
Water in Coal Pores: Low-Temperature Heat Capacity 
Behavior of the Moisture in Wyodak Coal 

Abstract. The low-temperature heat capacity behavior of naturally occuring wa- 
ter in Wyodak coal indicates that there are two types of water present. More than 
two-thirds is "nonfreezable," displaying no evidence of a phase transition in the 
neighborhood of 273 K where normal bulk water melts. The remainder is '"freez- 
able," displaying a somewhat distorted heat capacity peak, which is indicative of a 
phase transition. This evidence suggests that the nonfreezable water is either ad- 
sorbed on the internal surfaces of the coal or is in smaller pores, whereas the freez- 
able water is in larger pores. Parallels to the heat capacity behavior of the coal-water 
system include the water in a porous ceramic, water in the mineral endellite, and 
water in the protein collagen. 

The physical properties and chemical 
reactivity of a particular coal are often 
influenced by the coal's porosity. The 
coal structure includes an intricate net- 
work of pores, ranging by one definition 
(I) from macropores (> 300 A) to inter- 
mediate pores (12 to 300 A) to micro- 
pores (< 12 A), with the pore-size distri- 
bution varying for different coals. In a 
sample of raw coal, the porous network 
is usually filled with water, the amount of 
water reflecting the coal rank and po- 
rosity. We have investigated the nature 
of coal-water interactions by making 
low-temperature heat capacity measure- 
ments of a subbituminous coal (Wyodak) 
containing its natural water. We found 
no studies of this type in the literature, 
although measurements by dilatometry 
(2), nuclear magnetic resonance (3), and 
vapor-pressure isotherms (4) indicate 
that the water in coal does not behave as 
pure bulk liquid water. Our results in- 
dicate that there are two types of water 
in Wyodak coal, "nonfreezable" (in- 
capable of forming crystalline ice) and 
"freezable." We speculate that the 
nonfreezable water is either adsorbed on 
the coal's internal sufaces or is in the 
coal's smaller pores, whereas the freez- 
able water is in the coal's larger pores. 
We also report the heat capacity behav- 
ior of water in a porous ceramic, chosen 
as a model system, and compare the coal 
and ceramic results to parallels that have 
been reported in the literature. 

"As-received" Wyodak coal contains 
about 37 g of water per 100 g of dried 
coal (5). We measured heat capacities 
with a differential scanning calorimeter 
(Perkin-Elmer DSC-2) from 100 to 300 K 
with an accuracy of 3 to 4 percent (6). 
For each measurement, about 10 mg of 
sample (coal particle size, 1.2 to 2.5 mm) 
was encapsulated in a sealed aluminum 
sample pan. 

We prepared samples of Wyodak coal 
containing various amounts of naturally 
occurring water by allowing a weighing 
bottle of as-received coal to lose water to 
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the ambient laboratory atmosphere and 
taking samples at intervals. In a separate 
experiment, the weight gain of a desic- 
cant matched the weight loss of as-re- 
ceived coal when both were enclosed in 
an air-containing desiccator; this re- 
sult indicated that the principal weight 
change that occurs when as-received 
coal is exposed to air is a simple loss of 
water. We prepared a sample of dry coal 
(for comparison with the wet coal sam- 
ples) by the room-temperature evacua- 
tion of as-received coal in a desiccator 
first over CaSO4 (Drierite) and then P205 
for several days. We chose not to dry the 
coal at elevated temperatures to mini- 
mize the possibility of chemical or phys- 
ical alteration to the pore structure. 

Figure la shows the heat capacities, 
measured on heating, of samples of 
Wyodak coal containing different 
amounts of water. If the water in coal 
were behaving as pure bulk water, there 
would be a large sharp peak at 273 K, 
where ice melts, indicating a latent heat 
of 79.7 calories per gram of water pres- 
ent. Figure la shows that at most only a 
small fraction of the water in the coal re- 
sembles bulk water. Only the samples 
containing the larger amounts of water 
show a phase transition, and the peaks in 
these samples are largely rounded and 
contain only a fraction of the enthalpy 
change expected. A rough calculation of 
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the enthalpy change for the as-received 
sample containing 37 g of water per 100 g 
of dried coal indicates that less than one- 
third of the water in as-received coal un- 
dergoes a phase transition. Samples be- 
low a threshold water level (19 to 22 per- 
cent) exhibit no phase transition (Fig. 
la). 

If the heat capacity of the coal matrix 
is unaffected by the presence of the wa- 
ter, one can calculate the apparent heat 
capacity of the water by subtracting the 
heat capacity of the appropriate amount 
of dry coal from that of the wet coals. 
The apparent specific heat capacities for 
the water in the samples of Fig. la are 
shown in Fig. lb. Since these curves re- 
sult from the subtraction of two experi- 
mental quantities, possible errors are 
magnified but a further feature of the wa- 
ter-coal system is evident. All of the wa- 
ter, regardless of the differences in be- 
havior near 273 K, has a heat capacity 
that is solid-like at low temperatures and 
liquid-like at room temperature. 

From these observations, we propose 
that there are two types of water in Wyo- 
dak coal, freezable and nonfreezable. 
We speculate that the nonfreezable wa- 
ter is incapable of forming crystalline ice 
because it is either adsorbed on the inter- 
nal surfaces or is in the smaller pores. 
Starting with solid-like heat capacity at 
low temperature, the water molecules 
gradually acquire degrees of freedom as 
the temperature is raised without ever 
undergoing a definite phase transition. 
The freezable water, then, is that frac- 
tion of the water away from the per- 
turbing influence of the coal surface and 
therefore in the coal's larger pores. Even 
the freezable water, however, does not 
behave as perfectly pure bulk water 
since its fusion peak is rounded. 

To test this hypothesis, we made par- 
allel measurements on a porous alumina 
catalyst support whose pore-size distri- 
bution and surface area were known (7). 
We studied five samples, containing 0.0, 
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Fig. 1. (a) The specific heat capacity of samples of Wyodak coal containing the indicated 
amounts [percent defined as the grams of water per 100 g of dried coal (5)] of naturally occurring 
water. (b) The apparent specific heat capacity of the water in the Wyodak coal samples of (a) 
compared to that of pure water. 
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9.3, 18.3, 24.1, and 31.6 percent water 
added to the dried support (5). This sys- 
tem shows remarkable similarity to the 
coal-water system; in this system also 
there is a threshold water level, this time 
about 15 to 17 percent, below which no 
transition is evident and above which a 
fusion peak begins to appear; moreover, 
all of the water has solid-like heat capac- 
ity at low temperatures and liquid-like 
heat capacity at room temperature. 
However, the peak in the ceramic sam- 
ple containing 31.6 percent water is 
much larger than the peaks in coal sam- 
ples containing similar water contents. 

From the apparent specific heat capac- 
ity of the water in the ceramic samples, 
the total observed apparent enthalpy 
change per gram of water, AHobs, from 
121 to 295 K can be determined. We pro- 
pose the following model to explain 
these enthalpy changes. For each sample 
the enthalpy change is assumed to con- 
sist of two contributions: the water be- 
low 17 percent behaves as nonfreezable 
water with an enthalpy change of 102 cal 
per gram of water (the average of the ex- 
perimental enthalpies for the 9.3 percent 
sample, which had no peak, and the 
smooth baselines put under the peaks in 
the other samples); the water above 17 
percent has the enthalpy change of pure 
bulk water, 158 cal g-1. The calculated 
enthaply change from 121 to 295 K for 
each sample, AH/cac (in calories per gram 
of water), was determined from this 
simple two-state model 

Hcaic = - (102) + (158) (1) 
x x 

where x is the percent total water. For 
each sample, AHobs is in good agreement 
with AfHcaic: x = 9.3, AHIcac = 102, 
AHobs = 104; x = 18.6, AHcalc = 106, 
A/Hobs= 107; x = 24.1, AHcalc = 118, 
AH,obs 114; x = 31.6 (8), AHcac = 128, 
AH,,bs = 131. Although this simple model 
is admittedly dependent upon a variety 
of assumptions that are open to question, 
its apparent agreement with the ob- 
served results is intriguing. In particular, 
the agreement tentatively supports a 
simple two-state description of the water 
in the porous ceramic and implies that 
the initial nonfreezable water remains 
nonfreezable, even in the presence of ad- 
ditional freezable water. 

Furthermore, using the known surface 
area of the ceramic, 316 m2 g-1, and the 
diameter of a water molecule (9), 2.3 to 
2.9 A, we calculate the surface coverage 
that would produce the threshold value 
of 17 percent water. The result, depend- 
ing on the space followed between the ad- 
sorbed molecules, falls in the range of 
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Fig. 2. Similarity of the apparent specific heat 
capacity of "nonfreezable" water in coal, 
porous ceramic, collagen (10), and endellite 
(11). 

one to two monolayers. This supports 
our original hypothesis that internal sur- 
face adsorption is a mechanism for pro- 
ducing nonfreezable water. 

Whether the simple two-state model 
for enthalpy change applies to the water 
in Wyodak coal is uncertain, since it 
does not give consistent answers for the 
amount of nonfreezable water in dif- 
ferent samples. This may be due to the 
fact that there is not enough freezable 
water in Wyodak coal to allow a coher- 
ent calculation. On the other hand, the 
model assumes that, on drying, all freez- 
able water will leave the coal before any 
nonfreezable water does. If this is not 
the case, because of the chemical or 
physical heterogeneity of the coal, the 
model would not be expected to fit. 

Although we found no earlier studies 
of this type in the coal science literature, 
there are parallels to the coal-water sys- 
tem in a variety of materials. Two signifi- 
cant works have appeared recently, on 
water in the protein collagen (10) and in 
the mineral endellite (11). In both of 
these systems, there appears to be non- 
freezable water with very similar behav- 
ior to the water in our coal or ceramic 
samples. Figure 2 compares the specific 
heat capacities of the water in all four 
systems at levels below which any tran- 
sition peak is evident (12). Unlike coal, 
however, collagen and endellite have 
known structures. The nonfreezable wa- 
ter in collagen is in channels (15 A in di- 
ameter) in the protein, whereas the water 
in endellite is in interlayer spaces (10 A 
wide) of the mineral's crystal. The simi- 
larity of the curves for nonfreezable wa- 
ter in Fig. 2 is strong support for our 
original hypothesis that the nonfreezable 
water in coal is either adsorbed on the 
internal surfaces or is in small pores. 

There have been many investigations 
of the behavior of the freezable fraction 

of a liquid absorbed into a porous materi- 
al. Litvan has shown that the first two 
molecular layers of water adsorbed on 
porous silica glass do not exhibit a phase 
transition, and he has made extensive 
studies of the additional water by calo- 
rimetry, dilatometry, thermal analysis, 
and vapor adsorption (13). He postulates 
that the water must move out of its origi- 
nal locations either to larger pores or to 
the outside of the material before it can 
freeze, and he relates this theory to the 
mechanisms of frost action in building 
materials and of cryoinjury in biological 
systems. Berezin et al. (14) have sug- 
gested a similar mechanism of vapor 
transport, to describe their results on 
benzene and water in silica gel, but Brun 
et al. (15, p. 469) have claimed that the 
carbon tetrachloride absorbed in porous 
y-alumina undergoes its solid-liquid 
phase transition "inside the porous ma- 
terial itself without implying mass trans- 
fer." Brun et al. (16) have also suggested 
that the freezing behavior of an absorbed 
liquid, observed on cooling, can be used 
to determine the pore size and volume 
distribution of the porous material. 
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