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EXOTHERMAL METAMORPHOSIS OF COAL PRECURSORS
George Richard Hill, Don Carlos Adams

College of Mines and Mineral Industries
University of Utah
Salt Lake City, Utah 84112

The genesis of high rank coals, those containing more than
86 percent fixed carbon, has been a matter of conjecture since coal
classification schemes were invented. The classical model for the
transition of cellulose,lignin and other plant materials into coals
of various ranks is described by Wilson and Wells (1);

"The chemical changes taking place in transition from wood to
peat and progressively through the successive ranks of coal to an-
thracite are suggested...Such changes, which may have taken hundreds
of thousands or millions of years, are believed to have converted
peat to lignite and progressively through successively higher ranks
of coal, to anthracite."”

Pressure is used to help account for the difference in rank.
Wilson and Wells state further "In deeply buried coals pressures of
1500 atm may have been reached.

The advanced state of transformation typified by Pennsylvania
anthracite is probably due to the enormous pressures to which the
deposits were subjected when the Appalachian Mountains were formed."

X-ray diffraction of high rank coals demonstrates a distinct
peak corresponding to (002) graphite lattice spacing. This peak is
weak or absent in lower rank coals.(2) The polymerization of carbo-
naceous material to graphite requires temperatures in the range 600°
to 800°C, well above the 200°C maximum temperatures to which some
coals have presumably been exposed.

The possibility that coalification could be rapid is suggested
by a discovery made by Petzoldt (3) in 1882;

Upon unearthing a wooden pile which had been rammed into the
ground, he found it to have been metamorphosed to a coal like sub-
stance. From the center, it exhibited a continuum of material from
black through dark brown, and light at the surface. This he ana-
lyzed and found to resemble anthracite in the center portion, and
the outer part resembling brown coal.

Teichmuller and Teichmuller (4) after studying systematically
the geological factors related to the coals of western Europe con-
cluded "according to our observations in different coal-bearing
foredeeps the effect of pressure on rank increase is purely physical.
The chemical reactions are caused by temperature increase, and ac-
cording to the experimental observations, pressure actually retards
them." They cite many examples of conflicting data where an increase
in age does not correspond to higher rank. Their general conclusion
respecting time is: "time has relatively small influence on the coal-
ification process.” and, "The effect of time upon coalification de-
pends on the temperature to which the coal has been exposed during
burial. If this temperature is low, the time factor is hardly im-
portant. With higher temperatures, however, the length of heating
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has a marked effect."

Research in our laboratory has been concerned with the deter-
mination of the pressure coefficient and the temperature coefficient
of the conversion of cellulose type materials to coal. This re-
search and that of Pan’ (5) demonstrated that high pressure decreases
the rate of conversion of -cellulose-into coal-like materials and of
low rank coals into ‘coals 'of 'higher’ rank. 'Thé température coeffi-
cient of formation of coal-like materials is positive and high. But
perhaps of greater importance is the:.serendipitous discovery that
cellulose typé materials confined at;High pressures .when heated
slowly to temperatures in the range 200° to 240°C decompose exo-.
thermally, - ra1s1ng the temperature of the materlal to the graphlte
forming- range, i.e.,; above 600°C.

APPARATUS AND EXPERIMENTAL PROCEDURE

High Pressure

This high pressure work was carried out in a hexahedral 200
ton ‘press,. designed by H. T. Hall. The rams of the press have an
8" diameter piston, which at 8000 psi hydraulic pressure, exert a
force of 400,000 1lbs. or 200 tons. The anvils used were the 15/16"
anvils. Pressure calibrations for this anvil set were made using
the bismuth I-II and II-III transitions and the change of resistance
of blsmuth with pressure. : .

Differential Thermal Analysis :

A description of. the Differential Thermal Ana1y51s (DTA) system
will be published in a second paper. All DTA samples were pel-
letized as %", right-circular sections. This was accomplished by
melting the sample, in the case of the glucose, xylose, and inositol,
and pressing the melt into %"diameter teflon tubes (all done under
a vacuum). The cellulose powder and wood samples were pettetized
at approximately 5 kb in a %" diameter piston and cylinder die sys-
tem, which was equipped with "o-ring" seals, above and below the
sample, to facilitate the evacuation of the sample material.

Thus pelletized, the sample was assembled in the pyrophyllite-
cube-furnace-DTA system, with thermocouples. The cube assembly was
evacuated in a closed vessel for one hour. The vessel was then
pressurized to 100 psi with pure N: gas and maintained for a minimum
of one hour at this pressure. Thereafter the sample was placed
immediately in the press to minimize the diffusion of air into the
cube and into contact with the sample.

All DTA samples were enclosed in a teflon  capsule to insulate
the sample from any possible mineral or catalytic effect.

Temperature Récording = - - . :
Differential, and actual temperature traces were made simul-
taneously on a Honeywell Electronlk 194 dual-pen recorder.

Constant Temperature Pyrolys1s

One sample was pyrolyzed at constant temperature (after reach-
ing reaction temperature). The equipment used was a Fisher system
with both thermodravimetric analysis as well as DTA accessories
(but not equipped to be used simultaneously). The Fisher Model
360 temperature programmer was used as the temperature controller
and a Cahn Electrobalance monltored the weight (and .weight change).
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The above specified Honeywell recorder was used to record the
electrobalance output.

Temperature Programmer
An Assembly Products "Temptendor" model 732, calibrated for

" an Iron-Constantan thermocouple, was used as a temperature pro-
grammer. This was accomplished by attaching a variable-gear train
to drive the controller potentiometer at a predetermined rate. The
potentiometer was connected to a digital readout dial calibrated in
degrees C. and readable to approximately * 0.2°C. Temperature
agreement betweén the control thermocouple and any other thermo-
couple at the same temperature was usually within one (1) degree C.
As shown in fiqure 1, the programmer operated a servo-system which
automatically adjusted a variable transformer for the correct power
requirement to satisfy a balanced bridge condition in the temper-
ature controller. )

An additional feature of the power system was a stepdown trans-
former to accomodate the low resistance furnace elements.  This
system was rated for a continuous output to kkw. It was subsequently
equipped with a water-cooling coil which allowed a continuous output
of approximately 1.2 kw.

X~-ray Analysis

A General Electric XRD-5 diffractometer was used to obtain X-ray
diffraction patterns on the sample residue. . The radiation was Cu Ka
(N1 filtered). Samples were ground in an agate mortar from two to
three minutes, mixed to a slurry with ethyl alcohol and spread in a {
thin film on the glass sample slide.

-

C, H, O, Analyses

Ultimate analyses were performed by the Utah Engineering Exper-
iment Station on an F & M 180 C H N analyzer to obtain the percentage
of carbon and hydrogen. The oxygen analysis was performed with a
Coleman Oxygen Analyzer. Accuracy is estimated to be within = 5% for
all sampleS.

Infra—-Red Ana1y51s

Infra-Red analyses.were performed on a Model 521, Perkln—Elmer
dual-beam recording spectrophotometer. KBr absorption windows were r
prepared, using approximately 200 mg of mixture (1:200, sample to KBr
ratio). These were ground together with an agate mortar and pestle.
Nujol mixes were prepared by grinding the sample in nujol with the
agate mortar and pestle. The spectra of the nujol mixtures were not /
very satisfactory, presumably because the samples were not ground
fine enough to observe the differences in absorption spectra.

Mass Spectrometry

Mass spectra were obtained from the gas samples desorbed from®
the product residue plus that collected directly from the blow-out
of sample #134. These were analyzed on a CEC 21-620 mass spectro-
meter. This unit has a resolution limit of 300, and an accuracy on
the order of 5 to 10%.

Pyrolysis Materials
Chemicals and materials used in these experiments were as

follows: :
1. Absorbent cotton (used for X-ray diffraction only).
2. Chromatographic grade cellulose pulp, Schleicher and
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Schuell #2200.
3. Anhydrous glucose
4. Xylose, Eastman Organic Chemlcals #542
5. i Inositol (meso), Nutritional Biochemical Corp. #1338
6. Yellow pine wood

RESULTS AND DISCUSSION

Anomalous High Pressure Effects

Low Pressure DTA

Typical of the Differential Thermal Analysis (DTA) of a cel-
lulose in a vacuum, is an endothermal trace corresponding to ther-
mal degradation. Fiqure 2 by Akita and Kase (6), compares the DTA
of cellulose in air, in N, and in a vacuum. Here it is noted that
in the presence of 0,, the effect of combustion of the pyrolyzate
causes an exothermal peak immediately succeedlng the endothermal
degradation.

The atmosphere of N, can be observed to inhibit the extent of
the endotherm probably due to the retarded transfer of the product
from the reaction zone.

Exothermal Reaction

. Figures 3,4, and 5 are modified high pressure DTA traces or
plots of AT vs. the program or reference temperature for the various
samples studied. The original traces were AT vs. time. The heating
rate was a constant, for each DTA trace, and since reaction temper-
ature was the parameter of greater interest than time, the abscissa
was converted to temperature. One further change was made to facil-
itate the comparison of curves, the baseline was set at AT = 0 so
that (except for differences in thermal conductivity of sample and
reference) the peak height essentially represents the temperature
difference between samples and reference.

The high pressure DTA of cellulose demonstrates the occurrence
of an anomalous exothermal reaction, guite unlike the typical vacu-
um DTA of pure cellulose, as illustrated in fiqgure 2. Figure 3
shows several exothermal reactions of cellulose at pressures of 7,
16, 23, and 28 kb. Precautions were taken to exclude oxygen from
the sample, however, no difference was noted between sample 121,
which was prepared in an atmosphere of oxygen, and those which were
excluded from oxygen. The amount of oxygen which would remain en-
trapped after pressurization, in contact with the sample, is rea-
sonably very low and insufficient to effect any sustained, observ-
able oxidation. Lipska and Parker (7) have shown that at one at-
mosphere of N2 plus 0, oxygen content below 0.5% had no effect on
the pyrolySLS. .

As a consequence, the observed exotherm cannot be attributed
to oxidation. The intimate confinement of reactants and activation
states, however, could produce a different mechanism with different
products and therefore a different thermal effect.

"pPositive"” and "Negative" Effects of .Pressure
It can be observed from figure 3 that at 29 kb, a slightly high-

er temperature is required to effect the reaction than at 7 kb. Thus,

the high-pressure reaction is slightly more temperature resistant.
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This pressure effect might be considered as a negative effect, as
it inhibits certain reactions. On the other hand, the intimate
product ‘confinement could be thought cf as a positive effect, since
it favors reactions which otherwise might occur infrequently or not

~at all.

An important effect, which might be categorized as a positive
pressure effect, can also be noted by comparing figure 2 (the data
of Akita and Kase) with our thermocgrams cf ‘the same heating rate in )
figure 4. The initiation temperature of the cellulose exotherm at
high pressure is lower than that which occurs during vacuum pyrolysis.
The low-pressure reaction becins at approximately 290°C. However,
at 7 kb it occurs considerably lower, near 227°C (three-sample av-
erage of #122, 122, and .l141, see Table I).

Fast vs. Slow Reaction

At least two types of reactions are observed during DTA under
a confining pressure. These can be described as slow (figure 3) and
fast reaction (figure 4 except #99). Note that the cellulose peak
of the fast reaction is more than 400°C above the reference (AT=0)
while the slow reaction peaks of cellulose are between 2° to 3°¢
high. This different effect is obtained simply by varying the heat-
ing rate.

It is natural to expect that a fast heating rate would effect j
a higher peak, but an increase from %°/min. to 5%°/min. could not

be supposed to account for a AT increase from 2° to 400°C. Heating

rates on the order of % to 1- per minute will unpredictably be the

fast or slow reaction type. Note that at %°/min., sample 101 was a

fast reaction (see Table I). The range of unpredictability should

be a function of the temperature-control accuracy during the pro-

grammed heating. -The unexpected high peak of sample 101 went off ‘
scale and so it is not plotted, but this does show that the faster

and higher-temperature reaction causes a more complete and more
exothermal reaction. Table I shows that the peak area of sample

101 is >5 units while the peak area of other samples heated at

the same rate was approximately 2 units.

The reason for this difference may be as follows. The slow
reaction corresponds to a delicate condition of programmed heating
which must be slow enough to allow for the removal of the heat of
reaction. If the heat of reaction cannot transfer from the reaction
zone as rapidly as it is generated, the temperature climbs, /
accelerating the exothermal reaction, and runs out of control to
completion. The sample size is important here and a larger sample
would produce a higher temperature and require a slower heating
rete to maintain the control of the slower reaction.

A major problem encountered in the rapid heating rates is
the retention of the gases generated by the reaction. Excessive
volatility in the sample cube leads to violent rupture of the cube
and explosive loss of product.

Sample rupture and the escape of product gases was never a prob-
lem at the lower heating-rate with the slower reactions.

I-R Analysis of Residue : :

. Figure 6 shows the IR absorption spectra of the various sample
residues, illustrating the effects of variation in pressure, heat-
ing rate, and type of molecular structure.




pay

Samples 95 and 121, pyrolyzed at 4%°/minute and at 28 and 7 kb,
respectively, produced almost identical spectra, indicating very
little difference in the product residue due to this pressure dif-
ference.

Cellulose~sample 123, with the heating rate of 5°/minute (which
produced the very rapid reaction and high temperature) showed a
very different absorption. The 1700 cm™! band, (generally thought
to be dque to C=0) is very much reduced. The 2860 to 2950 cm~! bands,
attributed to naphthenic-CH, CH_, and CH, groups is so completely
reduced that it would almost appear that CH groups are essentially
all that are left (near the 2920 peak). Aromatic absorption in the
bands 750, 820, and 860 cm™! show up very well.

Sample 149, (yellow pine wood) compared with #123, shows the
same or slightly more absorption in the 750 to 860 bands, slightly
more absorption in the 1590 band (also attributed to aromatic struc-
ture and perhaps C=0 groups), much less at 1700, and about the same
or less absorption in the 2920 area. All of this seems very natural
in spite of the fact that #123 reached a higher temperature (670°C
vs. 513°C) since the aromatic content of wood is high to begin with.

For the most part, the difference between #142, glucose, and
#146, xylose, can be explained on the basis of the difference in
the peak temperatures (440°C for #146, vs. 322°C for #142).

The inositol was not completely reacted and gave adsorption
spectra very similar to pure inositol and for that reason is not
included here. (For a very excellent discussion on IR band assign-
ments see reference 8.)

X-ray Diffraction

Ergun (2) has shown a correlation of vitrinite coal rank with
the general peak form particularly in the 26 = 20° to 27° range
(i.e., s-(2sin6)/) range of approximately .23 to .33). He states,
"With decreas€ in rank the most pronounced band becomes broader,
and its position is shifted to lower 2 values ... peak position
could serve as a simple but reliable index of coal rank." (Lower
s values corresponds with lower 26 value.)

Figure 7 is a comparison of the X-ray diffraction patterns of
several different samples which were investigated. They are: 1)
metamorphosed samples of cellulose (124, 105, 148, 132, 58); 2)
metamorphosed anhydrous glucose (142); 3) metamorphosed xylose (146);
4) samples of high volatile bituminous (HVB), low volatile bitu-
minous (LVB), and graphite (all reproduced from reference 5); and
5) ball-milled and natural cotton.

These curves have been arranged in order of decreasing 26
value, from top to bottom (i.e., high rank at the top). This
arrangement also turns out to be a function of the heating rate.
Samples which were heated rapidly and which reached a high tempera-
ture are high on the chart. Sample #123 heated to 670°C at the
exotherm peak; #149, to 513°C; #105 (slow heating rate) heated to
approximately 225°C at the exotherm peak.

Cellulose sample #58 is the highest on the scale of synthetic

coals. This sample was heated very rapidly, without the use of DTA
and at 28 kb pressure. It was heated to 2259C in 3 minutes and
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continued at a rough rate of 109/minute, to 300°C (manual temperature
control). That this sample (#58) exhibits a distinct (002) graphite
peak of 26.5° 26, (probably the most pronounced graphite peak of

all those compared here, except pure graphite) is thought to be
_very significant. The coal sample which was heated to 850°C at

30 kb for 30 minutes does not approach the graphite peak as well.
This would appear to show that the heat generated during the exo-
thermal metamorphosis is a more effective graphitization heat than
externally applied heat on a previously coalified sample.

High Oxygen Content in Press Samples

One important effect on high pressure, which would be consider-
ably different in coalification of large vegetal accumulations is
this: the confining pressure acts to retain a very high percentage
of oxygen. One probable reason for this, in the fast reactions, is
that the small, %-gram samples cool very rapidly after attaining
peak temperature. Not only would a larger sample be likely to
reach higher temperatures but it would also remain heated for longer
periods allowing for diffusion of volatiles away from the reaction
zone, perhaps to condense in a cooler locality. After attaining
maximum temperature, slow cooling would probably encourage growth
of the more stable molecular structure and the elimination of oxygen.

Stability From Inter-Ring and Intra-Ring Effects

It is obvious that the 1,4-glycosidic linkage helps in the
stabilization of cellulose. This can be seen by a comparison of
the thermogram of anhydrous. glucose with that of cellulose (see
figures 4 and 5). The initiation temperature is approximately
141°c for glucose. This is more than 80°C below that ohseryed for
cellulose at the same heating rate of 5°/min.

By comparing the exotherm of anhydrous glucose (#142) with
that of xylose (#146), the effect of the pendant ~CH,0H group
becomes apparent. Pendant groups have been observed to detract
from the thermal stability of a molecule. The xylose reaction
began approximately 45°C (i.e., 186°C) above the glucose reaction
temperature.

The -CH20H is likely the site of the reaction initiation.
Xylose reacted slower than cellulose (at the same heating rate)
until it reached approximately 215 to 220°C whereupon it converted
very rapidly to the fast reaction similar to the cellulose (and
at a temperature nearly as high as with cellulose). This seems
to imply that the 1,4-glycosidic linkage (and perhaps other
stabilizing factors) inhibits the decomposition of the cellulose
chain until the temperature is sufficiently high to open the ring.

Without the C-0-C bond nor the pendant -CH,OH, inositol is
seen to be remarkably more stable than either anhydrous glucose
or xylose. Note that even at the high initiation temperature of
270°C the sample did not overheat and run out of control. The
uniformity of the inositol ring is a strong stabilizing effect.
It appears that inositol began a very rapid exotherm but was sud-
denly checked perhaps by an endothermal reaction (or a series
of endothermal reactions) such as dehydration.

Analysis of Low-Pressure-Pyrolyzate Gases
Sample %124 (see figure B8) was pyrolyzed at 300°C to analyze
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the evolved gases of the early stages of pyrolysis of cellulose.
This was carried out with the TBA eguipment-but at.constant temper-
ature (after about eight minutes required to reach 300°C). The
pyrolyzate was collected in four bottles during the periods of 0

to 5, 5 to 10, 10 to 20, and 20 to 165 minutes. Mass spectrometric
analysis of the gas is included in the same figure. -Here it can

be observed that: 1) almost pure H,0 is evolved initially (below
260°). 2) The very low initial fraction of C0, gradually increases.
3) short-chain hydrocarbons were observed, but only in the initial
moments of the 3000 period. .4) The initial irregularity of the
rate of weight-loss curve, is probably due to the time required

for the sample and container to come to reaction temperature.

The effect of an immediate 300° reaction temperature could corres-
pond to the extrapolated, dashed line.

Small amounts of CO are thought to have been present but were
unobservable due to the masking effect of the contaminating air
(M/e =28, due to N:). Experiments by Madorsky (9,10) show that
there is about one-third as much CO as CO, during pyrolysis at
temperatures between 280 to 400°c. ‘

Rapid, Mature Stabilization

The case of the sudden, out of control, high-temperature
reaction, and the resulting high temperatures (exceeding 670°
in the non-blow-out sample 123) could allow a very complete
reorientation of the molecular structure. The hot reactive mass
of many short chain segments would favor elimination of oxygen,
particularly where it occurs as a pendant hydroxyl group. Benzene
ring structurization which would probably form infrequently at low
temperature would be favored. Note that figure 6, showing the IR
spectra of sample 123, has accordingly the most prominent absorption
in the 750, 820, and 860 cm ! region, which have been attributed
to benzoid aromatic structure (7). At very high temperatures for
example during coalification of a clean concentration of vegetal
material, the graphite structure should be favored. Here again this
effect can be noted: Figure 7, showing the X-ray diffraction for
various samples, illustrates how samples 58, 123, and 149 (sample
of wood which autogeneously heated above 520°C) most nearly approach
the high-rank coal patterns and diffraction of the (002) graphite
peak at 26.5° 20. :

Factors Responsible for Maximum Temperature

Among the factors determining the maximum temperature attain-
able by a coalifying exotherm, are mass, concentration of reactive
groups in the deposit, and initiation temperature. A very small
sample (e.g., % gram, such as those used in this work) would
probably lose heat very rapidly and not attain the maximum tempera-
ture. Reduced concentration of reactive groups, perhaps due to
the rapid decay of cellulose from woody materials, would tend to
diminish the maximum temperature, as would dilution with mineral
matter. Thus, highly concentrated vegetal material might convert
to anthracite or graphite, whereas, decayed material with signifi-
cant mineral contamination, upon attaining initiation temperature
might heat spontaneously and be converted to one of thé inter-
mediate ranks of coal. Low rank coals with considerable mineral

content and/or those which were heated very slowly, say, due to gradual

sinking and accumulation of overburden may have had an analogous
metamorphosis of the slow, annealing or controlled-temperature
cellulose pyrolysis, without heating significantly above ambient
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conditions. Some upranking may thus occur from high ground temper-
atures.

Possible Factors Influencing the Initiation Temperature

Factors which might account for elevating the temperature to
"reaction initiation could be combustion of overlying vegetation,
earth-movement friction, magmatic heat sources, and perhaps natural
ground temperatures. If the ground temperature increased very
slowly it might tend to yield low-rank coals without the coal ex-
periencing a significant autogenous heating.

Appreciation is expressed for the J. L. Dougan fellowship
and to the Equity 0il Company for support of this research.
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