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The purpose of this paper is to report some preliminary findings of a study
which, while primarily concerned with the kinetics of carbon crystallite growth at T >

.650°C, is also beginning to delineate a major route by which unpaired electrons (i.e.

socalled "free radicals") form in coal chars. The results are of particular interest in-
asmuch as they demonstrate that skeletal C-O and C-C bond rupture processes are not
as is commonly thought - confined to the temperature region between 400° and 650°C
(in whlch tar forms by elimination of naphthenic structures). :

Experimental

Experimentally, the investigations here under discussion centre on (i) heat
treatment of a coal sample in vacuo at a series of pre-selected temperatures; (ii) rapid
quenching after such heat treatment; and (iii) measurement of the magnetic mass sus-
ceptibility and pure diamagnetic susceptibility of the quenched residue.

For the experiments so far completed, cleaned (-65 +200 mesh) samples of
a low volatile bituminous coal (ash <0.5%; Ref.1) were chosen. These were vacuum-
carbonized at <1072 mm Hg and 6°C/min., held af the selected final temperatures for
periods varying between <5 seconds and 0.5 hr., and then rapidly cooled by external
air jets, Figure 1 exemplifies a typical heating and quenching program. When the -
carbonized residues had attained room temperature, the furnace assembly was flooded
with purified nitrogen, and the residues removed and transferred to a continuously e-

- vacuated desiccator.

Immediately prior to their use in the magnetic balance (cf. below), and
always within less then 24 hrs, after preparation, samples were rapidly filled into the
upper chamber of a compensated specimen holder (cf. Detail B, Figure 2) and the load-
ed holder re-evacuated in order to allow proper settling of the char, After 30 minutes'

. pumping, the holder was again flooded with purified nitrogen, removed, weighed and

inserted into the vacuum chamber of the specially constructed Gouy-type balance.
Sample weights were usually of thé order of 1.0 gm,
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The assembly in which magnetic susceptibilities were measured is diagram-

matically shown in Figure 2. It consists of (i) a custom-made quartz fibre balance*
(Detail A, Figure 2) suspended in a shielded vacuum chamber V; (ii) a specimen tube
suspension S extending from V into an evacuated tube fitted with the necessary temper- (
ature control and measuring equipment; and (iii) a Cambridge electromagnet capable of '
creating fields of up to 16,000 gauss across a one-inch gup between conical pole pieces. {
Balance readings were taken with a cathetometer M after major weight changes had been ‘
compensated by adjusting the current to a carefully calibrated solenoid coil C. Cali- !
bration of the balance and magnet at current densities from ca. 2 to 15 amp. was carried

" out with pure specimens of rhombic sulphur for which X= -0.490 x 10~6 cgs units per
gm. over the temperature range from 25° to -196°C,

Measurements of X with coal chars were made at 25°C, while%dio was
obtained from plots of % vs. 1/T, i.e. by assuming Curie's Law to be operative and
extrapolating™ vs. 1/T to zero. To permit construction of the necessary graphs, de-
terminations of % were also made at -78.5°C (the sublimation temperature of CO9)
and at -196°C (the boiling point of nitrogen)**, The linearity of the resultant X, vs.
1/T plots, and the-accuracy with which it proved possible to estimate X,g;q from these
plots, can be gauged from Figure 3.

Individual values of ¥ cited below represent averages of 5 determinations
which were, in turn, each replicated by measurements at severa! different field
strengths in the range 6000 - 14000 gauss. Maximum deviation within any one set of
5 determinations was always less than 0,005 x 106 cgs gm~1.

Experimental data so far available are summarized in Figures 4 and 5.
Figure 4 shows the variation of X and X,d;4 with heat treatment time ty at 500°,
600° and 750°C, while Figure 5 shows the corresponding variation of A%, i.e. of
Ko dia = %25°. On the assumption: that the entire paramagnetic component of %, is
associated with unpaired electrons on carbon atoms, i.e. that residual mineral matter
makes no significant contribution to®%, 4% affords a direct measure of the "free ra=
dical" concentration. ‘

Comments on Procedure

The temperatures at which coal samples were pyrolyzed in the present
series of experiments were selected to correspond to particular points in the behaviour
pattern of equilibriated specimens, i.e. of specimens which were, in each case,

*  Manufactured by Worden Laboratories, Houston. The instrument used by us had a

total capacity of better than 10 gms. and a sensitivity of 5 micrograms at full
load, .

** These temperatures were checked with a calibrated chromel /p-alumel thermo-
couple.,
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held at the final temperature for 2 hr (1). The 500°C point thus corresponds to the on-
set of active thermal decomposition (as evidenced by a sharp downward turn of the X/T
plot, by increasing rates of weight loss, and by an increasing d-spacing and decreasing
c-dimension of the crystallite). The 600°C point corresponds to the near-end of active
decomposition. And at 750°C, marked growth of the carbon lamellae (as evidenced
by large increases in their a-dnmensnon) is in progress.

, This dependence of behaviouron temperature - and the fact that heat treat-
ment temperatures in the present series of experiments were approached gradually -
imposes an important limitation on the data shown in Figure 4. Since transient pro-
cesses at temperatures below the final heat treatment temperature will take place while
the coal sample approaches this final temperature, both the form and location of indi-
vidual % vs. thln the coordinate system must be seen as extensions of
changes which commence at "negative" times (i.e. to the left of the X,-coordinate in
Figure 4) and at correspondingly hlgher'X. values than the nominal initial values shown
in the diagram at t1; = 0.

This recognition, which accounts for the inverse relationship between the

"initial" susceptibility and heat treatment temperature and which also explains the
fact that the®™, vs t curve at 750°C passes through so much shallower a minimum
than the 600°C curve, necessarily complicates a kinetic interpretation of the data*.
But it is pertinent to note here that the problem is essentially unavoidable - that it
arises from the nature of coal per se. Theoretically, the best altemative to the heating
schedule chosen in this study would be shock-heating, i.e. an approach to the final
temperature in minimum time. However, with diffusion control over disengagement
of volatile pyrolytic products (2, 3), such a course - followed by short heat treatment
periods - would produce chars containing an indeterminate residue of undischarged
pyrolytic matter making an indeterminate contribution to% . The measured value of
% would here, in other words, be meaningless.

Discussion

So far as we are aware, only H, Honda (4) has published data on the vari-
ation of X, with ty. He does not, however, seem to have concerned himself with the
detailed form of this variation - Figure 4 of his paper (4) shows results for t,; = 15, 30,
60 and 120 minutes only ~ and while the text of the paper refers to "diamagnetic mass
susceptibility”, it is clear that the reported values refer to the uncorrected mass sus-
ceptibility, i.e. to rather than% giq. For these reasons (and also because of the
uncertainty attaching to the conditions under which Honda pyrolyzed his samples), the
results summarized in Figures 4 and 5 cannot be viewed against an established back-
ground. But subject to the recognition that they represent initial data (and bearing
in mind the limitations referred to above), they nevertheless allow of some important ten-
tative conclusions. '

*Efforts to develop graphical methods by which the necessary corrections can be inter-
polated seem to be meeting with some success. They will be reported in due course.
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« In principle, a fall in®% may be associated with either (a) the formation
of unpaired electrons by any mechanism, or (b) a decrease in the size of the average
aromatic area of the statistical structure unit (or lamella), (b) itself may or may not
be accompanied by formation of unpaired electrons and would, if not so accompanied,
cause a fall in % by reducing the socalled London contribution to the observed mass
susceptibility. Conversely, a rise in% can be attributed to either a removal of un-
paired electrons from the system (by o - ¢ or m-m coupling) or simple growth of
aromatic lamellae. The fact that variations of % and %X 4;q with ty follow virtually
parallel courses (which are only displaced with respect to each other along the % -
coordinate), i.e. the relative insensitivity of A% to changes in ty (cf. Figure 5), is
in these circumstances highly significant. Bearing in mind transient processes at
"negative" time values (cf. above) and noting that A% itself increases with the heat
treatment temperature, it implies that, for short heat treatment periods at least, a
modified (b) operates, i.e. that % and % 4iq fall as a result of lamellar size reductions
and simultaneous formation of unpaired electrons, but that unpaired electrans are sub-
sequently "frozen" into the structure without actually being eliminated by pairing. in-
view of Figure 5, the rise in% and % ;o must clearly be ascribed to lamellar growth

only, ’

The corollary of this conclusion is, of course, that unpaired electrons are
created by rupture of 7~ bonds, i.e. by rupture of C-C and/or C-O lattice bonds.

It might uséfully be observed that such an identification is in general
harmony with certain other findings. It is, for example, qualitatively supported by
Mrozowski and Andrew's observation (5) that the "free radical" concentrations in
polycrystalline graphitized carbons can be greatly increased by prolonged grinding
in inert atmospheres (or in vacuo). And it also lends support to the suggestion (6) that
ultimate elimination of unpaired electrons by extended heating at T >450°C can be
associated with a change in the semiconductor mechanism at 650°-700°C - from excess
electron to excess "hole" conduction (7) - by pastulating a progressive 5 - 1 electron
interaction. '

But more immediate interest attaches to the fact that conclusions derived
from the data contained in Figures 4 and 5 bear directly on descriptions of the overall
coal pyrolysis process,

The gross features of this process are conventionally described in terms of
a 3-stage sequence which, successively, involves (i) elimination of peripheral function-
al groups at T<400°C; (ii) skeletal breakdown and reorganization between ~400° and
650°C; and (iii) progressive growth and ordering of aromatic lamellae at T >650°C, It
is, in other words, supposed that only the second stage involves more than peripheral
reactions®,

*A recent study concerned with the kinetics of hydrogen formation at temperatures in the
range 600°-800°C has led to the conclusion (9) that rates of H-elimination are controlled
by lamellar mobility and that abstraction of hydrogen from positions at the peripheries of
the lamellae is the immediate precursor of crystallite growth,
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‘In the light of evidénce now available, this view requires some revision.
In particular, it must now be concluded that skeletal reorganization can extend well
into the third stage and that it is here connected with the elimination of residual

oxygen from coal chars,

Investigations into the kinetics of water formation at temperatures in the
range 650°-850°C (8) have shown that all (or almost all) oxygen lost in this range

_ultimately appears as water; that the reactions leading to formation of water (which
" must itself be regarded as a secondary or tertiary product) are all relatively fast; and
© that kinetic control over water formation is exerted by bond rupture processes (which,

insofar as they involve non-quinoid oxygen, must partially disrupt lamellae and result
in a fall in% even if no unpaired electrons are formed in the process), If it is now
borne in mind that elemental hydrogen (deriving from peripheral H-atom abstraction)
and water (af least partly deriving from carbonization of ether-structures and hetero-
cyclic O~bearing aromatics) are the only products actually formed by decomposition of
coal at T >650°C* , association of reductions in % (and % giq) with oxygen-breakout
at these temperatures is virtually inescapable. The fact that oxygen-breakout is, as
already noted, fairly fast (and generally 90% complete within 10 minutes from the

start of reaction; Ref. 8) and that % and % g;q undergo rapid changes at correspond-

ingly low values of t.;, may be seen as additional support forsuch a view.
ingly H Y PP

It is, however, in this connection of interest to observe that measurements
of rates of water formation between 650° and 850°C indicate sequential oxygen removal
by at least two reactions. If the association between oxygen elimination and changes
in% here suggested is accepted, plots of % vs. ty would therefore be expected to pass
through at least two corresponding minima - with the second tentatively placed at t} ~
7-8 minutes. This point is currently being checked.
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" *The (relatively small) quantities of methane and oxides of carbon disengaged from coal chars

at these temperatures appear to be formed by autohydrogenation and steam gasification of
the chars (8) and therefore to be basically unrelated to the decomposition of coal per se.




102

Figurs 1. A Typical Heating and Quenching Program.
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