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Differential scanning calorimetry
studies on coal. 1. Pyrolysis in an inert
atmosphere
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Department of Material Sciences, Pennsylvania State University, University Park, Pa.
16802, USA
(Received 19 May 1975)

Results of thermal changes involved during the pyrolysis of twelve US coals of various
ranks in a helium atmosphere at 56 MPa {gauge) and temperatures up to 5B0°C are
reported. Thermat effects during pyrolysis of coals ranging in rank from anthracite to
HVC bituminous are endothermic in nature over the teruperature range investigated.
Exothermic heats are observed only in the case of sub-bituminous and lignitic coals. The
net thermal effects, that is the resultant of endothermic and exothermic heats, go from
endothermic to exothermic with increase in carbon content, a transition occurring
around 66% carbon and another in the reverse direction at about 75% carbon. A maxi-
mum in exothermicity cccurs around 71% carbon and in endothermicity at about 81%
carbon. Results have been compared with published DTA data on coals. The fallacy in
the interpretation of published DTA thermograms of coals, wherg weight changes accom-

pany thermat effects, is discussed.

In the design of coal conversion processes, information is
badly needed on the heats involved in various reactions.
We believe that a recent thermal analytical technique,
namely Differential Scanning Calorimetry {(DSC), when used
in conjunction with Thermo Gravimetric Analysis (TGA),
makes possible the rapid assessment of heats involved in
some important coal processes.

The DSC is a technique in which the ordinate value of an
output curve al any given temperature is directly propor-
tional te the differential heat {low between a sample and
reference material and in which the area under the measured
curve is directly proportional to the total differential caloric
input. The term ‘scanning’ implies that the temperature of
both the sample and reference is increased during the experi-
ment at a known heating rate. By this technigue, coal
samples can be studied under experimental conditions that
simulate selected processes.

The present paper describes in detail the experimental
set-up and procedure, as well as results of thermal changes
invoived during the pyrolysis of twelve US coals of different
ranks in a helium atmosphere at 5-6 MPa (gauge) and tem-
peratures up Lo 580°C. Results have been compared with
published Differential Thermal Analysis {DTA) data on coals.
It is proposed to exiend the DSC {echnique later to the
study of heats of hydrogenation of coals in order to under-
stand better the influence of dilTerent variables.

EXPERIMENTAL

DSC appuaratus

Operating procedure. A DuPont pressure DSC cell,
which is capable of operation up to 69 MPa and 600°C
was used in conjunction with a cell base Module I and a
990 Thermal Analyzer. Coal samples (40 x 70 U.8. Standard
mesh) were dried in an oven at 110°C for 2 h before making
DSC runs. Except in the case of caking coals, about 20 mg
of a dried sample were used in each run. When a 20 mg
sample of caking coals was used, swelling upon heating

caused the mass to touch the silver lid placed on the con-
stantan thermo-clectric disc; to prevent this, about 12 mg
of sample was used. An aluminium pan containing the coal
sample was placed on the raised platform in the cell and an
empty pan was placed on the reference platform. The DSC
cell was then evacuated. It was ascertained in a few pre-
liminary experiments that, during weighing and transfer. the
coal samples picked up moisture which resulted in spurious
thermal changes up to 110°C. In order to circumvent this
difficulty, the samples were re-¢ried in the cell at 110°Cin
a helium flow. The cell temperature was then lowered to
100°C. The cell was pressurized with helium to 56 MPa.
The sample was held isothermally al 100°C for 15 min after
which the scan was started, using a constant heating rate of
10°C/min. During the run, a slight flow of gas (about
1:0 em3/min over the sample) was maintained. As the cell
temperature increased, there was a build-up of pressure.
However, the pressure was kept constant by bleeding off
excess gas through a fine metering valve.

Calcnlation of heats of reaction. Heals of reaction using
the DSC technique are calculated from the following
equation

ABE
Ay = ABEL (1)
1

where AH = heat of reaction {ml/mg); 4 = area of the
endotherm or exotherm (mm2); m = sample mass (mg); B =
time-base setting (s/mm); £ = cell calibration coefficient at
# given temperature (dimensionless); and ¢ = y-axis sensitivity
{mJ/s mm).

During the pyrolysis of coals, there is a gradual and con-
tinuous weight loss over the entire temperature range. Since
the displacement of the DSC output curve {relative to the
reference base line} which is obtained under idenfical ex-
perimental conditions is proportional to mass, it is evident
that as the mass of coal decreases with increase in tempera-
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ture, the displacement of the output curve relative to the
reference base line will vary continuously. Therefore,
although the output curves can be integrated to yield
accurate values of A, the heats canncl be expressed per
unit weight unless the outpul curve can be corrected for
weight changes occurring at different temperatures. Only
then can the DSC technigue be used as a quantitative tool
for measurement of thermal effects involved in the pyrolysis
of couls. We have endeavoured 1o make such corrections in
the present study, as described below,

Derermination of cell calibration coefficient. Since the
cell calibration coefficient changes with temperature. it is
essential to determine its value over the entire pyrolysis
temperature range. [t was determined in the lollowing
mannes. Emptly aluminium pans of about the sume weight
were placed on the sample and reference platforms. Allter
evacuMion, the cell was pressurized with helium to 5-6 MPa,
Before starting the scan the system was held isothermally at
100°C for 15 min. A run was then made. using a healing
rate of 10°C/min up to 580°C. The procedure was repeated
under identical conditions with a weighed sapphire disc in
the sample pan. The two scans are shown in Figure 1. The
calibration coefTicient at a given lemperature is caleulated
from the lollowing relation:

o ST (2)
fAy
where ¢, = heat capacity of sapphire (mJ/(l)ug Cr &=
axis sensitivity {mJ/s mm}; i, = heating rate ( C/fs); Ay = dif-
ference in y-axis deflection between sample and blank curves
at lemperature of interest {mm); /= sample mass (mg).
Values of heat capacity of sapphire at 1 atm™ and dil-
ferent temperatures are availabie in the literature’. For the
calcufation of £, it has been assumed that the heat capacity
ol supphire does nol change significanily with pressure. £
incrgused monetenically Trom 2-19 at 100°C to 3-50 at
580°C.

TGA apparatus

Determination of weight clanges during pyrofvsis. Weight
changes, under conditions simulating those in the DSC runs,
were monitored using a DuPont 951 TGA balance in con-
junction with a 990 Thermal Analyzer. A platinum boat
{6 x 7 x 5 mm), containing approximately the samne weight

* 1083 kba
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of vven-dried coal as used in the DSC runs, was suspended
from the quarlz beam ol the balance. The Ilexible end of
the chromel--alumel thermocouple. which is atiached to the
balance housing, was placed in close proximity to the sumple.
The reactor was made ol a guartz tube (25 mm o.d.) with
a reduced end on one side, which acted as an inlet for the
regctand gas, and an aluminivm retainer ring on the other
side which fitted into the balance housing. A small hole in
the reactor tube pear the metal ring acted as an outlet veni
lor the outgoing gases. The reactor tube was surrounded
by a tube furnace (wound with molybdeaum wire) of i.d.
only slightly greater than the o.d. of the reactor tube. The
balance assembly slong with the resctor and furnace were
mounted in a carbon steel pressure vessel {built by Auto-
clave Engineers) which is provided with a quick opening
door with Consx pressure-seal outlets.  After introducing
the sampie. the pressure vessel was closed and evacuated,
lollowing which it was pressurized with nitrogen 1o 56 MPa.
Helivm was then introduced into thie reaclor al a pressure
of 536 MPa through a pressure lowmeter. Aflter a steady
flow ol helium was established. the {furnace was activated to
raise the temperature to 580°C at a heating rate of 10°C/min.

Sample temperatire,  In the TGA technique. the sample
temperature is taken to be that measured by the thermo-
couple, which is located in close proximity to the sample.
It was ascertained in a few preliminary experiments that at
atmospheric pressure there was hardly a significant tem-
perature gradient between the sample and thermocouple.
However, at clevated pressures and temperatures, significant
temperature differences were observed, the magnitude de-
pending upon the distance of separstion of the thermo-
couple and sample. In order to standardize the TGA tech-
nigue for accuraie iemperature measurements at high pres.
sures, the decomposition of caleium oxalate, corresponding
to the reaction CaC>04 — CaCO3z + CO, was studied at a
pressure of 5-6 MPa.

The temperature corresponding to the maximum rate of
decomposition fora number of experimental runs was found
to be 462 + 5°C. This temperature was also determined
under identical experimental conditions by using the DSC
technique and was found to be 497°C. For quantitative
evaluation of the data during pyrolysis. it as been assumed
that when the TGA thermocouple indicates 462°C, the
sample temperature is 497°C. It was verified in a few
experiments that when the sample boat is removed and an
external thermocouple is placed close Lo the TGA thermo-
couple, then, irrespective of the distance of separation of
the two thermocouples, rectilinear although different heat-
ing rates are indicated by the two thermocouples. The rate
indicated by the external thermocouple is determined by
its distance of separation lrom the TGA thermocouple.
Thus a consiant ratio of heating rates is indicated at a given
separation, implying that over the entire temperature range
the (emperatures indicated by the two thermocouples differ
in the same ratio. Therefore, {rom the known dilference
in temperature between the TGA thermocouple and sample
{that is, 462 and 497°C) for the decomposition of CaCy0y,
il is easy to compute a temperature correction table for the
entire temperature range.

Balance calibration.  Before the TGA equipment could
be used for quantitative estimation of weight changes during
pyrolysis, it was essentisl to calibrate the balance for
buoyaney effects at 5-6 MPa and temperatures up to 580°C.
Materials chosen for investigating such effects were caleined
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Figure 2  TGA curve for Sterling MT carbon black

alumina and a graphitized carbon black, Sterling MT, which
is an ultroclean carbon devoid of volatile and mineral
matter. A typical run using Steriing MT (198 mg) in a
platinum bucket {85 myg) is shown in Figrere 2. Alumina
behaved identicaily to the carbon biack, it is seen that
when nitrogen is introduced into the system, following
evacuation, an apparent decrease in weight is observed, the
magnitude ol the decrease increasing wilh increase in pres-
sure.  As spon as a steady-state condition is attuined al
536 MPa, nitrogen is replaced by helium at 56 MPa.
Following the introduction of helium, there is an abrupt
increase in weight; the increase continues slowly thereafter
and ultimately the weight becomes constant. At this stage.
the furnace is activated and the apparent weight changes are
recorded as a function of temperature. Alter completion of
the run, when the system is cooled to room temperature and
depressurized lo aimospleric pressure, the recorder pen that
monitors weight changes relurns to the initial siarting point,
thus ruling out the possibitity of any spurious weight changes
during the experimental run.

With a smalier weight {c. 10 mg} the TGA curve above
100°C is almost identical with and superimposable on that
using a 20 mg sample. The TGA curve obtained with
alumina or Sterling MT is taken as the reference curve for
evaluating weight changes in subsequent runs. The accuracy
ol the technique was checked by weighing the chars, lollow-
ing pyrolysis. in a Cahn RTL Millibalance, the range of
accuracy of which is rated to be £0-1 mg. There was good
agreement between these values and those determined from
the TGA runs. As a further check, the coal chars after
pyrolysis in DSC runs were cooled and weighed. The
reasonable agreement observed (Migire 3) for the weight
foss at 580°C obtained from TGA and DSC runs in the case
of twelve coal samples lends support Lo the relinbility and
accuracy of the TGA technique {o measure quantitatively
weight changes at high pressures and high temperatures.

Computtation of corrected DSC output curves
Considering equation (2}, it is seen that under given
experimental conditions and at a given temperature, £, Cpr
H, and Ag are constant. Therefore, the displacement Ay is
directly proportional to mass. This was quantitatively con-
firmed by taking different weights of four coal samples. In
each experimental run following pyrolysis, the char was
cooled /n situ in the DSC cell in a helium atmosphere and
the initial displacement, that is the distance AB in Figure /,
again measured at 5-6 MPa and 100°C. If it is assumed that

the removal of volalile matter during pyrolysis does not
significantly change the heat capacily of coals. then the
difTerence between the two initinl displacements, that is
before and after pyrolysis, may be taken to be proportional
to the total weight loss at 580°C. This assumption is
reasonably justified, because in many cases there svas a very
good agreement between the experimental and caleulated
values of displacement. The theoreticil value was obtained
by ealeudating from the initial displacement (AB in Figire 1)
lor the raw coal the vatue of Ay which a given weight loss
at 580°C would correspond to, if a direct proportionality
between weight and Ay is sssumed.

From the above discussion. it is evident that [rom & know-
ledge of weight loss during pyrolysis as a function ol tem-
perature. as determined [rom TGA runs, it is possible to
compute the extent to which the DSC output curve has to
be displaced at different temperatures to give a corrected
outpul curve.

Reference base lines for corrected DSC output
curres

Since during pyrolysis coals decompose over a wide
range of lemperature, it is obvious that in order to calculate
the value of AH it is essential Lo have a sensible reference
base line. Since the heat capacity of any solid varies with
temperature, it will result in a shift of the base line with
temperature. Thus, it is desirable to have a reference mate-
rial with a heat capaeity closely matching that of coals. 1o
the present work, we have determined base lines individually
for ali the coal samples following pyrolysis. In each case,
the char following pyrolysis at 580°C was cooled to 100°C
in a helium atmosphere before starting the scan. During
gach run. the reference material was an empty aluminium
pan. The outlpul curves, that is the base lines, were essen-
tially the same for all the devolatilized coals al temperatures
above 200°C.

Coals studied

Table | presents ultimate and proximate analyses for the
coals studied. Volume percentages of vitrinites in the coals.

45 1 1 I -r 1

Lo -

%) ™~ o [N}

=) wn o o

[ i I I
I

TGA weight loss %, daf}

o
i

L 1 t 1
0 5 10 15 20 25 30 35 L0

DSC weight loss {*, dafl

v} | i H |

Figure 3 Relation between weight loss in DSC and TGA runs
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Table T Analyses of coals
Proximate analyses (%) Htimate analyses (% daf)
— Vitrinite

PSGC Fixed 0 content
Sample Ash C Vi (by {vol %,
No. ASTM rank  State {dry) (daf) (daf) C H N s* diff.}  mmf)

85 Anthracite Pa. 83 92-3 7-7 91-2 38 0-80 083 34 975
130 My W. Va. 64 76-9 230 90-6 4:3 11 051 35 72:7
127 LV Pa. 57 79-4 206 896 50 1-0 0562 39 777
135 MY Ala. 5-0 752 24'9 88-4 4-9 025 0-59 58 831

95 HVA Wash. 211 579 42-1 81-6 61 1-1 085 103 79-3

24 Hv8 1. 11-8 581 41-9 80-1 55 11 23 111 88-1

22 HVC HI. 101 572 42-8 788 58 b 1-8 12-1 884
180 Sbb.B 1. 85 585 415 756 53 11 21 15-9 841

97 Sbh.A Wyo. 98 456 54-4 750 55 058 0-93 18-0 803
100 Shh.C Wyo. 50 39-3 607 721 53 0-81 0-34 218 G4-7

87 Lignite N.D. 82 45-8 54-2 71-2 53 0-56 0-46 225 84-2

89 Lignite N.D. 116 427 573 63-3 4-7 047 0-98 306 587

Organic suiphur

as estimated by reflectance measurements, are also listed in
the Tuble.

RESULTS AND DISCUSSION

DSC output curves, before and alfter correction for weight
changes, for nine coal sumples are plottled in Figure 4, Curves
{or the other three samples are nol included, for reasons of
space. When the curve runs below the base line, an ende-
thermic process is indicated; when the curve runs above,
an exothermic process.

Values of AH can be expressed either per unit weight of
starting coal or per unit weight of coal left unreacted at a

iven temperature, as determined from the TGA runs. On
the basis of theoretical considerations discussed in the pre-
ceding pages, it is more appropriate to express Aff per unit
weight of coal left unreacted. However, in designing coal
conversion plants, one is primarily interested in the values
of AH for a given starting weight of coal. For the sake of
comparison therefore we have calculated the values of AH
on both bases. For caleulating AH, the corrected output
curves were divided into several segments, consecutive seg-
ments being separated by 50°C. For each segment, AH was
calculated by taking an average value of £ and an average
weight of coal left unreacted or starting weight of coal, as
the case may be. Values of AH lor the various coal samples
are given in Tuble 2. I is seen that as would be expectled
the values of AH calculated by the two methods differ for
each coal sample, the magnitude of the difference depend-
ing upon the weight loss for a given segment in the output
curve. [In the discussion of results which follows, we have
constdered values of AH expressed per gram weight of
starting coal.

Considering the data in Tuble 2 and corrected curves in
Figure4, it is seen that the thermal effects during pyrolysis
of coals, varying in rank from anthracite to HVC, are endo-
thermic in nature over the temperalure range studied.
Exothermic heats are observed only in the case of sub-
bituminous and lignitic coals. However, there is a distinct
difference in the thermal behaviour in the two cases. The
lignites give endothermic effects at Jower temperatures and
xothermic heats al high temperatures. This order is re-
versed in the case of subbituminous {Sbb)-A coal, PSOC-97.

66 FUEL, 1976, Vol 65, January

The Sbb-C coal, PSOC-100, gives exothermic heats over the
entire temperature range {(Fiewre 4). The behaviour of
Shb-B coal, PSOC-190, is rather peculiar; it gives two well
defined endotherms and exotherms.

Endothermic and exothermic heats are plotted in Figure
5 as a function of carbon content. H is seen that endother-
mic heats go through & minimum around 72% carbon con-
tent and 2 maximum around 81% carbon. The maximum in
exothermicity occurs around 71% carbon content.  The

Temperature {°C}
160 156 200 25¢ 300 350 400 450 S00 550 60G

Ag tmils)

. O oY S Y SR : e B
0 5 i 15 20 Fi) 30 35 e} 5 50

Time {minl
Figure 4 DSC curves for various coals, Base ling [— . —), un-
corrected output curve {— — —}, and corrected output curve {——)
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Table 2 Endothermic and exothermic heats resulting from pyrolysis

PSOC AH (endothermic) AH (exothermic) Net AfM Wt (ass
Sample at 580°C
No. A” gt A 8 A B (% daf)
85 10°9 105 Nil Nil +109 +10'5 38
130 108 975 Nil Nil +106 +97'5 135
127 112 105 Nil Nil +112 +105 121
135 845 756 Nil Nil +84-5 +75'6 176
g5 282 242 Nil Nil +282 +242 293
24 268 224 Nil Nit +268 +224 341
22 106 958 Nil Nil +106 +95-8 266
190 536 44-0 23-9 222 +29-7 218 293
97 26-8 19-3 27-6 264 ~08 -7 323
100 Nil Nit 93-8 74-9 -93-8 749 357
87 31-8 306 1541 1181 —122:3 875 406
89 888 84-1 683 51-9 +205 +32:2 415

A*. AH calculated as Jfg coal left unreacted (daf basis)
BT, AH calculated as J/g starting weight {daf)

net thermal effects, that is the resultant of the endothermic
and exothermic heats, are plotted in Figure 6 as a function
of carbon content. It is seen that as the carbon content in-
creases, heat effects go from endothermic to exothermic, a
transition occurring around 66% carbon and another in the
reverse direction at about 75% carbon. The maxima in exo-
thermicity and endothermicity occur around 71% and 81%
carbon content, respectively.

Glass® has reported that ash, that is mineral matter, has
a negligible cffect on DTA thermograms of coals. On this
basis, it can be surmised that the thermal effects observed
in the present siudy are affected to a negligible exlent by
differences in total mineral-matier content and mineral-
matier compaosition in the different coals.
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corresponding to a maximum {or a minimum} in the thermal
effects and the extent as well as rate of weight loss as
determined from the TGA runs. This is not surprising when
it is realized that the mechanism of pyrolysis of coals is
highly complex. [t is probable that the observed thermal
effects are the resultant of several compeling reactions,
which may thermally oppose or cancel each other, even
though each reaction individually may be contributing (o
weight loss,

It is instructive to compare {he DSC results presented in
this paper with DTA results published in the literature.
Since the DSC results have been obfained at high pressures
while in the DTA technique pyrolysis was carried out either
in vacuunm or an inert medivwm al ambient pressure, a truly
meaninglul compasison obiained with the two techniques
under different experimental conditions may not be com-
pletely justified. However, we have ascertained in a few
TGA runs {Figure 8) thal variation in pressure from ambient
ta §-6 MPa had slight or no effect on weight changes during
pyrolysis in helium. Therefore, by assuming that pressure
has no significant effect on thermal changes during pyroly-
sis, a4 comparison, at least qualitative in nature, can be made
between DSC and DTA pyrolysis resulis. Whitehead er al® °
showed that thermograms of various coal types. ranging
from lignite to semi-anthracile, give exothermic peaks that
shift towards higher temperatures with increasing rank.
Berkowitz® confirmed the predominant exothermic charac-
ter of pyrolysis of coals up to about 550°C but the
thermograms were substantially rank-independent over the
73-90% (daf) carbon range. However, Glass® has observed
that the thermal effects are mainly endothermic in nature.
At this stage, it is emphasized that at least a part of the
difterence in the pattern of thermograms obtained by various
workers is undoubtedly due to different experimental con-
ditions employed. However, it is noteworlhy that while the
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published DTA results do not indicate any rank depen-
dence® %, thermal effects abserved with the DSC technique
{used probably lor the [irst time in coal studies) show a
well-defined dependence on coal rank.

The DSC can also be used as a DTA technique so that the
outpul curves may be regarded as thermograms., Owing to
its quantitative nature and ease of sample handiing, DSC s
rapidly replacing conventional DTA technigues. We have
suggested in this paper how the output curves can he cor-
rected for weight changes so that the corrected curves are
indicative of thermal changes alone. It is unfortunate that
in interpreting the DTA thermograms of couls, different
workers have fgnored the displacement of the thermograms
due to weight changes. The inherent drawback in the con-
ventional DTA technique and consequential fallacy in the
interpretation of thermograms of coals becomes evident
when one considers the output curves belore and after cor-
recting for weight changes (Figuere #). s interesting to note
that after correction there isa significant change in the shape
of the output curves and in some cases the corsection leads
to a tolal or partial reversal of the therinal effects. For
instance, in the case of coals PSOC-127. 135, 95 and 22.
the uncorrected curves, if considered as DTA thermograms,
indicate slight apparent exothermic eflects at lower tem-
peratures (that is, 150--200°C), which after correction
either disappear or give endothermic effects. Furthermore,
the exothermic effects observed at higher temperatures in
the uncorrected curves of samples PSOC-135, 95. 24. 22,
190 and 97 become either entirely or partly endothermic

in character after correction. The behaviour of PSOC-95 is
rather peculiar. The uncorrected curve is quile wavy: and iff
it is considered as a DTA thermogram, it indicates small
endotherms and exotherms. However, following correction
the wavy character disappears altogether and the whole
curve is indicative of 2 smooth endotherm.

Weight losses of coals during pyrolysis runs are plotted
against carbon content on a daf basis in Figure 9. It is seen
that as the carbon content decreases, the weight loss increa-
ses, as expected.
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