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On the Sorption of Water Vapour by Coal and its Spontaneous Heating
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1. Introduction

The effect of humidity on the rate of heat release due to oxidation of
coal has been reported in an earlier communication(l). The results therein do
not suggest that spontaneous heating in coal can occur due to oxidation reac-
tion alone under normal ventilation practice. In the literature, however,
freguent reference has been made by many investigators to the particularly hu-
mid conditions during heating incidents. Observations over a long period by
Migdalski(2) and Wolowczyk(3) have revealed that in the Zwickau-Oelsnitz Coal-
field in Germany the occurrence of spontaneous heatings coincided with the
presence of high humidity in the mine atmosphere. According to Ashworth(4),
humid air is "essential" for the starting of gob-fires. Mine fires have been
reported starting at places where water issues in considerable gquantity from
the roof of the coal seam(3). The incipience of heating in stored coal espe-
cially after rainy weather is well known. According to Hoskin(5), fires in
coal piles occur generally at the junction of wet and dry coals. Development
of heating in the storage of coal-washery tailings has also been reported by
Cabolet(6).

Barlier Winmill(7) and more recently Hodges and Hinsley(8) have reported
‘that some dry coals catch fire when saturated oxygen is passed through them at
307¢, but the temperatures of the same coals rise only a little when dry oxy—
gen is useg. Subsequently, Hodges and Acherjee(9) have found that at a tempera-
ture of 30 ¢ the heat release due to oxidation is very small in comparison with
that due to sorption of water by the coal. Berkowitz and Schein(10) have comm-—
ented that "the heat of wetting (or for that matter heat of condensation) may
act as an important 'trigger'" in accelerating the oxidation of coal.

Although the above observations are useful in understanding the role of
water vapour in the spontaneous heating of coal, the experimental conditions
used in the tests fall far short of those generally found in practice. Extreme
conditions of dryness and wetness of both coal and air (or oxygen) have been
used in most cases. In practice, neither would the ventilation air in mines
and the atmosphere in the vicinity of a coal pile necessarily remain saturated
with water vapour, nor would the coal in guestion be dry all the time. Due to
its hygroscopicity coal tends to remain in equilibrium with the surrounding
atmosphere. If the humidity of the atmosphere increases, then the coal will
take up some more moisture to achieve a new eguilibrium. During the process of
attaining equilibrium the coal undergoes certain chemical, physical and thermal
changes. The present investigation is concerned with the estimation of thermal
changes in various coals under such conditions. The coals equilibrated at a
particular humidity have been subjected to air equilibrated at a higher humid-
ity, and the heat release in coals has been estimated calorimetrically. Apart
from the influence of humidity, the effects of some other variables on the pro-
cess have also been studied.
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2. Dxperimental

The arrangement and operational procedure of the apparatus uced in this
invesiigation were similar to those described in an earlier papcr(l). The addi-
+ional feature was that after the whole system had attained stable thermal and
YWoronetric conditions, the flow of nitrogen was substituted by air of humid-
ity ni~her than that with which the coal sample in the calorimeter had been
brought to equiliorium. The experiments were carried out in an isothermal con-
cition at 30 ¢, except on one occasion when the test was done 2t 357¢c. The
humidities at which these tests were performed were also the soame as in the
-revious investigation. The data on the analysis of ench of the eight coals
used are ziven in Table l. tenerally, the cocls were tested with somples of
~72 mesh {B.S.S.), but to study the effect of particle size on the heatings rote
due to sorotion of water vapour, four sized fractions of -25+36, -36+452, -52+472
ané ~72+200 mesh (%£.S.S.) were prepared from the Cozl F. Wormal precautions
using nitroren were taken to avoid oxidation of the samnles during their pre—
raration and dryins. In order to investigate the influence of weathering of
coal on the nrocess a few oxidised samples were prepared from the Coal H. &
bulk sarole of —-72 mesh (B.S.S5.) of this coal was oxidised at room temperature
in ¢ry condition by nure oxygen, and the sub-samples were subsequently with-
dravn after 30, 50 o~nd 70 days.

3. Results and Discugsion

The progress of the exveriments wag reristered by recording the outnut of
the calorimeter, and the results were subsecuently calculated from the thermo-
~rams. All the thermal data revorted here are expressed on a dry coal basig,
and the term "saturated" is used to state the ecuilibrium conditions of both
coal 2nd air at the particular relative humidity concerned. The Cozls 3, D, &
and Y were tected under several humid conditions using dry as well as moist
samples. The rest of the experiments were done in one particular condition by
passingy air saturated with water wvapour through dry coal at 30 c.

Tests with glass wool under extreme conditions showed that the rate of
heat release due to sorption of water vapour by the small amount of glass wool,
mixed with the coal samples during exveriments, had a negligible effect on the
results obtained with the coals.

The variation of the rate of hezst release with time for each of the coals
studied at different humid conditions is shown in Figures 1 to 3. A few tests
were carried out to isolate the heating effect of oxidation from that of water
sorotion. In some of these experiments nitrogen was used throughout as the
moisture carrier, and in others the flow of moist air was changed to moist ni-
trogen or vice versa in the course of a particular experiment. It appears
from the results that at temperatures of 30° and 35°c the rate of heat release
due to oxidation is very small in comparison to that due to the sorption of
water vapour by the coal. The absence of any recognisable effect of oxidation
under such conditions has also been reported by other investigators(9 & 10).

It is known that coal sorbs a comparatively larger amount of water than oxygen,
and that the heat of oxidation is much less than the latent heat of condensa-
tion of water vapour. According to Sevenster(1ll), coal sorbs water vapour at a
much faster rate than it consumes oxygen. Therefore, it is expected that in
atove conditions the heat release due to sorption of water vapour becomes the
rate-determining factor.

Tesis with Dry Coals

The results of this series of tests are shown in Figures 1 and 2. It is
veen that excepting the curve for the anthracite (Coal A in Pig.1l) all other
rate curves have the common feature of a peak at the early stage of experiment.
dith the introduction of moist air (or nitrogen) into the dry coal there occurs
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a sharp rise in the rate of heat generation in the coal. After a short while
it decreases for sone time before rising again. It appears from Fig.2 that the
height and shave of the initial peak are dependent on both the humidity of the
moisture carrier and the tyne of coal. An attempt is made in a later section
to explain the occurrence of thic peak in the rate curves.

Scanning of the results reveals that the nnture of the rate curve after
the initial peak is related to the type of coal sorbing the water vapour. With
the anthracite (Coal A in Fig.l) and high rank cozl B (Pig.2) the rate of heat
freneration anproaches the maximum value rapidly. However, it starts decreas-
ing soon after a2t a faster rate, followed by a progressively slowver rate. In
the case of the medium and low rank coals (Coals C,D,E,F,G and ) not only
does the rate reach the maximum graduzlly, >ut it also continues in that range
for some time before decreasing slowly. This difference in the nature of the
heating rate in various corls can be attributed to the difference in their
hygroscopicity. From Fig.2 it is evident that with a particular coal the rate
of heat generation increases with the increase in the saturation humidity of
the atmosphere. This is discussed in detail in a later section.

Tests with loist Coals

In this series the coals containing different amounts of moisture were
subjected to moist air (or nitrogen) under conditions in which sorption of
water vapour by the coals was ensured. The results, as plotted in Fig.3, show
that the rate of heat release vs time curves do not have any initial peak as
obtained in. the previous series of tests. The curves for the tests with a
particular coal, howvever, follow the general characteristics of those obtained
after the initial peak during experiments with the same coal in dry condition.
It is also evident that for each coal the rate of heat generation increases
with the increase in the difference in the initial equilidbrium humidities of
the moisture carrier and the coal.

Influence of Various Factors on the Rate of Heat Release

The effects of several factors on the heating rate of coal due to the
nrocess under investigation have been studied on a common basis of comvarison.
The basis used is Qt=20 cal/g of dry coal, the total heat produced in twenty

hours of testing, and is termed the characteristic rate of heat release. In a
few cases where the experiments have been terminated before twenty hours the
Q+=90 values are taken from the extrapolation of the respective graphs.

Influence of the Deficiency in the Houilibrium Humidity of Coal

The characteristic rates of heat release during various tests with each
of the coals B, 2, G znd H are plotted against different values of e, repre-
senting the difference between the equilibrium hunidities of the atmosphere
and the coal, in lifure 4. In Fig.4(i) the results of the tests with dry coals
are shown, ané the Qt=20 value at zero e for a particular coal is the charac-

teristic rate of hcat release during its dry oxidation(l). The results of the
experiments with moist coals are illustrated in Fig.4(ii); and the correspond-
ing Qt~20 value at zero e for each coal is represented by the average of the

Qt=20
reported earlier(l).

values obtained during oxidation of the coal in several moist conditions

It is seen in Fig.4 that the characteristic rate of heat release for each
coal increases with the increase in the equilibrium deficiency of the coal; the
relationshin, however, is not directly proportional. This is as expected be-~
cause of the fact that the coal-water sorption isotherms, obtained from the
eguilibrium moisture values at various relative pressures of water vapour, are
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of sigmoid type. A comparison between the Pigs.4(i) and 4(ii) show that in
each case the rate of increase in Qt=20 with e during the tests with dry coal

is more than that obtained when the expériments were done with moist coal, To
confirm this feature, however, it would be necessary to estimate the heat of
sorption of vwater vapour by the coal during the process. The present experi-
mental set-up precluded any such attempt.

Influence of the Rank of Coal

The general relationship between the characteristic rate of heat release
due to sorption of water vapour and the rank of coal is illustrated in Figure 5.
The Qt=20 value for each coal in the above figure is taken from the result of

the test with dry coal and air (or nitrogen) saturated at 100% R.H. at 30°c.
The variations of the characteristic rate value with carbon and volatile matter
contents of the coals are similar to those usually observed between the hygro-
scopic properties of coals and the parameters of coal rank. It appears, there-~
fore, that the heat release due to sorption of water vapour in a coal is in
general dependent on its hygroscopicity.

Influence of Coal Particle Size

Each of the four sized fractions of the coal F was tested under similar
conditions, Drg samples of these fractions were subjected to air saturated at
100% R.H. at 30 c. The changes in the rate of heat release with time of sorp-
tion of water vapour by the sized fractions are shown in Figure 6. The curves
are of similar nature, and there is a tendency for the rate to increase with
the fineness of the coal particles., This feature is more prominent in Figure 7
where the characteristic rates are plotted against the average particle dia-
meters. It is seen that while a decrease in particle diameter below about 358
microns has little effect on the characteristic rate, a significant decrease in
the rate of heat release occurs when the particle sizes are increased from 358
to 511 microns,

The observed difference in heat release in various sized fractions of the
same coal is due to the difference in the exposed external surface area of the
samples. The common shape of the rate curves indicates that the mechanisms of
the sorption of water vapour remain similar. The results also suggest that
there may be a critical diameter of the coal particles below which any further
sub-division has little effect on the rate of heat release. However, since
only four tests were carried out it was not possible to find the point at which
such distinct change takes place.

Influence of Weathering of Coal

For the purpose of investigating the effect of weathering on the heat
generation in coal during sorption of water vapour, three oxidised samples of
the coal H were tested under similar conditions. The rates of geat release in
dry samples were measured when air saturated at 100% R.H. at 30 ¢ was passed
through them. The results are shown in Figure 8 together with those obtained
during a similar test with the fresh sample of coal H. It is noticeable from
the general feature of the curves that the mechanisms of heat release remain
unaffected after weathering of the coal, although the rate of heat generation
generally increases with the extent of weathering.

The equilibriumomoisture contents of the above samples at the saturation
vapour pressure at 30 ¢ are shown in Table 2, together with the characteristic
rates of heat release. Both the characteristic rate of heat release and the
equilibrium moisture content increase with the period of weathering of the coal.
The increased moisture retaining capacity of weathered samples is an estab-
lished fact, and it is expected that there would be a corresponding increase in
the total heat release at the end of the sorption process. The present data,
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however, show that with the extent of weathering there occurs an increase in

the rate of heat release in the coal too, and this is of particular signi-
ficance to the problem of spontaneous heatlng.

The In1t1a1 Peak in the Rate of Heat Release vs Time Curves for the Tests with

Dry Coals

In absence of any quantitative data on the amount of water sorbed by the
coals, it is only possible to put forward some qualitative explanations, on
the basis of the present results and the existing knowledgze on coal structure,
for the appearcnce of the initial peak in the rate curves obtained from the
tests with dry coals.

From the past work(z) it is apparent that this peak is not directly rela-
ted to the rate of sorption of water in the early veriod of the process. The
absence of any peak in the rate curve for the test with the anthracite (Coal A
in Pig.1) seems to confirm this, A broad comparison of the heat release in
the initial stage, until the rate curve starts rising again, in various coals
tested under similar conditions, shows that this amount generally decreases
with the maturity of the coal. It is also noticed that this quantity increas-
es with decrease in the average particle diameter of the coal (Fig.6). The
occurrence of similar peaks during the tests with moist nitrogen and also with
the oxidised samples rules out the effect of oxidation., The close similarity
in shape between the rate curves after the initial peak for the tests with dry
coals and those obtained from the experiments with the respective moist coals
indicates that the dry coal surface is probably responsible for the appearance
of the initial peak.

Young and Crowell(12) and Brunauer{1l3) have referred to the occurrence of
similar initial peaks during sorption studies of some porous solids. They have
explained it as the result of the heterogeneity of the sorbent surface which
plays an important role, particularly at low sorbate vressures. Considering
the heterogeneous nature of coal it seems reasonable that the above theory may
also be applicable in general to the present observations. This theory, how-
ever, fails to explain not only the case of the anthracite, but also the ob-
served initial peaks with the finer coal particles.

From the studies of coal constitution, it is known that the number of
polar groups, such as -OH and =CO groups, in coal decreases with the maturity
of the coal, and that these groups are almost absent in the anthracite(14).
Evidence has also been put forward by a few investigators(15 & 16) suggesting -
that a part of the water in coal is held by forces other than physical. On
the basis of these facts the present observations can be explained in the
following manner.

During sorption of polar substances such as water there occurs immediate
interaction between the water molecules and the active groups in coal, and
thus more heat is liberated than that due to physical adsorption. A4s this
preferential sorption proceeds and the most active sites become occupied, so
the less active sites come into play resulting in lesser heat generation. With
the progress of the process the rate of heat release starts increasing again
as the phase changing of the water vapour takes place. Thus the observed
difference in heat release during this early period of sorption of water in
various types of coal is understandable, With the finer particles the active
sites on the coal surface are more easily accessible to the water molecules
and so an increased amount of heat release at the first stage is expected. More
elaborate study is necessary for a complete picture of the phenomena involved.

4. Conclusions

It has been shown that under conditions where a coal is likely to sorb
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water vapour, the chance of heating is more. In a humid atmosphere when si-
multaneous sorption of water vapour and oxygen takes place, the rate of heat
generation in coal due to the sorption of water vapour becomes the rate-deter-
mining factor. #Hor a given coal, this rate of heating has been found to reach
the maximum within a few hours of the start of the process, and to increase
with the increase in the equilibrium deficiency of the coal.

The variations of the characteristic rate of heat release during sorption
of water vapour with factors such as rank, particle size and weathering of coal
are observed to be related to the hygroscopicity of coal. This indicates that
the causes of self-heating in coal are in part associated with its fundamental
nature; it also explains the greater susceptibility of low rank coals towards
spontaneous heating, The method used in this work is found suitable for this
kind of work, and the results obtained can serve as a basis for further work.
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Table 2

Effect of weathering of coal on the equilibrium moisture content and the
characteristic rate of heat release due to sorption of water vapour

Days of oxidation 0 30 50 70
Equilibrium moisture, % (w/w) 19.22 20.83 21.80 23.44
Qo0p cal/g (dry coal) ' 56.70 62.28 63.07 69.12
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