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0 DATE there has been no sttempt to correlate the im-

portant structural factors of the carbon crystallite with its
gasifiention rate or to follow any possible chonge in these fectors
as gasification proceeds, Two of the most important structural
factora of o carbon crystatlite are its size and the spacing between
the layer planes that make up the crystallite. In this work,
these two factors have been {ollowed during the gasification of
an artificial graphite in an attempt to relate their importance to
the gasification mechanism.

Their importance hos been previously suggested by other
authors. Long and Sylkesa (13) postulated that the top and bot~
tom edge carbon atoms of a crystallite are more reactive than
the others. It is then seen that the smaller crystallites, with
their higher concentration of edge atoms per unit weight, should
be more reactive than the larger crystallites.  As it is known that
carbong are composed of a range of crystallite sizes, which is de-
termined by the nature of the carbon and its past thermal his-
tory, possible preferential reaction of the smaller crystallites
during gasification could play an important part in its reactivity
and produce a change in the average crystallite size of the carbon.
In this investigation, therefore, the change in average erystallite
gize—as determined by x-ray diffraction line broadening—with
degree of gasificetion has been explored in an attempt to get in-
formation on possihle preferential reactivity of the small carbon
ervataliites.

In regard to interlayer spaeing in carbons, both Bacon (5, 6)
and Franklin (9) have shown that true grophite has a spacing of
3.35¢ A. and that amorphous carbons which are graphitizable
have a spacing of 3.44 A. at 15° C. A earhon with an intermedi-
ate spacing is considered to be composed of certain fractions of
graphitic and nongraphitie (or amerphous) carbon, which may
be estimated from the interleyer spacing. Therefore, by follow-
ing the progress of the average interlayer spacing (e- dimension)
of carbon during gasifienfion, it is possible to obtain information
on the trend of the remaining earbon toward more or less graphitic
material,

APPARATUS AND CARBONS USED

In the present investigation, a 164° (268) General Eleciric
s~ruy diffraction unii, XRD-3, with co ier radiation was used.
Throughout the work un x-ray slit wicﬁt of 1* and a detector
alit width of 6.1° were employed. The intensities at selected
angles were determined by a Geiger counter connected fo an
electric timer which allowed counting & preselected number of
eounts and recording the time. The Geiger counter was mounted
on a goniometer, so that patterns could also be plotted over a
desired range of angles on a recording Leeds & Northrup
potentiometer.

The earbon samples, rods 0.5 inch in diameter and 2 inches
long, were gasified with earbon dioxide at 1100° C. in the ap-
parntus described in connection with earlier studies of reaction
rate (17).

For the majority of the gasification work, an artificial graphite
Produced at 2500° C. was used. Several samples of commereial
‘gas-haked” carbon, similar to that from which the graphite was
made, were also investipated. This carbon was an admixiure
of approximately 87% gas-baked carbon formed at 1000° C.
and 13% of the artificint graphite. Detailed descriptions of
these carbona have been published (17).

In order to establish the quality of the artificial graphite both
before and after gasification, No. 635 finely powdered naturnl
Ceylon flake graphite (37.5 == 7.5% on 200-mesh screen, U. 8.
sieve series, 25 == 5% through 325-mesh sereen) and No, 200-00

sir-spun_micrenized Ceylon graphite (having an average particle
size. of 5 microns), both supplied by the Joseph Dixen Crucible
Ca., were used ss standards representing pure graphitic carbon.

EXPERIMENTAL PROCEDURE

Both the rencted and unreacted carbon samples were prepared
for x-ray diffraction measurements by first grinding them with
an agate mortar and pestle to pass through a 200-mesh screen
and fhoroughly mixing them before sampling. A sample of the
carbon was then intimately combined with high-purity grade
{—200-mesh) sodium chloride, 18 £ 0.1% by weight. Then
30.5 % 0.3 mg. of the mixture was weighed on each glass dide
to give the desired number of samples. The mixture was dis-
persed in eollodion and amyl acetate over an ares of /s sq. inch
of the slide and allowed to dry. The sample thickness on the
slide wns measured by a micrometer as 0.006 to 0.010 ineh,
depending upon the density of the carbon,

DeETerMINATION 0F INTERLAYER Spacing. Figure 1 presents
a typieal x-ray diffraction pattern for a mixture of the artificial
graphite and sodium chloride. The admixed sodium chloride
was used 83 an internal standard to determine both crystallite
size and interlnyer spacing of the carbons—that is, for ench sample,
in additinn to determining the graphite peaks, the sodium chlo-
ride angles and corresponding d- values were determined for the
{200}, (220), and (222) peaks. These experimental d- values
were then ecompared with the abhsolute values ealeulated from the
sodium chloride lattice constant of 2.8200, A. at 25° + 1° C.
[This lattice constant was determined experimentally using o
General Tlectric powder camera which has a diameter of 143.2
mm. The sodium chloride was smeared over o glass tube, less
than 0.5 mm. in diameter, after being admixed with colledion.
The fitm was mounted in the Straumanis peosition, The lines
were read off to the nearest 0.1 mm. and the data were extrapo-
lated to 180° (28) by the technicque of Nelson and Riley {14).
The value reported above was the average of two determing-
tions and agrees well with the value of Straumanis (16}.]

In order to determine the ahsolute spacing of sodium chleride
ub temperatures other than 25° £ 1° C,, its coefficient of expun-
ston wns token az 4.02 X 10-% (10). The error in angle was
plotted srainst angle over the range 31.7° to 56.5°, and the ex-
perimental d- spaeings of the carbon, determined from the (004)
diffraction peak (54.6°), were then corrected using this correla-
tion to give an absolute d- spacing.

DETERMINATION oF CrysrTaLurrk Size. For the determina-
tion of erystallite size of the carbon, the admixed sodium chlo-
ride was assumed to consist of infinitely large crystallites. The
sodium chloride was not subjected to rigorous grinding proce-
dures; and although no data an particle size distribution were
obtained, it is thought to have an average particle size, on o
weight basis, well above ! micron. Bince the erystallite size of
sodium chloride essentially equals the particle size, this would
suggest an average crystallite size also in excess of 1 micron,
which is well above the size that causes deteciable line bronrden-
ing. The large size of the sodium chloride crystallite makes it
possible to determine from its (200), (220), and (222) difiraction
peales the half-penk-intensity line broadening produced by the
inherent x-tay mnchine factors [called b, by Alexander and Klug
()], exelusive of broadening from the crystallites, ot angles of
31.5° 45.6°, and 56.7°. By interpolation of these data, it is
possible alse to determine the line broadening, bo, which the ma-
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TaprLe I.  INTERLAYER SPACING OF ARTIFICIAL GRAPHITE Robns
Spacing Averngo
e . 18° C., Spacing,
Description of Graphite AL A,
Unzeacted rod 1
Yu-inch outaide serapings 4.3601 3.3001
. 3.360
—1/1s-inch serapings 3.3602
3.3500
Unreacted rod 2, whole rod used as sample 3.3603 3.3602
3.3602
Rod 3, 10% #asified
Outside /w-inch scrapings %g.‘}g? 3.3579
.35
Ingide #/v-inch plug 3.3500 3.3500
3.35860
Rod 4, 45% gasified, whole rod used ns 3.3582 3.3a81
aample 3.357%
3.3583
Rod 5, 83% gasified, whele rod used as 3.3577 3.3570

chine factors give the carbon x-ray diffraction peaks at their par-
ticular angles. The half-peak widths of the carbon diffrection
peaks {the (002), (100), and (004) peaks corresponding to sngles
of 26.6°, 42.5°, and 54.5° were used} ean also be determined.
The broadening of the carbon peaks is caused by o combina-
tion of machine faciors and the diffraction from the crystallites
[ealied By by Alexander and Klug (4}. Because the diffraction
pesks under study oceur at relatively low Brage angles, the cor-
rection for the Ko doublet line broadening (11) can be neglected,
thereby resulting in by and By equal to b and B, respectively.
By then using the graph of Alexander and Klug {3) for the new
spectrometer {similar to Figure 1 (4) for the older spectrometer,
which plots 8/8 against 4/B, one can determine 8, the true haif-
peak width line broadening produced by the average crystallite
gize in the sample. The average crystallite size is then caleu-
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lated from the line brosadening by the von Laue equation (7),

1 .
Foos & where A is the wave length of the copper

radiation and # is the Bragg angle st which the penl osow
Both L. and T, the average height and diameter of the crysin.
lites, can be caleulated from the above equation.

Both the carbon and sodium chloride x-ray difiraction peaks
were measured by using the Geiger counter and timer to evaluate
x-ray intensities. Sufficient counts were faken to permit de-
termination of intensities with a probable error from counting
statistics of 29 or less. The superior reproducibility of this
counting technique over the recorder hes heen demonstrated by
Klug, Alexander, and Kummer (72) in studies on pure quartz
and verified by the suthors in studies on earbons.

The initial step was to determine the intensgity rendings in
counts per second at angles of 20°, 30°, 35°, 40°, 50°, and 58°
in order to loeate the background profile where no peaks existed.
The angle could accurstely be set to the nearest 0.01° on the
machine. The next step was to loeate the angles and intensi-
ties of the difiraction maxima for the peslks in question. With
this information, the intensity of the peaks could be calculated
by subtracting the baclkground found by interpolating between
the values of the angles listed above from the coun$ at maximum
intensity. The intensity of half-peak height then wes calen-
iated by adding one half the peal intensity to the background.
Then counis were made on both sides of each peak nbove and
betow the hali-peak intensity values. These data were plotted
to a large scale (the sides of the peak over the small-angle inere-
ment were assumed to be straight lines), and the widths at the
half-penls intensity determined,

These date served two purposes, The angles used in the Bragg
equation to determine the spaecing of the carbon and sodium
chloride were taken as the middle of the half-peak widths and the
widths themselves used for determinations of crystellite size.

DoereryinaTioN oF Prag Inpensities. Some samples were
also prepared to determine the intensities of the (002} and (10y,
diffraction peales of the carbons.

In order to decrease orientation of the carbon particles nnd to
get stronger intensities, —200-mesh carbon was dropped into a
hole 0.5 inch in dinmeter contained in o nickel slide !/ inch
thick, After the slide had been filled with carbon, o 50-gram
weight was placed on top of the carbon pile to peek it to a constant
pressure, and the excess was scraped from the top with a spatuln.
A glags slide was then taped over the hole, the slide was inverted
and a similar glass plate on which the sample had been dz‘oppeci
was taken from the bottom. The slide was now ready for the
x-ray machine.

a1 Cl
220
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1
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Figure 1.

5¢°

Typical X«Ray Diffraction Pattern of 18% Sodium Chloride-82% Graphite Mixture

Copper radintion
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RESULTS

VARIATION OF INTERLAYER SPACING OF ARTIFICIAL GRAPHITE
witi GastricaTion. Table 1 presents the data on the inter-
‘syer spacing at 15° C, of the artificial graphbite before and after
varying degrees of pasification. Initially it was necessary to
determine how closely the ¢- spacing on the same material coutd
be duplicated, in so far as it would be affected by x-ray diffrne-
tion technique and sampling procedure. With this information,
possible true differences in interlayer spacing as caused by differ-
ences in the earbon could be nscertained.

To obtain an indication of how uniform the interlayer spacing
was within a rod, !/1s inch was seraped from the exterior of & ¥/~
inech rod, its interlayer spacing determined, and the interlayer
spacing slso determined on the remainder of the rod. This
scemed to be the most logical way to test for homogeneity, since
the interior of the rods are thought to be heated to a somewhat
higher temperature during graphitizetion then the exterior.
"The results of duplicate determinations, however, indicate that
a possible temperature gradient during graphitization had neo
gignificant effect on variztions in interlayer spoacing between the
interior and exterior of the sample. The whole of a second un-
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reacted rod was then ground up and two determinations of ¢-
spacing were made. The c- spacings, ss determined on the two
rods, agree closely. The ngreement between rods and within a
rod is at least within 2:0.0004 A., which is in line with previous
results of the authors (18) during studies on the thermal expan-
sion of graphite.

The interlayer spreings of snmples of graphite gasified fo
various weight losses were next investigated, It is seen for the
samples gosified to either 45 or 859 weight loss that the average
interlayer spacing has decrensed. The decrense in neither caze
is marked but is considerably outside experimental error. There
iz only a slight decrease, probably of no significance, in interlayer
spreing in going frem 45 to 859 weight losa,

To test further this apparent decresse in - dimension of the
residual carbon upon gasification, s sample gasified to a weight
loss of 109, was expmined. Petersen (15) has shown that after
11.19; of the graphite rod has been gasified at 1100° C,, an in-
side plug 0.222 inch in diameter has still not reacted. This is
based on the fact that the apparent density of this carbon has
not changed from that of the unreacted carbon.  As this graphite
becomes porous en gasifieation {17), this is felt to be direct evi-
dence that no resction occurs in this plug. On the other hand,
the outer periphery of this sample is highly reacted, as indicated
by o marked incresse in the porosity of the carbon. This rod
reacted to 109, weight loss was then separsted into two parts.
An outer sample /5, inch thick was scraped off the rod and A
inch core was drilled from the eenter of the rod, presenting both
& completely unrescted portion and a highly rencted portion.
X-ray diffraction determinations made in duplicate on these
samples again show a decresse in interlayer spacing of the ear-
It 1s seen that the in-
terlayer spacing of the reacted
annulus is comparable to that

Tapre II.  InverRLavBR SPAcING 0F NaTunral GRAPHITE
Spacing, Average
52 (., Spacing,

Graphite A, A,

200-mesh 3.3545 3.3545
3.3547
3.3545

S-micran 3.3540 3.3540 . .
3.3550 bon, en the same rod, upon gasifieation.
32,3549

. Tants III. X-Ray DirrractioN Data aNp CaLcuLaTED PARAMETERS FOR 45%

- Gastrren Graraits Roos
Counts per Second

Penk Intensity NaCl
Boek- above back- at one- Width, Width,
ground Penk graund half peak B &
SamrLe 1
NaCl 222 Peak
15.8 64,5 18.7 £0.1 0. 249°
Graphite 004 Peak
15.6 107 0.4 61.3 0.368° 0.248°
NaCl 220 Peak
17.4 10 182.6 113.7 0,233
Craphite 100 Peak
18,2 ai.y 13.5 5.0 0. 264° 0.225°
NaCl 200 Peal
on,2 160 4608 259 .6 0.158¢
Graphite 002 Peak
3£.0 2560 2528 1297 0.280° 0.185°
Sampre 2
NaCl1222 Penk
15.7 61.8 46.1 8.8 0, 266°
Graphite Q04 Peak
15.8 107 91.2 61,4 0,358° 0.256°
MNaCl 220 Peak
17.2 218 200.8 117.8 0.225°
Graphite 100 Peak
17.7 30.8 13,1 24,3 0.256¢ 0.210°
NaCl 200 Peak
20.6 460 430.4 244.8 0.194°
Graphite 002 Penk
34.2 2420 385.8 1226.8 0.215° G.183°
Sasrre 3
NaCt 222 Pank
15.8 0.0 44.2 7.0 0.289°
Graphite 004 Penlk
16.2 120} 103.8 68.1 0.378° [N
NaCl 220 Penlk
18.0 250 241 138.5 . adue
Graphite 100 Peak
18.8 34.3 15.5 26.5 0.253° 0.217°
: ! NaCt 200 Peal
Mkn‘-‘JO.O 52¢ 4006 276 0.108°
Graphite 002 Peak
35.0 2758 715 1392.5 0.259° 0.189°

of the samples gasified to either
45 or 85%, weight loss. This
is to be expected, if it is real-
ized that this sample is alse
very highly reacted, even
though the entire spmple has
been gasified to enly o 10%
weight loss,

In an attempt to compare
these artificial graphite spae-
inga with those of pure gra-
phitic carbon, ¢~ dimensions
were determined on severs]
samples of Ceylon natural
graphite. Table II shows the
data for both the “200-mesh’
natural fiake graphite (similar
in particle size to the samples
of artificial esrbon) and 5-
micron natural graphite. The
interlayer spacings of these
two sempies have been com-
pared to obtain information
on the possible effect of vari-
ation in particle size of the
carbon on this spacing. This
was thought desirable, because
it was conceivable that the
differences in ¢ dimensions
found between the unreacted
and reacted samples of arti-
ficial graphite might be due
to some differences in par-
ticle size, Comparison of the
interlayer spacing values for
the two samples of natural

b/ B B/B 8

0.668 0.390 0. 544

0.045

0.713 0,335 0.087

0.725 0.325 0.116

0.848 0.175 0.045

0.080

0.730 0.32¢ 0.321

G, 8060 0,182 G, 041

0.730 0,318 0.082
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graphite indicates that considersble variation in particle size be-
low —200 mesh has an insignificant effeet on lnyer spucing of the
carbons. The interlayer spacing values checked oxceedingly
well within themselves, Furthermore, the slight increase in e
dimension concurrent with ultrafine sizing of the earbon is pos-
sible in line with some reduction in the crystallite size of the
carbon. This pessible decrease in erystallite size might be inter-
preted as characterizing a trend toward less graphitic material
and inereasing ¢- spacing,

VaniatioN oF AvERaGE CRYSTALLITE SIZE OF ARTIFICIAL
Grararre witit GastFicarion, Next, the average crystallite
size of the unreacted graphite rods was compared with rods gasi-
fied to 45 and 85% weight loss. 'The magnitude of the erystallite
aizes reported iz above 500 A., which is stated ea the limiting
gize for rensonable accuracy (4). According to Alexander and
Klug, it is futile to attempt size mensurements for erystallites
larger than this, because the
mandatory precision of the ex-

Vol. 46, No. 8

lier.  The pronounced effcet that a small error in line broadening
angle can have on average erystallite gize in this region is shown
by the fact that changing the sodium chloride half-penk width
value at the (002) diffraction peak of earbon sample 1 from 0.185°
to 0.175° changes the caleulated L, size from 930 to 820 A,

Table IV presents data on erystallite size for the three samples
of earhon. For each sample, diffraction peaks frem three slides
were counted in an effort to ascertnin if there was any consist-
ency in the results on the same carbon. The individual values
vary from the averape by as much s ==15%, in some cases and as
little as 5% in others. In an effort to see if these variations
were due to real differences in samples 28 well as in technique,
samples I and 3 of the 85%; gasified carbon were repeated; these
duplicate runs failed to give results that were more consistent
than results on different samples, The conclusion is that the de-
viation of the individual crystallite sizes from the mean for &

perimental measurements  he- elele; T 1
comes too great for practicn]

work., Despite these comments

and beeause the experiments

were carried out on a new and

greatly improved speetrometer

{not mvailable for Alexander and

Klug's earlier work), the possi-

bilities of measuring crystallite

pizes larger than 500 A. with 500
some degree of consistency were
investigated,

Tuable III presents the com-
plete raw data for the three
samples of artificial graphite
gasified to a weight loss of
45%, in order to clarify the ex-
perimental procedure and to re-
port the magnitudes of the line
broadening at half-penk inten-
sity which were measured., The
intensity values in counts per

gecond could be duplicated
within 2%. For the broader
peaks, particularly the (222)

perk of sodium chloride and the
{100} and (004} penks of graph-
ite, it wns necessary to repro-
duce intensities with this accu-
racy in order to determine rea-
sonably consistent values of crys-
tailite size.

The intensities of the back-
grounds for the three patterns
are very consistent. There is
some variation in  maximum
peak intensities =and, conse-
quently, like varintions in the
eatculated intensities for the half
peak. However, considering the
possibilities of orientation of the
graphite on the slides, slight vari-
ations in sample depth, and lack
of complete mixing of the sodium
ehioride with the graphite, the
intensity agreement is sntisfae- 0 ! ]

INTENSITY, COUNTS PER SECOND
o
O

LOG

I ~UNREAGTED
2 ~UNREAGTED

GAS BAKED CARBON-INNER GORE
GAS BAKED CARBON-OQUTSIDE SCRAPINGS

3-REAGTED GAS BAKXED GARBON- INMER GORE

4 -REAGTED GAS BAKED CARBON-OUTSIDE SCRAPINGS

| { A | ] ! L 1

tory. The sodium chloride i8° 20°
widths, b, increase with ineress-
ing angle, necessitating an inter-
polation procedure to get b at the
carbon angles, as discussed ear-

Figure 2.

L
22° 24°% 267 28® 30°
268

X-«Ray DPiffraction Patterns of (002) Peak of Reacted and Unrencted Gag-

Baked Carben

Copper radiation
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Tapre IV, CrystaLniTs Sz oF ARTIFICIAL Grapuire Robs

Ratio of Crystallite
Size of (100) to
(604) Diffrnction

Cryastallite Size at Different
X-Hay Difiraction Peaka, A,

Graphite ’ (002} {001) {100} Penka
Unrencted
1 870 460 1006 L
2 830 610 1200 311
3 960 450 482 2.20
Av. B8?7 807 1094 2.16
459% goaified
1 430 a18 1800 3.07
2 1020 767 1860 2.42
3 480 734 2050 2,78
Av, 817 706 1933 2.74
85% gasified
1 1120 825 1510 1.83
3 g40 409 11440 i.86
3 1000 aa0 1706 2.57
Av. 1020 6898 1486 212
TaBLe V. CrystarLuite Size of Narural GRAPHITES
Cryatallite Size at Different
X-Ray Diffrnction Penks, A,
Graphite {002) (004)
200-mesh
1 1660 2460
3 Lp2o 3240
3 1010 2740
Av, 1030 2813
S-micron
1 1320 1276
2 1285 1370
3 1230 1320
Av, 1982 1520

given carbon is due to the laek of aceuracy inherent in the tech-
uique and not to sampling errors.

2 vespite the spread of the data, general conelusions nppear to
os warranted.  All the crystallite sizes except one for the graph-
ite samples 469 gasified are larger then those for the unrescted
varbon. Al the crystallite sizes for the sample 859 gasified,
with the exception of two, are larger than those for the unreacted
carbon, There appears to be a definite incresse in mean crystal-
lite size, for both L. and L., of the remaining carbon upon gasifi-
eution, The average height of the crystallite, T, appears to re-
main relatively canstant between 45 and 859 of earbon gasified;
but there appears to be n detectable drop in L., the diameter of
the average crystallite, upon more complete pasification. With
the hope of getiing some iden of a possible change in shape of the
warbon erystallite upon gasification, the ratic of L. to L, hos been
valculated. The carbon rod 45%, gasified appears definitely to
huve n higher ratio than the unrercted carbon; upon further gasi-
tication to 867, reacted there is a decrease in this ratio back to
chat approximating the unrescted earbon.

Agpin to compare the artificial carbon with a standard, the
eryniallite size of the natural graphites was determined and is
presented in Table V. No I, size could be determined, ns the
(100} and (101) x-ray diffraction perks, owing to sample arienta-
tion, were small, However, the crystallite sives determined for
L. are in all cases larger than those of the artificial graphite.
Furthermore, the crystallite size determined [rom the (004) peak
fu larger than that determined from the (002} peak, which is the
oppoesite to the Bnding for the nrtificial graphite. In investigat-
lrg a series of carbons, Franklin (9) also found that the erystal-
lite sizes determined from these two peaks differed widely, A
possible clue to the reason for this difference in erystallite size, as
determined from these two peaks, is given by dats on the 5-mi-
cron graphite, Here there is a remarkable check between values,
; 3t only at the same angle (£4% variation) but also between
“-anigles (2.8%). When this is compared with the conaidersbie
variation between the crystallite sizes determined for the 200-
mesh natural graphite at the two different angles, the conelu-
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sion would seem to be that reduction of the carbon to u fine size
in some way removes the factors cnusing discrepancy between
the crystallite size caleulated from different diffraction pealka.

Variarion N Intensity or X-Ray PREAES OF ARTIFICIAL
GrapriTe uPoN Gastrication. In an attempt to reduce the
part which orientation of the earbon plays in affecting pealk in-
tensity, hollow slides were used for this work and the carbon was
dropped into the slides as previously deseribed. The slides used
all had the same szmple volume, which meant that the weight
of carbon packed varied with its density. It is underatood that
the simplified treatment of placing the intensities on the basis of
a count per second per gram of carbon cannot completely remove
the effect of density of packing. However, the nonlinear effects
of variation in density on intensity values, as it affects sbsorp-
tivity, for example, are thought to be minor in comparison to
the intensity changes noted.

For the artificial graphites the same sample wes used for both
determinations—i.e., the slide was packed, read, removed, re-
packed, and read. Tor these duplicate determinations of the
(002) and (100} diffrection intensities the maximum variation
between readings was 1%, For the natursl graphite samples
two slides of each were used, and varistions between the weights
of carbon packed in the two slides were deliberately employed.
When the intensities were placed on a unit weight basis, dupliente
readings agreed within at least =297,

TFable VI presents the data for the duplicated x-ray peak in-
tensities (the duplicate readings having heen averaged), There
is n 1009 increase in intensity of the (002) penk of the 457 gasi-
fied carbon over the unreaeted sample and a minor decrease in
the (100) peak intensity. Gasification to a weight loss of 859,
shows some decreage in the (002) intensity from that of the 4539,
gasified sample and no change in the (100) intensity. The ratics
of intensities for the samples show & onelold inerease for 456%
weight loss and then & significant decrease for 859, weight loss,

The intensities of the natural graphite have also heen deter-
mined. The 200-mesh graphite shows the maximum {(002) in-
tensity of all the sampies and by far the weakest (100) intensity.
The ratio of these two intensities is an order of magnitude higher
than that for the artificial graphites. Durastic size reduction of
this naturzl graphite fo §-micron material, however, produces
marked changes in the intensities, with the sample returning close
to that of the unreacted artificial graphite.

TaBLe VI, Variarion oF X-Ray Prak INTENSITIES OF
GRAPHITE WITH REACTION
Intonaity at Different
X-Ruér Diflsaction Peaks,
ounts/See./G. Ratio of

Graphite {002} (160 fntensitien
Unreacted 9,150 259 35
459%, gmﬂ:ﬁed 18,400 241 7Ty
857, gnsified 15,9200 245 82 -
Natural graphite, 200-mesh 28,300 50 446
Natural graphite, 3-mieron i¢, 800 284 38

GasrricaTion ofF Gas-Baxgn CarpoN-GRAPHITE SAMPLE.
In order to substantiante further the preferential reaction of non-
graphitic or graphitic carbon during gasification, a commercial
sample of gas-baked carbon containing 13% artificial graphite
was investigated, The difference between the gas-baked earbon-
graphite sample and the artificial graphite sample previously
diseussed should be apprecisted. For the former, the two types
of carbon had been thermally treated at different temperatures,
the nengraphitic carbon at 1000° C. and the graphitic carbon st
2500° C. These carbons had been mechanically mixed and gus-
baked at 1000° C. For the nrtificial graphite, all of the original
carbon had been graphitized at 2500° C. The nongraphitic
earbon should be in more intimate contact with the graphitic
earbon in the artificial graphite than in the gas-balied carbon-
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graphite sample, where the nongraphitic and graphitie portions
are essentially located in different particles and, hence, different
crystallites,

The gns-baked earbon-graphite sample was gasified to a weight
loss of 409, at 1100° C. TFigure 2 shows four x-ray patterns of
the {002) penk of the carbons. Patterns 1 and 2 represent the
unreacted carbon, samples being talken from the outside and in-
terior of the sample o test for homogeneity, The two peak in-
tensities, as taken from the chart, agree within 10%. The
superposition of the broader and wesker gas-baked carbon peak
onto the sharp graphite peak is clearly seen. Patterns 3 end 4
represent the rencted sample. Because of the high reaction rate
of the gas-baked carbon, reaction oecurs almost entirely close to
the surface (17) and, hence, it wns easy to scrape a highly reacted
cuter layer from the sample, leaving the dense unrencted interior,
Curve 3 gives the x-ray pattern for the inner core, and compari-
son with peaks 1 and 2 indicates its close duplication of maximum
peak intensity (within 179% for the two unrencted samples). On
the other hand, the highly rencted outer layer shows an increase
of maximum intensity over the other samples from an average of
640 counts per second to 920 counts per second, or 46%,. This
would seem to be a clear indication thet the percentage of gra~
phitic carbon in the sample has been substantially increased upon
gasification, owing to the preferential reaction of the non-
graphitic carbon.

DISCUSSION

Prior to interpretation of the experimental results in an effort
to explain the gesification mechanism, the character of the arti-
ficial graphite used should be clarified. The original raw mate-
rinls used for the production of these graphite rods were 25%,
coal tar pitch and 75% caleined petroleum coke flour.  Accord-
ing to Abbott {1}, baking of these rods iz a destructive distilla-
tion process whereby the pitch binder is graduaily heated until
it softens and melts, the lighter fractions are volatilized, and the
residue iz formed into & ecke. The particles of caleined petro-
leum coke are conted with & layer of this pitch cole, which gives
strength to the carbon rod. The rods are then graphitized and
because the piteh coke is difficult to graphitize (8), each particle of
the artificial graphite can be visualized as consisting of & highly
graphitized inner core surrounded by a slightly graphitized outer
shell, Turthermore, the distribution of the erystallite sizes
should be bimedal (8), with the graphitized erystallites from the
pitch colte having their maximum coneentration of sizes at a
signifieantly smaller size than the graphitized crystallites from
the petreleum eoke.

The results may now be interpreted in the light of this simpli-
fied picture of the particles composing the artificial graphite rods,

InterrRETATION OF InTBRrAYER Spacing Dara, The in-
terfayer spacing data show {1) that the spacing of the carbon de-
creases a measurable amount, from 3.3601 to 3.3581 A, in going
from the unreacted to the 457, reacted sample, whereas further
gasification to 859, weight loss finds the spacing decreasing an
ingignificant amoeunt to 3.3579 A.; (2) that the spacing of the
earbon after both 45 and 859% gasification indicates that there is
4 significant porfion of nongraphitic carbon (15%) still present
(8) which does not measurably decresse over this range of gasi-
fication. These results can be explained as follows:

Upon pasification to a certain weight loss, the less graphitic
crystallites around the periphery of the particles (probably con-
stituting about 109, of the original spmple weight), are com-
pletely removed. As this less graphitic carbon, according to
Bacon and Franklin, wili have & larger ¢- spacing than the more
graphitic cerbon, its removal from the sample will Jower the
average c- spacing of the residual carbon.  After essentially com-
plete removal of this material at some percentage of gasification,
the ¢- spacing of the residusl carbon will be expected to remain
constant with further gasification, under the conditions that the
crystellites produced from the petroleum coke all contain the
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same percentages of graphitic carbon and that subsequent re-
action is not able to remove preferentislly the nongraphitic mate-
rial from these erystallites.

These conditions appear to be best satisfied if the picture of .
the residusl carbon adopted is that postulated by Franklin (8).
The nongraphitic carbon having the 3.44 A, interlayer spacing is
intimately mixed, in the same crystallite, with the carbon having
the graphitic spacing of 3.3534 A.—the experimentally deter-
mined spaeing giving the percentage of nongraphitic carbon in
ench crystallite. If the nongraphitic carbon is randornly dis-
persed in the erystallifes, as Franklin believes {as apposed to being
locally concentrated), it is extremely unlikely thet the non-
graphitic sarbon will be preferentially removed from the whole
erystallite. If the reaction removed entire nongraphitic plancs
from crystallites, the crystallites would be split apart into ones
having a smaller I, dimension, which does not cecur. Therefore,
the following is sugpested.

The initial lowering of the ¢- spacing upon gesification is due
ta the complete removal of the less graphitic carbon; the con-
stancy of the ¢~ spacing for high degrees of gasification is due to
the presence of crysiallites of uniform composition of graphitic
and nongraphitic carbon and fhe fact that the nongraphitic ear-
bon is not preferentially removed [rom these erystaliifes, because
of its intimate mixture with the graphitie carbon,

InTERPRETATION OF ORYSTALLITE S1ZE Dara. The data on
crystallite size of the graphite samples show the following well-
substentinted results. Gasifieation to either 43 or 859 weight
losa produces an incresse in both the L. and T, dimensions of the
residual earbon over the unreacted sample; and gasification from
45 o 85% weight loss produces an insignifieant change in 7. but
a measurable decrease in L,. The increase in average erystallite
size of the residual carbon upon gasification ean be aceounted for
by oither crystel growth during reaction or the elimination of the
small crystaliites by reaction. Carbon graphitized to 2500° C.
would bhardly be expected to underge further crystal gmwti']

. . . }
during gasifiestion at 1100° C. Therefore, the latter explana-
tion would zeem to be the more logical. It is clear that, if gasi-
fication has achieved only the reduction of crystallite sizes and
has not completely eliminated the smaller erystallites, the sver-
age crysiallite size of the carbon would have to decrease.
Therefore, the major hypothesis here must be that increase in
average crystallite size necessitates sufficient duration of gasifi-
cation to eliminate at least some of the smaller erystallites. The
extent of gasifieation required for the effective removal of the
small erystaliite sizes will depend in large measure upon two
fnctors—the crystallite size distributien in the carbon and the
presence of preferential resctivity of the smaller crystallites.

It is informative to explere the implieations of preferentinl
resction by first considering the simpler cases of nonpreferential
resction,

Nonpreferential reaction means that the reaetion rate of all
crystallite sizes is directly proportional to their external surface

area, or
B = K4 (1)

where K is o constant independent of crystaliite size. Consider-
ing o crystallite shaped in the form of a disk (as can be roughly
imagined when expressing Lo and L.}, its surface area can be given
08 wha(L. 4 Ls/2). If it is further assumed that L. = L./2
over the range of crystallite sizes {this is not strietly true, but a
aufficiently close approximation in this case), then the external
area of a crystallite is given as 12, Therefore, for nonpreferen-
tinl renction of crystallites, their rate of reaction is directly pro-
portional to L7 over the entire range of crystallite sizes or

B = KL (2)

Furthermore, the weight of & carbon crystallite can be expressed
as YpL)xL2) or plad/s, or the differentinl change -
weight of a crystallife is given by Equation 3 as

3pLi(dLas)
8

W

AW = (3)
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The rate of weight loss of 2 crystallite then ean be expressed by
Hquation 4 as
AW /dt = (KaL2)dL,/dt (4)
assuming p essentisly independent of crystallite size. Equating
the reaction rate Bquations 2 and 4 and simplifying give
Lo = Kydt (5)

where K is essentially independent of crystallite size. This
indicates that for noniareferential reaction the aumerical change
of L, and/or L. would be independent of erystallite size snd
aolely a funetion of time,

Consideration must now be given to the nature of erystallite
size distribution in the sample in view of the fact thet the aver-
age crystallite size of the residual carbon inereases with 459,
gasification. If the distribution of crystallite sizes were of the
normal Gaussian form, nonpreferential reaction would alwavs
cause a decrease in average crystallite size, despite the continuous
disappenrance of completely reacted crystallites during gasifica-
tion. On the other hand, preferential renction of the small crys-
tallites would mean that they would begin to disappear at a fime
when the upper crystallite size value was greater than in the non-
preferential case, If the preferential reactivity was high enough,
the average crystallite size of the residuai carbon could increase
after a eertain froction of the small erystallites had eompletely
rencted. Earlier it was strongly suggested that the distribution
of crystallite sizes in the carbon was bimodsl. If there is suffi-
clent difference between the sizes represented by the two modes,
either preferential or nonpreferential resction of the carbon ta
complete elimination of the mode representing the distribution of
the smaller erystallite sizes could cause an inerease in average
crystallite size.

A choice between these two distributions of crystallite sizes
iv the unreacted artificial graphite can be made in the light of the
trend of the crystallite size data from 45 to 859%, gasification.
If the increase in erystallite size from 0 to 489 gasification were
e to preferentinl reaetion of a sample having the normal
<gussian distribution, then further gasifeation to 85%, weight
loss would also be expected to produce an incresse in I, and 7,
for the same reason. However, such is not the case, with 7, de-
crewsing signifieantly between 45 and 859 burnoff. This de-
creage in the T, dimension, while Z, remains constant between
45 and 85% burnoff, sugpests that the reaction is eceurring al-
most entirely along the edges of the crystallite as opposed to
across the basal planes.  Such 2 mode of reaction would also be
expected during the first 4557 of gasifiention, bub the increase in
L, during this time can be attributed to the remeoval of the smaller
crystallite materisl, with its effect on increasing L, considerably
outweighing the reduction in L. due to renction along the erystal-
lite edges.

InterraETarion oF X-Ray Prar InTensity Data.  Before
the data on the verintion of the x-ray peak intensities of graphite
with reaction are diseussed, the requirements for the production
of x-ray diffraction peaks in the present experimental setup
should be understood, The fundamental requirement for the
appearance of & peak at o given Bragg angle s, of course, that
there is o spacing of planes in the solid such that the Brogg
equation, nA = 2dsing, is satisfied. However, even though the
solid in question does have a sprcing of planes, 4, such that a peak
should oceur ot an gngle, ¢, this will not oceur unless the reflect-
ing planes in the solid are oriented paralle! to the glass slide hold-
ing the sample. TFor expmple, for the (002) reflection, the stomas
contained in the parallel layer planes of graphite are so spaced
that a peak should ocour at a Bragg angle of roughly 13.3°,
The intensity of this peak is determined, smong other things, by
the number of these parallel plares which are “reflecting” the
xroy beam. Only those layer planes which are parallel to the

"uss mounting slide will produce an x-ray intensity at this angle.
<n the other hand, the (100) peak is produced by the reflection of
x-rays by paraliel plenes of scattering centers which cut perpen-
dicularly aeross the former planes. Apnin for these reflections
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to be realized, the (100} planes must be parallel te the glass
mounting slide.

Variations in intensities of x-ray diffraction peaks and, conse-
quently, varistions in ratios of peak intensities can be produced
by preferential orientation of the sample on the mounting alide,
Such orientation oeeurs with unsymmetrical particles where
crystallite orientation within the perticles is present. This
phenomenon is clearly brought out by the intensity data on the
30C-mesh natural graphite, where the rotio of intensities for
the (002) to the (100} peak is an order of magnitude higher than
for the other graphite snmples. The long, fat fiakes of this
graphite tend to orient with their flat side pazallel to the mount-
ing slide. The apparent existence of crystallite orientation
within the particle, sueh that the (002) planes are preferentially
tined up parallel to the long, fat side of the particle, then pro-
duces a (002) peak of considerable intensity and a (100) pealk of
low intensity.

The data on the 5-micron natural graphite substantiate the
view that particle size and shape affect the intensity ratio—thab
is, the severe reduction in particle size from 200-mesh to S-micron
would be expected to produce more symmetrical particles which
would decrease their tendency for orientation, Furthermore,
this reduction in size would, from the statistical sense, decrease
the number of particles that would orient in a given direction.
These factors would then produce & deerease in the ratio of the
(002} to the (100) peak intensities, as is observed.

The trend of the intensity ratios for the artificial graphita
samples can be explained in the light of the intensity results on
netural graphite plus the erystallite size data. The date on
crystallite size indieate that removal of the less graphitic earbon
during the early stages of gasificntion leaves a residual earbon of
u higher L./L, ratio. The higher this ratio the more unsym-
metrical the erystallites and the greater their tendeney to orient
parallel to the long side of the particle during graphitization.
This increase in erystallite orfentation will increase the number
of (002) planes paralle] to the mounting slide and, hence, increase
the {002} intensity of the 4597 gasified sample, ag is found, De-
crease in the (100) intensity would likewise be expected and is
also recorded experimentally. Another point to consider, how-
ever, is the possible change in particle shape during reaction and
its effect on intensities. If the major point of reaction of & erys-
tallite is at the edges, s previously suggested, and if the long,
flat sides of the crystallites are lined up parsilel to the long,
Hat sides of the particles, reaction is going to produce not only
more symmetrical erystellites bué also more symmetrieal par-
ticles. The production of more symmetrical particles will de-
crease their orientation on the mounting slide and, hence, de-
crease the (002) intensity and raise the (100) intensity, as is
found in going from 45 to 859 gasification. During the early
steges of gasification, the two above phenomena will be in com-
petition, with the removal of the less graphitic earbon from the
porticles enhancing the aversge crystallite orientation and (002)
intensity more then the trend toward symmetrical particle shape
decrenses (002) intensity, However, with the compiete removal
of this less graphitic earbon, the former phenomenon no longer
exists and deerease in orientation is observed,
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This work was undertaken to investigate possible changes in interlayer spacing, average crystallite
size, and intensity of x-ray diffraction peaks of an artificial graphite before and after various stages of

gasifieation with earbon dioxide.

Upon gasification the interlayer spacing of the residusl carbon decreases, the average crystallite size

inereases, and the ratio of intensities of the (002) to the (100) x-ray diffrection peak increnses.

These

results all suggest that upon gasification the less graphitic earbon is, at least in part, preferentially reacted.

These results explain why the strength of graphite electrodes sometimes rapidly decresses with use.
"The nlmost complete reacting away of the binder material, even at low weight losses of carbon, substantially
wenkens the echesion between particles and, hence, the strenpgth of the solid strueture.
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