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Rheology of Coal. III. A Structural Interpretation of Coal 

Oxidation from the Internal Viscosity Variations 

By Katsuya INOUYE 

(Received July 22, 1952)

Introduction 

Many results have been reported on the 

phenomenon that the caking properties of coal 
are markedly changed by oxidation. R. V. 
Wheeler and others(1) have shown that even 
a degree of oxidation insufficient to affect the 
ultimate analysis reduces the caking properties 

profoundly. J. D. Davis and his co-workers ) 
have reached the same conclusion by their own 
methods. In other cases, however, it is known 
that the caking properties can increase by 
mild oxidation.(3) These experimental facts, 
apparently contradictory, are readily un-
derstood, as H. L. Riley and his collabora-
tors(4) have suggested, when it is accepted 
that the addition of oxygen to the coal mole-
cules strengthens the intermolecular forces and 
results in restricting the mobility of the tur-
bostratic system, so that excess of plasticity 
during carbonization, which may make the 
weak coke too porous, can be reduced; on 
the other hand, the appropriate plasticity of 
the caking coal at the caking temperatures 
is destroyed by further addition of oxygen 
atoms. 

The author has shown from Young's modulus 
experiments(5) and. the internal viscosity meas-
urements(6) by vibrational methods that the 
caking properties of coal may be explained by 
these rheological factors and has proposed a

theory on the structure and physical properties 
of coal. If the proposed theory on the dif-
ference between the structures of strongly-
caking coal and weakly- or non-caking coal 
is valid, the corresponding variations in 
rheological properties should be observed ex-

perimentally by oxidation when the strongly-
caking coal changes to a less-strongly caking 
coal. The mechanism of coal oxidation may 
also be discussed from the rheological stand-

point. This report describes the internal vis-
cosity variations during air-oxidation of several 
typical coals. 

Description of Samples and 
Experimental Method 

The coals used in this report are chosen from 
the same species examined in the preceding 
experiments, and Table 1 describes some common 
characteristics of the samples. 

The experimental method for measuring the 
internal viscosity is described in the preceding 
paper.(6) All specimens were cut parallel to the 
bedding plane, in rectangular bars with accuracy 
of 1% in each dimension. The resonance curves 
between amplitude and frequency were obtained
witb fixed-free bar epecimene at 30.0℃. and at

the resonant frequency in the range of 1200～1400

c/sec. and hence the internal viscosity values were 
calculated according to the relations between 
vibrational decrement factor and viscosity,

Table 1 

Description of Samples
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(1)

and

(2)

where, η=internal viscosity, λ=logarithmic dec-

renlent, n=resonant frequency, ρ=density of the

specimen, l=length of the specimen,  κ=radius

of gyration of cross section, m=a factor corres-

ponding to the mode of vibration, and  Δn=the

half value breadth of the resonance curve at the 
resonant frequency. 

The measurement was carried out at first on 

the original (no oxidation) sample and then it
was replaced into an air oven regulated  at 120℃.

for air-oxidation. The air was introduced from the 
bottom of the oven and went out of the top through 
a metal rack on which the specimens were set. 
After 30 hours' oxidation, the sample was taken 
out of the oven, cooled to the room temperature 
and fitted for vibrational measurements. The 
experiment was repeated after 30 more hours' 
oxidation (oxidized for 60 hours in total). The 
cement supporter had sometimes to Le renewed 
after oxidation for the specimen separate. from 
the supporter by heating. The change of dimen-
sions of the specimens was considered sufficiently 
small, so that the dimensional factors (length and 
thickness) in Equations 1. and 2 were kept constant 
even after the oxidation. The change of weight 
of the specimen remained within 1%. 

Changes of Caking Properties 
by Oxidation 

The grains having diameter of approximately

0.5 cm. of each sample were prepared and oxidized

in the same oven  at 120℃.  This diameter prefer-
red was the mean thickness, i. e., the minimum 
dimension which may determine the oxidation 
velocity, of the specimen. Table 2 shows the 
changes of oxygen contents for four coals after 
60 hours' oxidation. The moisture and ash con-
tents listed are based on 76% humidity, the 
ultimate analysis on dry basis. The oxygen 
increases rather remarkably by the oxidation. 

Table 3 shows the changes of the amount of 
extractable portion by pyridine on the existence 
of which the strong caking properties of the coals 
depend, and of the Lessing index. The pyridine 
extraction was carried out by the Soxlet method 
and the content was calculated in dry-ash-free
bases, from the weieht of  α portion  (steam distil-
led and dried). The Lessing caking index is a 

ratio of the height of carbonized sample after
heating for 7 minutes at 900℃. in a silica retort

to the height of 1 g. of the original coal of minus 
100 Tyler mesh. 

These changes seem to show that the oxidation 
method in this experiment can add oxygen to 
the coals and make the caking properties de-
crease. A recovery of the extraction data after 60 
hours' oxidation may suggest, as explaind later, 
the decomposition in the coal samples. 

Internal Viscosity Changes 
by Oxidation 

As already reported-in the preceding articles; (5)(6)
Young's modulus, E, and internal viscosity,  η, of

coal are respectively linear functions of ash volu-
me concentration, φ,

(3)

Table 2 

Changes of Oxygen Contents

Table 3 

Changes of Properties
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and

(2)

where, E0 and η0  show the rheological values of
"pure" coal molecules and K and K' represent 

the solvation factors of coal molecules with ash.
Small E0 and η0  as well as large solvation factors
distinguish the strongly-caking coals. The inter-

nal viscosity and  φ relationship of the origina1

coals is shown in Fig. 1, which also contains 

several data published in the preceding paper.(6) 
The detailed description of the curves especially 

minima and maxima which appeared for the 
caking coals will be given in the following article.* 

Figs. 2 and 3 show the internal viscosity values 
after 30 and 60 hours' oxidation. The values of

η0 and

 K

' of the coals both before and after 30

hours' oxidation are given in Table 4. 
The variations of the internal viscosity by oxida-

tion are as follows: (1) the inclination of the linear 
relationship becomes flat, (2) the internal viscosity

Fig. 1.-Internal Viscosity and Ash 
Content. Original Coals.

Fig. 2.-Internal Viscosity and Ash Content. 
Oxidized Coals for 30 hours.

Fig. 3.-Internal Viscosity and Ash Content. 
Oxidized Coals for 60 hours.

Table 4

Changes of η0 and K' by Oxidation

value at φ=0  increases, and (3) further oxidation

(see Fig. 3) appears to destroy the definite rela-
tionship between molecules and inorganic ash. 

The experimental facts sugge3t that the rheologica! 
conditions in strongly-caking coals change to 

those in weakly- or non-caking coals, i. e., the 
free molecules which act as a plasticizer when the 
coal is carbonized, obtain stronger intermolecular 

forces by adding the oxygen atoms, so that the 
micelle structure by solvation becomes indefinite. 

It may be interesting to note that the changes 
of viscosity for Takashima coal, which showed 
rapid decrease of the Lessing index by oxidation, 

were more remarkable than in the case of Ame-
rican coal, although the values for the latter 

sample after oxidation are not many for the brittle 
nature of the specimens. 

When the oxidized coal, originally strongly-cak-
ing, is carbonized in the coke oven, the coal cannot 

fuse and swell at the caking temperatures of the
original coal, say at 400～500℃., because of the

too strong intermolecular interactions of the 
matrix (bitumen) molecules of the mic. lle system. 

Discussions 

These facts may give the interpretation of the 
mechanism of coal oxidation, as suggested by H. 
L. Riley et al., that the addition of oxygen to 

the coal molecules causes an increase of forces 
between molecules and hence a decrease of the

* Rheology of Coal. VI. Unpublished work by K. 

Inouye and H. Tani.
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caking properties. The experiments may also 
support the author's proposed theory on the 

mechanism of caking properties and coal struc-
ture. 

Some possible causes of the experimental errors 

are considered.

(11 Dependence of η on the frequency. The η

values are influenced by the frequency measured. 
The author, however, cannot state the dependence, 
although some results have been given in the 
preceding report.(7) The causes of experimental 
difficulty for adjusting the frequency were in the 
fact that the correction of the dimensions of the 
oxidized specmens by re-shaping was very dif-
ficult for weak mechanical property, and that 
there is doubt that the oxidized layers of the 
specimen may be removed by re-shaping. The 
measurements, therefore, had to be carried out at
the frequency range of 1200～1400 c/sec., not一

withstanding the fact that the resonance frequency 
of an oxidized specimen decreases in most cases. 

(2) Homogeneity of oxidation. It is known 
that the oxidation does not proceed homogeneously 

when the blocks are oxidized, but the oxidized

layer may be formed to prevent further oxida-
tion. In this experiment this point is not consi-
dered and the oxidation was presumed to be 
homogeneous. 

(3) Decomposition of coal. The decomposition 
of coal during oxidation was mentioned above, 
and the influence of decomposition upon the 
changes of weight, density and ash concentration 
of the specimen is considerable. These factors, 
however, were maintained constant in calculation 
as the weight decrease after even 60 hours' oxida-
tion was within 1%. The most important in-
fluence of the decomposition is in the fact that 
the decomposition may make internal flaws by 
which occurence the internal viscosity values in-
crease. The consideration of internal flaws on the 
rheological properties will be reported in future 
articles concerning the rheological studies of coke. 
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(this Institute) for interest in the rheological study 
of coal. 
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