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Three different carbons have been gasified with carbon dioxide to varions weight
losses and the structnre of the residual carbons has been investignred by X-ray
diffraction techuiques. The spacing between layer planes of the residual carbon
was found to decrease for one of the carbons and to remain constant, within experi-
mental accuracy, for the other two carbons upon gasification. The average cryseallite
size of the residual carbon, on gasification, is found to change for one carbon, remains
essentially constant for a second, and is too large to determine accurately for a third.
These results indicate that the change in lattice parameter and average crystailite size
of the residual carbon on gasification is dependent on the starting material,

P. L. WaLkER, H. A, McKinsTRY and J. V. PUSTINGER' have shown, on
gasification of cylindrical samples of a graphitized carbon with carbon
dioxide at 1100°C, that the interlayer spacing of the residual carbon de-
creases, the average crystallite size increases and the ratio of intensities of
the (002) to the (100) x-ray diffraction peak increases, Recent bulk density
profile studies by E. E. PETERSEN and C. C. WRIGHT?, with the same graphi-
tized carbon, have shown that the gasification of the cylindrical samples at
1100°C was not uniform, the reaction rate being greatest on the periphery
of the sample. On the other hand, these authors found that, if the gasifica-
tion was carried out at temperatures around 900°C, the reaction was quite
uniform throughout the rod. Therefore, it was thought desirable in the
present work, where the gasification results of the graphitized carbon were
to be compared with those of a more highly graphitized spectroscopic
graphite and a gas baked petroleum coke, to gasify all the samples at a
sufficiently low temperature so that the reaction would be uniform through-
out the rod. This work again consisted in the examination of the residual
carbons, after gasification, by x-ray diffraction techniques to determine
significant differences, if any, in the carbon from the original material. for
the purpose of expanding and possibly generalizing on the findings of the
earlier investigation.
EXPERIMENTAL

Gasification apparatns—The gasification apparatus used has previously been
described in detail’. Briefly, the technique consisted in suspending a carbon
rod inside a Globar furnace by a ceramic rod, 18 in. long, and determining
weight loss of the carbon with time by a Roller-Smith balance attached to
the upper end of the ceramic rod. The carbon samples employed in the
present work were (-5 in. long and of 0-5 in. diameter. In each case, the
samples were cut from rods originally 13 in. long, so that one rod of each
carbon supplied all the samples required for the investigation. A hole,
diameter (-125 in., was drilled through the centre of the samples, allowing
the carbon to slide over the ceramic support rod and rest on a ceramic
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platform of 0-5 in. diameter, which was connected to the end of the {8 .
rod. The underside of the ceramic platform was made conical in shape
so as to fit into the top of the support tube previously described’. The
carbon samples were lowered into the furnace at reaction temperature and
pre-heated in helium for 1 hour prior to initiating the reaction with carbon
dioxide. To ensure uniform reaction of the three carbons investigated, the
weight loss of carbon was not allowed to exceed 0-01 g/h. The reaction
temperatures employed to satisfy this condition were 900°C for the graphi-
tized carbon, 970°C for the spectroscopic graphite and 770°C for the gas
baked petroleum coke. After reacting the carbons to pre-determined weight
losses, the furnace was flushed with helium and the sample slowly removed
from the reaction chamber in such a manner as to permit it to cool approxi-
mately to room temperature before coming in contact with air.

Sample preparation for X-ray investigation—The carbon specimen was
removed from the ceramic support rod, the eatire sample ground in an
agate mortar and pestle to pass through a 200 mesh screen (U.S. sieve series),
and thoroughly mixed before sampling. A sample of the carbon was then
intimately combined with 18 + 0-1 per cent by weight of high purity
{ — 200 mesh) sodium chloride. A 30-54+0-3 mg portion of the mixture was
weighed on glass slides to give three slides of each sample. Subsequently,
the mixture was dispersed in collodion and amyl acetate over an area of
0-375 in.® of the slide and allowed to dey. The samples were then ready
for the x-ray analysis.

X-Ray procedure—A 164° (26) General Electric X-ray diffraction unit,
XRD-3, with copper radiation was used. Throughout the investigation an
X-ray slit width of 1° and a detector slit width of 0-1° were employed. The
intensities at selected angles were determined by a Geiger counter connected
to an electric timer which allowed a pre-selected number of counts as well
ag the time to be recorded. The Geiger couster was mounted on a gonio-
meter so that patterns could also be plotied over a desired range of angles
on a recording Leeds and Northrup potentiometer.

A detailed description of the X-ray procedure has already been published®.
Briefly, the lattice constant of the sodium chloride, used as an internal
standard, was accurately determined in a powder camera. The sodium
chloride spacings determined on the X-ray unit were then used each time to
correct the carbon peak angles also determined on this unit to absolute
values, which in turn gave absolute values of carbon interlayer spacing.
Furthermore. the line broadening of the sodium chloride was taken as that
produced by the inherent machine factors and from this the line broadening
due to the crystallite size of the carbons was determined.

The sharpness and high intensity of the (004) diffraction peak of the
graphitized carbon and spectroscopic graphite made possible a high degree
of precision in the determination of interlayer spacing, and justified the
use of the longer and more accurate Geiger counter and timer technique
to evaluate X-ray intensities. On the other hand, the diffraction peaks of
the petroleum coke carbon were rather diffuse and did not warrant the use
of the counting technique due fo subsequent corrections required to be
made on the original data. The data, in this case, were taken from a
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recorder trace. In order to obtain from the diffuse experimental intensity
curve of the petroleum coke carbon the true position of the diffraction
maximum and, hence, the true interlayer spacing of the carbon, it was
necessary to transform. it into a true structure factor curve, as discussed
by R. E. FrangLiN' and W. R. Ruston®,

This was done in the present case by first drawing a smooth curve through
the background profile of the peak in question and then subtracting the
background from the peak at close intervals to obtain the peak intensity as a
function of angle. The resulting intensities were divided by the product of
the trigonometrical factor® (I +cos® 28)/sin® # cos 8, the absorptivity factor’
l—exp{—2uz/sind}—where u is the mass absorption coefficient. of the
specimen and ¢ the thickness of the sample on the slide—and the atomic
scattering factor for carbon®. This produced a true structure factor curve
from which the peak angle used to calculate interlayer spacing could be
derived.

Carbons used in the investigation—The graphitized carbon and gas baked
petroleum coke carbon were supplied by the Speer Carbon Company. The
spectroscopic graphite was supplied by the Nationa] Carbon Company. The
graphitized carbon has previously been described in detail®?*°. Briefly
it was produced from a mixture of petroleum coke Aour and coal tar pitch
by high temperature treatment at about 2500°C, The spectroscopic graphite
was produced from similar raw materials but was heated at 3000°C. The
gas baked petroleum coke was produced from a mixture of petroleum coke
four and coal tar pitch, heated at.approximately 1000°C for several weeks.
The petroleum coke flour had previously been calcined at about 1200°C.,

RESULTS AND DISCUSSION

Variation of interlayer spacing of the carbons on gasification—The data for
the variation of interlayer spacing of the carbons on gasification are given
in Table 1. All the spacings are reported at 15°C by using the coefficient
of expansion (28-6 x 101-%) of the graphitized carbon previously reported
by P. L. Warker, H. A, McKinstry and C. C, WRIGHT". As stated earlier,
spacings on three-samples of each carben were determined, and the plus or
minus variation of each set is listed in Table 1.

The overall trend of the values of the interlayer spacings for the graphi-
tized carbon is similar to that found previously when the carbon. was
gasified with carbon dioxide at 1100°C. It is seen that the average spacing
after 5 per cent gasification is lower than that after 10 or 20 per cent
gasification. It is possible that this is not a true difference, considering the
plus or minus variation of the data; however, the same trend was found
for the spectroscopic graphite rods. One sample of graphitized carbon was
reacted to 50 per cent weight loss at 1100°C to compare the interlayer
spacing of the residual carbon with that resulting from the same weight
loss at 900°C.  As can be seen, the resulting spacings are very similar., The
spacing obtained in the present case (3-3582A) also agrees well with the
value (3-3581A) previously reported! for 45 per cent weight loss at 1100°C,

In contrast, the spectroscopic graphite rods do not show a significant
decrease in interlayer spacing with gasification, with the possible exception
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of the 5 per cent reacted sample, It will be recalled® that the decrease in
interlayer spacing of the graphitized carbon was attcibuted to the pre-
ferential elimination, during reaction, of the less graphitic bending phase.
In order to determine whether the elimination during reaction of the graphi-
tized bonding phase of the spectroscopic graphite rods could be expected
to have a significant effect on residual interlayer spacing, the interlayer

Table 1. Variation of interlayer spacing of carbons on gusification

Description of carbon .Spacmfr(l_ﬁ <
Graphitized carbon rods
Unreacted 3-3396 + 0-0003
59 reacted 3-3588 + 0-0002
10 3-3592 + 0-0004
20 3-3591 + 0-0001
30 3-3586 £ 0-0C03
50 3-3585 + 0-0001
50 reacted at 1100°C 3-3582 + 0-0002
Speciroscopic graphire rods
Unreacted 3-3376 00004
5% reacted 3-3369 + 0-0004
10 3:3572 & 0-0005
30 3-3574 £ 0-0001
30 3-3573 » 00003
Powder 3-3574 + 4-0002
Petroleum coke rods
Unreacted 3461 + 0-009
10% reacted 3457 & 0004
a0 3:459 + 0-005
50 3-460 + (-004

spacing of spectroscopic graphite powder (no bonding phase present) was
evaluated. Tt is seen from Table I that the spacing of the spectroscopic
powder and that of the unreacted spectroscopic rod are almost identical, and
this fact possibly accounts for the constancy of the spacing on gasification.

L. Gresn'' examined a O-1 p section of a spectroscopic graphite rod
under the electron microscope and reporfed that no bonding phase was
visible—the particles appeared to have been joined by a sintering process.
If the original premise regarding the decrease in interlayer spacing of the
graphitized carbon was correct, it would seem that between 2500° and
3000°C the bonding phase of carbon rods becomes an integral part of
the particle system, both in location and character,

The absolute spacing of the artificial spectroscopic graphite rods is of
interest with regard to the correlation between interlayer spacing and the
graphitic character of the carbon, as proposed* by Franklin. 1Its interlayer
spacing (3-3576A) is significantly greater than that found for Ceylon
graphite’ (3-3546A) and, according to Franklin's correlation (assuming Cey-
lon graphite as 100 per cent graphitic), the spectroscopic graphite is approxi-
mately 13 per cent non-graphitic in character. The fact that the spectroscopic
graphite still is less graphitic than natural Ceylon graphite, even though in
quality it equals the best artificial graphites available today, is perhaps due to
the average diameter of the crystallites. M. Brapaurn, C. A, Courson and
G. S. RUSHBROOKE'® established theoretically that the interplanar binding
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ability is greater, the larger the hexagonal layer plane. Even though the
L, (the average diameter of the crystallites) dimension of the spectroscopic
graphite and that of the Ceylon graphite are too large to be measured by -
X-ray diffraction line broadening, it is thought that the long flat particies of
Ceylon graphite are probably characteristic of the long flat crystallites com-
posing the particles and that this suggests their L, dimension to be larger than
that of the spectroscopic graphite. It is of considerable experimental and
theoretical interest to determine whether it will be possible to subject.
artificial graphites to sufficiently severe heat treatment so as to equal or
surpass the graphitic character of Ceylon graphite, as defined by interlayer
spacing,

In the case of the petroleum coke carbon rods, there was also no signifi-
cant change in interlayer spacing on gasification, as shown by Table /. As
previously reported by Franklin and Ruston, and confirmed by the present
authors, the values of interlayer spacings for a material such as petrolenm
coke, which produces a diffuse diffraction band, cannot be duplicated better
than +0-005A, in most cases. This limit of reproducibility of course
restricts the precision of the quantitative interpretation of interplanar
spacing changes on gasification for the petroleum coke carbon. Franklin
has shown* that petroleum coke and pitch coke, subjected to heat treatment
at the same temperature up to 1480°C, have the same interlayer spacing
within experimental accuracy. Therefore, even if preferential reaction of
one of the two constituents did occur, this alone would not be expected
significantly to change the spacing. Possible decrease in the L, dimension
of the crystallites upon gasification, in the light of the previous reasoning,
would be expected to increase the interlayer spacing somewhat. However,
as results to be presented show, both the L, {height of the average crystallite)
and L, dimensions of the petroleum coke carbon rods failed to change
significantly on gasification,

Variation of average crystallite size of carbons on gasification—The
average crystallite size of the carbons before and after the different incre-
ments of gasification were determined by the usual equation, L=K\/Bcos 0,
where K is 2 constant, A the wavelength of the copper radiation, 8 the Bragg
angle at which the peak occurs and # the diffraction line width at half peak
intensity. For the L. dimension, K is taken equal to 0-89 and for the L,
dimension, in the case of the two-dimensional lattice reflections for petro-
leum coke, K is taken equal to 1-84. The data are given in Table 2.
Again three determinations for each sample of carbon were made and the
plus or minus variations for each set of data listed.

The overall change in the L. dimension of the graphitized carbon on
gasification at 900°C to 50 per cent weight loss was from 570 to 6604,
which agrees relatively well with the change from 507 to 706A on gasifica-
tion of the same carbon to 45 per cent weight loss at 1100°C, as previously
reported'. Furthermore, the change of the average crystallite size on re-
action follows that previously predicted®. 1t was stated that, for an increase
in average crystallite size, gasification must be continued until at least
some of the smaller crystallites have been eliminated. Apparently
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for 5 and 10 per cent gasification the elimination of the smaller crystal-
lites had not yet occurred and the average crystallite size decreased
due to reaction. On partial elimination of the smaller crystallites, with
more complete gasification, the average crystallite size should increase,
reaching a maximum when they are completely eliminated. A similar
change of the L, dimension with gasification would be expected from
the above reasoning, and the previous data' obtained at 1100°C suggested
that this is the case. However, corresponding data have not been determined
in the present case.

The L. dimension of the unreacted and reacted samples of the spectro-
scopic graphite was found to range between 2500 and 4000A. However,
since the line wideh of the graphite peaks so closely approached that of the
standard sodium chloride, slight errors in determining line widths of either
material produced differences in the calculated crystallite size of a given
sample which were greater than differences between samples. Consequently,
the quantitative trend of the crystallite size of the spectroscopic graphite
on reaction cannot be given. However, in essence it may be said that, on
reaction to even 50 per cent weight loss, the average crystallite size
was still in the range of 2500 to 4000A with no significant trend; L, was
greater than 4000A but could also not be determined quantitatively.

Table 2 shows that, on gasification of the petroleum coke carbon rods,
the change in L. is small and the change in I, is insignificant. Unlike the
graphitized carbon where the bonding phase was thought to have a crystal-
lite size appreciably smaller than the particle system, Franklin has shown
that up to 1480°C the crystallite size of pitch coke (the bonding phase) is
essentially the same as the crystallite size of the petroleum coke (the particle
system)} for similar heat treatment. Therefore, the L. and L, dimensions
of the unreacted crystallites probably represent closely the size of both

Table 2. Variation of average crystaflite size of carbons on gastfication

Description of carbon L, A L, A
Graphitized carbon rods
Unreacted 570 + 40
5% reacted 485 + 7
10 510+ 7
20 550+ 7
30 700 + 30
50 660 & 30
Petroleum coke rods
Unreacted 257 £ 03 49-0 £ 19
10%, reacted 240 £ 0-3 480 + 1-6
30 240 £ 03 495 + 25
30 23-8 + 06 485 + 1-0

the pitch coke and the petroleum coke. Consequently, unlike the graphitized
carbon, complete elimination of the bonding phase surrounding the
petroleum coke particles would not be expected to affect the residual
crystallite size significantly. It is of course realized that, if the weight loss
of a rod could be attributed to a proportional weight loss in each crystallite,
the crystallite size of the residual carbon would have to decrease. For
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example, if all reaction was assumed to occur along L,, for simplicity, and
all the unreacted crystallites were 484 in size, it is calculated that a weight
loss of 50 per cent distributed over all crystallites would result in a decrease

in their L, size to about 34A. Such a change would be easily detectable by

x-ray diffraction. The fact that no detectable change in L, occurred on
50 per cent gasification indicates that in the present case a relatively small
fraction of the total number of crystallites within the carbon rod was under-
going significant reaction at any one time. This is to be compared with the
fact that the reaction of the particle system itself is thought to be quite
uniform at the low gasification temperatures employed. Thus, it seems
that, in the case of the gas baked petroleum coke rods, reaction occurred
predominantly on the surface of the particle system with little or no gas
penetrating beneath the particle surface to react with crystallites.

Division of Fuel Technology,
The Pennsylvania State University,
State College, Pennsyivania

(Received August 1954)
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