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Fluidity, which typically develops in the range 380-420°C, is a unique
property of mid-ranked coals. Coals of similar rank and composition, however,
often exhibit Gleseler fluidities differing by several orders of magnitude. The
objective of this study 1s to seek to identify predictively useful correlations
between other well-defined parameters and the fluld properties of hvb coals. _

In the standard Gileseler plastometer analysis (1) the coal is heated at a
constant 3 deg C/min throughout the run. There are, however, several advantages to
be gained by operating the plastometer in an isothermal mode, among them the more
accurate determination of melting and coking slopes and the determination of the
activation energies associated with these slopes and with maximum fluidities (2).
In this study we use the isothermal fluld characteristics of a group of hvb coals
as the dependent variables. We will examine a number of standard and nonstandard
characterizations of coals for theilr predictive power with regard to these fluid
properties.

Twenty-nine coal samples were collected from eastern mid-continent seams
(mostly from western Kentucky), from active mines and from coal cleaning plants
using freshly mined coal of known local origin. To minimize adventitious
weathering of the samples, all coals were reduced, split and stored in sealed heavy
plastic under inert gas at freezer temperatures prior to testing. The proximate,
ultimate and short petrographic characterizations are given in Table 1. More
detailed source information is available elsewhere (3).

For each of these coals a number of isothermal Gieseler determinations (at
least 18) has been made. Both melting and coking slopes follow Arrhenius
dependencies (2,4), as do ln(maximum observed fluidity) and ln(intersection maximum
fluidity) (2). For direct coal-to-coal comparison it 1s convenient to make an
intgrpolation or short extrapolation of temperature to a benchmark value such as
400°C. Table 2 summarizes the fluidity characteristics of these coals, with slope
and fluidity data estimated for 380, 400 and 420°C. The maximum Gieseler
fluidities (by slope intersection) of these coals cover a wide range, ranging at
400°C from 62,300 ddpm (coal 25) to 1.8 ddpm (coal 28).

In addition to the characterization data summaxrized in Table 1, several
nonstandard measurements have been made. These are described below.

When small portions (3-5 mg) of coal are pyrolyzed at a high ramp (500 deg
C/sec) and low ceiling temperature (450°C) onto a nonpolar chromatographic column,
the resulting chromatogram provides information in two distinct reglons, a gaseous
product mixture which quickly elutes from a 50 cm silicone (OV 101) column at 60°C,
and a larger vapor product mixture eluting at 200-250°C. A standard pyrolysis/GC
procedure has been developed (5), wherein the integrator signals in several
one-minute windows are found to correlate significantly with observed fluid
properties. This is a reasonably reproducible procedure, with standard deviations

198




(quadruplicate analyses) averaging 6.5% of the total integrator signal per
microgram coal.

Total organic material extractable by refluxing tetrahydrofuran (THF) and
refluxing N,N-dimethylformamide (DMF) has been determined for all coals by Soxhlet
extraction in triplicate. The average amount extracted by THF (dry ash-included
basis) 1s 14.3%, average standard deviation 0.29%. The average amount extracted by
DMF (same basis) is 25.1%, average standard deviation 0.85%. It 1s necessary to
heat residues to 150 C under 1 torr in order to obtain complete desorption of the
nitrogen base (6).

Two other kinds of data were obtained and found to have no predictive value
with regard to plasticity. If fluid properties were related to low covalent
crosslink densities, then the swelling (7,8) of DMF extraction residues by cold DMF
might be expected to correlate with fluidities. Residues from four coals were
swelled to equilibrium by direct contact with liquid solvent in a simple apparatus
adapted from Larsen (7). The four coals had ASTM maximum fluidities ranging from
35 to over 30,000 ddpm. The swelling ratios were all between 2.1 and 2.5, with the
most fluld coal having one of the lower swelling ratios. This observation seems to
rule out the possibility that fluidity differences among hvb coals arise from
differences in covalent crosslink densities.

The second experiment productive of negative results was that of FTIR
examination of selected coals and their THF extracts, using the procedure described
by Painter (9,10) and the H(aromatic)/H(aliphatic) ratio technique of Solomon (11).
Two low-fluidity coals, 03 and 24, and two highly fluid coals, 22 and 34, were
compared. The aromatic/aliphatic ratios are slightly different for the raw coals
(0.43 and 0.45 for the low-fluidity coals and 0.47 and 0.49 for the high-fluidity
coals), and are identical for the THF extracts (0.33 for all four coal extracts).
This appears to rule out the view that variations in fluid behavior reflect
substantial variations in the chemical characteristics of the sol fractions.

The following 'independent' variables were collected for first-round
prediction testing:

16 classical characterizations, including seven petrographic
measurements;

6 semistandard characterizations (ash sulfate, organic and
pyritic sulfur, aliphatic/aromatic ratio, and DMF and THF
extractables);

25 measures (with considerable redundancy) of the pyrolysis/
GC chromatograms; and

9 sets of values derived from the above (five estimates of
reactive macerals, 2 estimates of H/C ratio, an empirical formula
for estimating liquefaction reactivity from % hydrogen and organic
sulfur, and an estimate of extractable 'preasphaltenes' as [DMF-THF}).

These parameters were examined separately by simple linear regression, using
the SAS (12) R-square test, to reduce the candidate independent variables to a
manageable number. The number of variables was reduced to 13, using two criteria.
A candidate variable 1s rejected if the fraction of the total sums of squares
accounted for by a simple linear regression using the candidate varlable 1s less
than 0.1, and/or the variable is redundant with another variable which has stronger
predictive power. (For example, pyritic sulfur is less predictive than total
sulfur, and with total sulfur present in the analysis pyritic sulfur does not
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provide sufficient additional predictivity.) The variables surviving this
screening are shown in Table 3.

The best single predictor of fluildity at 400-420°C 1is the 4-5 min pyrolysis/GC
signal (the gas signal from fast pyrolysis go 450°C), which affords correlation
coefficients of .850 at 420 and .867 at 400 C. In the absence of pyrolysis/GC data
the next best predictor is total DMF—exttacgables, affording correlation
coefficlents of .851 at 420 and .812 at 400°C.

The expansion of the regression equation to include additional independent
variables always iIncreases the goodness of fit. After the third variable 1s added,
however, improvement in the correlation coefficient R becomes quite small. In
predicting ln(maximum intersection fluidity) at 400°C, for instance, the values of
R with the successive addition of the 4-5 min pyrolysis/GC signal, vitrinite
reflectance, THF-extractables and total sulfur are .867, .895, .920 and .935. When
pyrolysis data are excluded, the successive inclusion of DMF-extractables,
vitrinite reflectance, THF-extractables and % resinite ylelds R values of ,812,
.856, .890 and .901. In these and other cases the improvement obtained by adding
the fourth predictive varlable is of marginal statistical significance. The
‘follovwing observations are based upon the most consistent three-variable -
regressions provided by this database.

When only classical and petrographic data are available the best three-term
linear regressions provide fits with R in the vicinity of 0.7-0.8 (Table 4). This
1s jillustrated by the regression plot for ln(maximum intersection fluidity) at
400°C (Figure 1). The variables used here are heating value, total sulfur, and
maximum vitrinite reflectance.

With the addition of quantitative Soxhlet extraction data, a regression on the
same fluidity data using vitrinite reflectance, THF-extractables and DMF-
extractables provides a reasonably good fit (Figure 2), with R = .890.

With the further addition of the pyrolysis/GC data, inclusion of the 4-5 min
pyrolysis signal, along with vitrinite reflectance and THF-extractables, provides a
still better fit (Figure 3), with R = ,920. The predictions at 420°C are
comparably good (Table 4).

An important test for the adequacy of any predictive model is the examination
of residuals for possible patterning. A plot of the residuals from the regression
of Figure 3 is shown in Figure 4. The substantially random distribution of these
residuals suggests that most of the data scatter of Figure 3 represents random
error (sample inhomogeneity and errors of sampling, analysils, and possibly
adventitious sample ageing during the various analyses).

Discussion.

It has not proven to be possible to predict fluid properties of coals on the
basis of a single chemical or petrographic characterization. Even solvent
extractlon with pyridine or quinoline (13) appears to be little more than roughly
indicative. 1In the present study DMF-extractables constitute an approximate

predictor (R > 0.8), and a part of the 450° pyrolysis gas signal is a slightly
better predictor.

The above data (Table 4) show reasonably good prediction (R's > 0.9) of
maximum £luidity and melting and coking slopes by multiple linear regression
equations using three predictive variables. The data fits are not quite as good
when pyrolysis or extraction data are excluded. The correlation coefficient falls
to 0.85 when both pyrolysis and extraction data are excluded (Figure 1).
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The measurements with the greatest significance for our data are the 4-min.
pyrolysis/GC signal (or other nearly equivalent pyrolysis data), THF-extractables,
DMF-extractables, heating value and vitrinite reflectance. Increases in the values
of any of the first four correlate with increasing the melting slope; increasing
reflectance makes little change in melting slope but diminishes the coking slope.
Increases in any of these variables correlate with increased maximum fluidity.

The relative importance of predictive variables varies with the situation.
DMF-extractables is a considerably better single predictor than THF-extractables;
yet in most multivariate cases THF-extractables make a larger Type IV contribution
to regression sums of squares than do the DMF data. It is tentatively suggested
that the DMF data are partially redundant with the pyrolysis data. We are not yet
able to offer a specific mechanistic interpretation of these observations.

After examination of a number of expressions containing predictors raised to
other than the first power, and a number of expressions with cross~terms containing
products of two predictors, the simple first-order linear equations of Table 4 seem
to be as good as any. We are continuing to apply factor anmalysis to these data,
with the objective of characterizing more clearly the underlying physicochemical
features controlling fluid behavior in coals.

This work is part of a larger study of coal plasticity, for which we
acknowledge with thanks the support of the U.S. Department of Energy (3).
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Table 3

Variables Retained for Multiple Linear Regression Analysis

Class: R2 in simple regression*
Classical FSI .260

BTU .122

% Sulfur .031!
Petrographic Exinite .128

Resinite .105

Pseudovitrinite .290

Max Vitrinite Reflectance .246

Extraction DMF-extractables .554
THF-extractables .199

Pyrolysis/GC 4-5 min signal %2 .595 )
2-5 min signal counts? .572

14-16 min signal counts3 572
13-17 min window counts® .565

Averages for six estimates: max observed fluidity at 400° and 420°, and E(act),
and max intersection fluldity at 400° and 420°, and E(act).

—

Retained owing to good predictive power for coking slopes.
The 4-5 min signal % and 2-5 min signal counts are substantially redundant.
The 14-16 min and 13-17 min signal counts are substantially redundant.

w N

Table 4

Best-fit Three-value Multiple Linear Regression Equations
Eguationl Corr. coeff.
CLASSICAL AND PETROGRAPHIC DATA ONLY:
MELT400 = -1.128 +1.309E-4 * BTU -8.857E~2 * EXIN +2.531E-1 * RESI .785
MELT420 = -5.986 +5,793E-4 * BTU -2,.758E-1 * EXIN +6.919E-1 * RESI 692
COKE400 = +0.078 +1.582E-5 * BTU +3.356E-2 * SULF -3.018E-1 * REFL .8062
COKE420 = +0.757 +2.401E-5 * BTU +6.273E-2 * SULF -1.103Ef * REFL .9132
FCAL400 = -44.32 +2.419E-3 * BTU +1.815E@ * SULF +1.789E+1 * REFL .721
FCAL420 = -54.54 +3.101E-3 * BTU +2.643Ep * SULF +1.962E+1 * REFL .723
WITH EXTRACTION AND PYROLYSIS/GC DATA AVAILABLE:
MELT400 = -0.311 +1.224E-1 * RESI +3.168E-2 * THF +3.287E-1 * PYR4 .906
MELT420 = -1.369 +2.388E-1 * RESI +1.025E-1 * THF +1.285Ep * PYR4 .904
FCAL400 = -9.998 +1.102E+1l * REFL +3.374E-1 * THF +3.369Ep * PYR4 .920
FCAL420 = -11.59 +1.134E+1 * REFL +5.767E-1 * THF +3.731Ep * PYR4 .912

1 Abbreviations: MELT400 and MELT420 - melting slopes at 400° and 420°C; COKE400
and COKE420 - coking slopes at 400° and 420°C; FCAL400 and FCAL420 - ln(intersec-
tion maximum fluidity) at 400° and 420°C; BTU -~ heating value; EXI - % exinite;
REFL - % maximum vitrinite reflectance; RESI - 7% resinite; SULF ~ % sulfur; THF ~
% extractable by THF. 2 Best three-variable fit.
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