scanning calorimeter (DSC) was chosen for the heat 
capacity measurements because it was considered to have requisite 
accuracy (_+2-3% from ambient temperatures to 900 K) for materials as 
heterogeneous as coal. The DSC is easy to use, rapid, and commercially 
available; therefore it is likely that industry might adopt measuring techni- 
ques that use it. More sophisticated and inherently more accurate 
apparatus would be too expensive, from both equipment and personnel 
considerations, for widespread use by industry or academia. 

Procedures used in grinding and drying coal can affect its properties. 
Differences in sample preparation and in measurement procedures con- 
tribute significantly to the poor reproducibility of heat capacity 
measurements of coal. With the procedures that we recommend [2], the 
precision within a group of replicate measurements is generally +7.5%. 
However, the average, or fitted, values for groups of replicate 
measurements agree to 2-3 %. 

The model for carbonization of coal proposed by Merrick has been 
used for heat capacity [3, 4]. One of the advantages of this model is that it 
requires no assumptions about intermediate products released during coal 
processes; it deals with end products which can be measured. The model is 
general and can be adapted to different processes which coal may undergo. 
Furthermore, the same model can be used for several properties which are 
of interest in our experimental program, e.g., thermal conductivity and dif- 
fusivity, thermal expansion, and heat capacity. Merrick's model has been 
adapted and modified to allow for release of water below 525 K, as obser- 
ved in experiments [14]. When used to represent data up to 500K, 
agreement with experiment is within the established error of the 
calorimeter. The interplay of experiment and modeling has been important 
to the development of both satisfactory procedures for the measurements 
and an appropriate model. 

During the experimental heat capacity work, it was noted that the 
atmosphere present in individual specimen cells affected the results. The 
model being applied could reproduce the results obtained in air but was 
less satisfactory for those in nitrogen. This paper describes the experimental 
studies used to gain insight into reasons for this discrepancy. 

2. EXPERIMENT 

2.1. Material 

The coal used in this work was a high-volatile bituminous Colorado 
coal with a low sulfur and mineral content. It was provided by the Coal 
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Table I. Analytical Information for PSOC 854 Coal 
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Proximate analysis (wt% daf a) 
Volatiles, 42.65 
Fixed carbon, 57.35 

Maceral content (wt % dmmf b) 
Vitrinite, 93.0 
Inertinite, 5.8 
Liptinite, 1.2 

Ultimate analysis (wt % daf) 

C H O N S C1 
81.04 5.85 11.12 1.54 0.43 0.03 

Dry, ash free. 
b Dry, mineral matter free. 

Sample Bank at Pennsylvania State University and identified as 
PSOC-854. Table ! lists characterization information. It was ground to 
150 #m (100 mesh) and dried to a constant weight at 378 K before use. 

2.2. Procedures 

For our initial studies, the ground coal was dried in an oven at 383 K, 
riffled and pelletized in air, and sealed in air in anodized aluminum 
specimen pans. At least five replicate specimens were prepared and studied 
in each series of measurements. These procedures were used for all 
measurements made in air reported in this paper. For all work reported 
here for controlled atmospheres, the coal was dried and riffled, and 
specimens were pelletized and sealed, entirely in a controlled atmosphere 
[5].  

Measurements were made with a DSC, scanning at 5 K/min, from 315 
to 500 K. Calorimetry Conference sapphire was used as a standard [6].  
Studies in air and the early work in nitrogen followed the pattern: empty 
pan, standard, unknowns. In addition, the standard was rerun following 
the unknowns to provide an estimate of error. This estimate was obtained 
by treating the second sapphire as a sample, applying the required correc- 
tions [7] ,  and comparing the results with literature values for sapphire 
[6].  Corrections for pan weight and instrument error were applied. 
Measurements in the other gases as well as the final studies in nitrogen 
were made by a more elaborate procedure which extensive studies of the 
accuracy and precision of a DSC had shown to be appropriate [7].  The 
precision of the measurements was +7.5 %. Average, or fitted, values for 
three sets of coal agreed within +2 -3  %. 

The atmospheres selected for study in addition to nitrogen and air 
were helium, argon, and carbon monoxide. Oxygen in air unquestionably 
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reacts with coal, oxidizing it rapidly even at low temperatures. Helium and 
argon can be expected to be unreactive. At temperatures above those in 
this study carbon monoxide has been shown to activate the coal surface 
[8] ,  particularly when calcium is present in the mineral component of the 
coal, as it is in PSOC-854. 

3. EXPERIMENTAL RESULTS 

3.1. Air 

An examination of the heat capacity versus temperature curve for 
about 20 specimens measured in air showed consistent but unusual trends, 
illustrated in Fig. 1. The initial portion of the heat capacity curve was 
essentially linear; this portion was followed by a mild exotherm, then 
immediately by an endotherm. This is in contrast to a "normal" heat 
capacity curve. In the absence of a transition, the heat capacity increases 
smoothly and approaches an asymptote as all possible vibrations are 
excited. The introduction of a new form of molecular motion as the tem- 
perature increases may result in various geographic features: peaks, 
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Fig. 1. Heat capacity of coal (PSOC 854) in air. Solid line, fitted 
value; symbols, individual data points for replicates. Specimens 1, 
2, and 3: �9 A, and [~. 
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plateaus, rolling hills. But valleys, as seen in the exotherm here, are not 
observed. 

However, the overall trend of the deviations from linearity was 
exothermic, even though endothermic trends were observed within the 
exothermic region. These effects were reproducible and apparently slowly 
reversible. A second measurement of the heat capacity, an hour after the 
first, was linear. The same specimen, run a few days later, showed effects 
almost identical to those noted in the initial run. Thermogravimetric 
analyses of the specimens, after the heat capacity runs, indicated that the 
specimens, as sealed, had different water contents though they had been 
dried before encapsulation. The area of the endothermic region could be 
related quantitatively to the amount of water released. 

The suspicion that the unusual heat capacity curve was related to 
water was confirmed by several means. First, the thermogravimetric traces 
showed no general breakdown of coal structure at the temperatures concer- 
ned; at higher temperatures, above 540 K, the same sample showed the 
well-characterized breakdown of the organic structure. Second, Ratcliffe 
has shown through gc-ms measurements that water is the principal species 
evolved in this temperature region [9].  Third, Carling determined the most 
probable mineral reactions, given the inorganic species present in the coal 
[10]. He found that at 400 K, kaolinite and pyrophyllite were present in 
nearly equal proportions. At 450 K, no kaolinite was predicted to be 
present; the pyrophyllite was predicted to have doubled. Conversion of 
kaolinite to pyrophyllite occurs with release of water. Also, the water con- 
tent at 300, 350, and 400 K was constant; at 450 K it was predicted to 
increase. This study was part of a collaborative effort between the National 
Bureau of Standards and Sandia National Laboratory, Livermore. 

3.2. Nitrogen 

Some of the variability observed in earlier heat capacity measurements 
in this laboratory was believed to be caused by water introduced from the 
atmosphere in processing. In an effort to reduce this variability, a con- 
trolled-atmosphere chamber, designed for use with premium, or 
unoxidized, coals, was used [5].  All processing of the ground coal was 
carried out in an atmosphere of dried nitrogen; the atmosphere in the 
sealed specimen cells was nitrogen. For  specimens sealed in nitrogen the 
temperature of the exothermie trend was somewhat higher than those 
sealed in air. More startling, however, was the depth of the exotherm. As 
Fig. 2 shows, the heat capacity often decreased to the same values as it had 
at the start of the measurements, at a temperature 100 K lower. 
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Fig. 2. Heat capacity of coal (PSOC 854) in nitrogen. Solid line, 
fitted value; symbols, individual data points for replicates. 
Specimens 1, 2, 3, and 4: �9 A, [~, and V. 

Above 475 K, the differences between the initial and subsequent runs 
diminish. The exothermic behavior, whatever its cause, appears to be over 
by 525 K, as evidenced by measurement to 600 K. At higher temperatures 
the initial and subsequent curves come together. 

3.3. Helium, Argon, and Carbon Monoxide 

Three series of five specimens, sealed in helium, argon, and carbon 
monoxide, respectively, were run in the following sequence: standard, first 
run on specimen, second run on specimen, standard, etc. Again, the first 
run showed distinctive thermal effects; the repeat runs were uneventful heat 
capacity measurements. 

For helium, the heat capacity of the initial and repeat runs was very 
similar for the first 40 K; this is in sharp contrast to the behavior of the 
specimens in the other gases. After the first 40 K, some event, of necessity 
exothermic, resulted in a plateau in the initial curve. The magnitude of this 
exotherm was very different from what was observed with the other gases 
studied. 
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Fig. 3. Heat capacity of initial runs of coal (PSOC 854) in various 
atmospheres. Nitrogen, �9 argon, A; helium, [:3; carbon 
monoxide, V. 
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Qualitatively the results for argon, carbon monoxide, and nitrogen 
show considerable similarity. The results in all four gases are depicted in 
Figs. 3 and 4. Figure 3 contains the results for the initial runs in all 
atmospheres other than air; Fig. 4, the repeat runs in the same 
atmospheres. These results are discussed in more detail below. 

4. DISCUSSION OF EXPERIMENTAL RESULTS 

The difference in behavior between initial and subsequent runs is 
remarkable, if not surprising. A comparison of Figs�9 3 and 4 shows that the 
overall effect occurring in the temperature region of these measurements is 
exothermic, although both endothermic and exothermic trends are noted in 
the thermal curves�9 It has been shown that thermograms for coals depend 
greatly on operating parameters and the thermal history of the specimens 
[-11]. 

The measurement referred to in this paper as the immediate rerun is 
believed to represent the true heat capacity of the coal since it no longer 
has a heat of reaction superimposed on the heat capacity, as in the initial 
run. These data can be fitted by the model without difficulty�9 Richardson 
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Fig. 4. Heat capacity and modeling fit of repeat runs of coal ( P S O C  854) 

in various atmospheres. Lines, fitted data; symbols, experimental points. 
Nitrogen, - , O ;  argon,  - - - - ,  ~ ;  hel ium, - ,  D;  carbon monoxide, 

, V. Theory:  N2, 0 1 = 7 1 0 K ,  0 2 = 1 9 5 0 K ;  Ar, 0 1 = 7 3 0 K  , 0 2 =  

2100 K; He, 01 = 7 0 0  K, 0 : =  1830 K; CO, 0~ = 680 K, 02 = 1900 K. 

[12] and Singer and Tye [13] have noted similar effects for initial and 
repeat measurements and also do not consider the initial measurement to 
represent the heat capacity of coal. 

The cause of the behavior observed during the initial runs is not clear. 
One possible explanation of the thermogram observed was that water was 
released from the mineral species in an exothermic reaction; this water was 
later desorbed with endothermic energy requirements. Merrick's model for 
heat capacity of coal during carbonization had not allowed any breakdown 
until above 573 K. Modification of the model by MacDonald to allow for 
evolution of species below that temperature showed that release of water, 
alone, could explain the results [14]. None of the specimens showed any 
significant mass loss. It could be surmised, then, that the water released did 
not escape from the specimen cell but remained there to react. Thus the 
phenomenon we are observing is at least partially caused by the desorption 
and readsorption of inherent moisture. In discussions of the thermal 
analysis of raw coals, Glass [15] and Berkowitz [16] describe both 
exothermic and endothermic trends. Our thermogravimetric measurements 
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give no evidence of a general breakdown of the coal structure. The strong 
exotherm observed may result from a readsorption of water on a coal sur- 
face that has been altered as it was heated and is under somewhat increased 
pressure. Barton et al. [17] found the heat of adsorption of water on coal 
to be exothermic. Norden and Bainbridge [18] report that heats of 
adsorption can be exothermic or endothermic, depending on the moisture 
content of the coal. The heat of interaction of coal and water has been 
shown to increase with increasing oxidation [17, 19]. 

In air, whatever reaction occurs appears to be slowly reversible, as 
scans run 2 or 3 days later show virtually identical behavior. In nitrogen, 
only a trace of the initial behavior was observed a month later. No 
evaluation was made of reversibility in the other gases. 

Measurements made in nitrogen, argon, and carbon monoxide show 
similar behavior. This might be expected from the similarity of molecular 
diameters, heat capacity, and thermal conductivity of these gases. At the 
temperatures encountered in this study, none of these gases would be 
expected to be reactive. Our measurements gave no evidence of enhanced 
reactivity as suggested by Klabunde [8]  for carbon monoxide in the 
presence of calcium-bearing carbonaceous surfaces. Data obtained in argon 
are about 8 % lower than those obtained in nitrogen or carbon monoxide; 
helium data, 6 -7% higher. These differences exceed the experimental 
variation in average values by a factor of two. Calculation of the con- 
tribution to the total measured heat capacity of the coal and the gas shows 
that the differences observed with the different gaseous atmospheres cannot 
be explained by the differences in the heat capacity of the gas contained in 
the specimen cell. The differences in interaction energy of the various gases 
with coal may be a factor here. Furlong et al. [20] report differences in 
adsorption energy for nitrogen and argon fur rutile (TiO2) and silica sur- 
faces. 

Air and helium both exhibited distinctive behavior. The oxygen in air 
could be expected to have an effect on the chemical structure even though 
there is no wholesale breakdown of the structure. Because helium can 
penetrate the pore structure so effectively, the differences observed with 
helium do not seem unreasonable. 

Mahajan et al. [21] have studied coals of various ranks in a helium 
atmosphere at 5.6MPa.  They report only endothermic trends for 
bituminous coals. There are several differences between their work and that 
reported here. They used open pans in a pressurized atmosphere; their 
specimens sustained mass losses, for which corrections were made. This 
work was done in sealed cells with pressures of less than 0.3 MPa. No mass 
loss was observed. Thus any inherent moisture given off during heating 
remained in contact with the coal surface and could react with it. More 
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important, however, is the fact that they show initial thermal curves; we 
compare heat capacities obtained in initial and subsequent runs. The 
exothermic effects we discuss are noted by comparison of these two runs 
rather than in a single initial run. It is important to note also that the coals 
we used were oxidized. Guttierez-Rodriquez and Aplan [22], in a study of 
the flotability of coal, report that severe oxidation causes coals to exhibit 
behavior expected for lower-rank coals. 

The differences in the magnitudes of the heat capacities or thermal 
effects (second and initial runs, respectively) for coals sealed in nitrogen 
2 years apart was surprising. The difference in the values of the heat 
capacities in Ref. 14 and those in this paper varies from about 7.5 to 10%, 
depending on the temperature. The exothermic effects observed on the later 
initial runs are markedly larger. A probable explanation of this lies in the 
increased oxidation. In the 2-year interval between the preparation of the 
two sets of samples, the coal was stored at room temperature in contact 
with the atmosphere. Thus oxidative, or weathering, processes continued 
during that time. The fact that the coal had been ground to 150/~m would 
accelerate oxidation significantly. From evidence of the effects of oxidation 
on calorific value, it is reasonable to suppose that the difference in heat 
capacities has been caused by the increased oxidation that had occurred 
before the specimens were prepared [23-25]. The investigations into the 
causes of these differences is not complete. Variations in sample 
preparation and running procedures and deterioration of the sample stored 
in air with time are contributing factors. It is hoped that further 
measurements on PSOC-854 and on premium coals, now available, will 
shed light on this question. 

5. MODELING 

The model developed by Merrick has been modified by MacDonald to 
allow release of water below 573 K, in accord with observation. A descrip- 
tion of the application of this model has been published [14]. 

A linear combination of the heat capacity of the water released and 
that of the coal substance (char) remaining is used to represent the total 
heat capacity of the specimen. The experimental heat capacity data are fit- 
ted by adjusting characteristic temperatures, 01 and 02, in a two-term 
Einstein formulation for the heat capacity of the char. This representation 
was selected by Merrick because it provided better agreement with 
experimental data than a one-term function and was computationally sim- 
pler than a Debye representation. In addition, it is reasonable in view of 
the combination of the stronger in-plane and weaker out-of-plane bonds in 
coal. 
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The results of fitting the true heat capacity data, i.e., what has been 
referred to here as the rerun data, with this model are shown in Fig. 4. The 
lines represent the prediction from the model; the points, the experimental 
data. Values obtained for 01, shown here, are considerably higher than 
those obtained in the earlier results in nitrogen, where 01 = 500 K [14]. 
This is consistent with the lower heat capacities obtained in the recent 
measurements compared to those obtained earlier. These differences 
emphasize that no physical significance should be attached to the values of 
these characteristic temperatures. In this work they are fitting parameters 
only. 

Figure 5 shows the correlation of the heat capacity of coal and chars 
obtained by using Merrick's algorithm with analytical data for PSOC-854 
and characteristic temperatures appropriate for a nitrogen atmosphere. 
Results for Merrick's coal C are also shown [3]. Our experimental results, 
which are far more extensive than those available to Merrick at the time of 
his original study, show good agreement with his model. 

When fitting data from the initial runs, however, where water is 
allowed to escape from the coal, parameters in addition to the charac- 
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teristic temperature are required. These are the concentration of water 
released, x, and the associated excitation energy, e. Physically unrealistic 
values of these parameters  are required to fit the very low values observed 
during the initial runs on the latest series of coal specimens. 

The prediction of the behavior on the initial runs is a desirable goal 
because the energies involved are significant, as is their contribution to the 
heat balance of systems utilizing raw coal. No simple modification of our 
heat capacity model appears to allow for these predictions. 

6. S U M M A R Y  

Good  agreement has been obtained between experimental 
measurements of the heat capacity of raw coals and a model representing 
the heat capacity. The initial heating of the coal shows a heat of reaction 
superimposed on the heat capacity. As the coal has become more seriously 
oxidized during its storage in the laboratory,  the model is no longer able, 
with physically realizable parameters, to represent the behavior of the coal 
during the initial heating. In an at tempt to understand the reaction occur- 
ring initially, measurements were made on specimens sealed in various 
atmospheres. The reaction observed may be explained by desorption/ad- 
sorption of water as the coal is heated in sealed cells. It is possible, also, 
that carbon dioxide may be released from the coal surface in amounts not 
detected by the methods used here. Efforts are under way in this laboratory 
to determine the energy involved in the initial reaction(s) and to identify 
the reactions themselves. 
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