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COMPARISCON OF PROPERTIES OF CARBON AND GRAPHITE BODIES PRODUCED
FROM ANTHRACITE AND PETROLEUM COKE+

I Gerrer! and P. Lo Wanken, Jr.

Department of Fuel Technology, The Pennsylvania State University,
University Park, Peansylvania

{Manuscriph received Decemboer 28, 1961}

The effect of using anthracite as a substituto filler materinl for petrolewn coke in thoe manufacturs
of baked and graphitized bodies was studied. Bodies were propared from two anthracites and o fairly
typical polroloum coke, ench of which was mixed with an equal proportion of the same coal-tar-pitch
binder and extruded in § in. diamoter rods. Al of theso rads were baled to 800°C, and part of them
were further graphitized in a helium afmosphers to 2400 and 2800°C. A number of physieal and chem-
ica} properties of the rods were studied and compared. At hoth graphitization temperatures, the
bodics fubrieated from tho anthracites had (1) electrical resistivities et least 709 preater than thoso
of tho bodies fabricated {rom tho potrolenm colke, {2) lower apparent densitics, (3) higher specific
surfuce areas, (4) higher ash contents, (5) highor transverse breaking strengths, (0) smaller erystallito
aizes, (7} less erystallite oligninent, (8) larger interlayor spacings, and (1) mixed reactivity results
with COa. For the boked bodies, differences in properties (1) and (6) were less marked and differcnces

in properties (2}, (3), (4), and (5) were more marlied.

I. INTRODUCTION

Anthracite is currently being utilized to
some extent as a filler in the manufactine of
electrodes and pot Hners for various clectro-
lytic and electrothermal processes. It is
known from experience that the properties of
bodies produced from anthracite ave gener-
ally significantly different from those for
hodies produced from petroleum cokes.
Although studies have been condueted on the
.strength of anthracite-pitch bodies? and on
the degree of graphitization of anthracite?,
no significant contributions have appeared
in the literature, which attempt to explain
why the properties of anthracite bodies are
different from those of petroleum coke
bodies. The purpose of this investigation,

1 Based on a Ph.D. thesis submitted by I, Geller
to the Graduate School of The Pennsylvenia Stato
University, Septembor 1058, This research was
sapported by the Commonwealth of Pennsylvania.

i Presont address Aerojet-Giencrnl Corporation,
Azusa, Californin.

1D, W, Gillmore, C. C. Wright, snd C. B. Kinney,
J. Inst. I'uel 32, 50 (1059).

2 3L G. Boobar, C. C, Wright, and C. B, Kinney,
Ind, Eng. Chem. 50, 87 {1938).

471

therefore, was twolold: first, to determine
and eompare the physical structure of
anthracite and petroleun coke bodies and,
second, to relate this structure to their gas
reactivities, electrical resistivities, and mech-
anical strength. Among the properties to be
investigated, to delincate olearly physical
structure, were detailed pore size distribu-
tions obtained from mercury poresimeter
data, densities measured in various media,
surface areas from low temperature gas
adsorption, and interlayer spacings and
crystallite dimensions of the carbons from
Xvay diffraction studies.

Bodies for the program were prepared
from two anthracites, A-1 and A-2, and from
a petrolenm eoke, P.C., currently being used
in commercial production of graphitized
electrodes. The proximate analyses of the
raw anthracites and the green pefroelum
coke are shown in Table 1.

. EXPERIMENTAL
A, Sample Preparation
The filler carbons were fivst ground and
ealeined to approximately 1200°C in an



FIFME CARBON COXFERENCE

TABLE I

Proxvimate Analyses of Baw Lythracite and Green Petrolenm Coke Plours

{
As received basis ’ Dry ash-fres Losis
Sample 7.C. VAL H20 [ Ash 1 s | ro VAL
D.C. 88.5 11.0 63 4 02 j s | 889 111
Al 56.G 2.9 3.t | 1 0.5 96.7 G338
A2 52,9 5.9 2.7 i 8.5 l 0.7 E 034 6.6

inert atmospliere.  Additional g
carried out alter caleination until the particle

rinding wus

sizes of the three materials were similar.
The flours consisted of about 289 of —325
mesh material, with ail the flour less than
48 mesh. The earbons were then mixed with
coal-tar piteh {melbing-point 100°C; henzene
insotuble, 30,37 ; quinoline insoluble, 12.7%,)
for 1hr at 132°C. Forty parts ol pitch to
100 parts of filler were used in eael case.
After mixing, the paste was molded into
shigs 4 in, in dinmeter and 1 1% long under a
pressure of 6000 psi. The glugs were then fed,
without eocoling, info & Watson-Stillman
horizontal press and extraded through o
0.6in. dimmeter die, the temperature of
which was maintained at 136°C. For slugs
containing petroleum  coke, an  extrusion
pressure ol ce. 7000 psi was used, whereas
for the slugs containing anthracite o pressure
of cn. 34,000 psi was required.

Baking and graphitizing were carried out
on 1-f6 long scetions of the three matevinls
during the same furnace runs. All of the
rods were baked to 900°C on a “slow
schedule” in o muffle furnace, after which
some were heated to either 2400 or 2800°C
in & tube furnace sweph with e at 1 atm.
In order to determine the eflect of heat
treatment on the filler material alone, 1 kg
of cach filler was also heated to 2800°C.
The heating-up periods to 2400 and 2800°C
were 1.5hr and 2.5 hr, vespectively. Soak
time at maximum temperature was 1.5 .

B, Mcthods and Apparatus for Sumple Lesting
Samples  of  appropriate  length and

dimmeter were eut from the 1% fong rods
for various tests as they were needed,

1. Reaction rate studies. The reaction rate
apparatus used was essentinlly the same ag
that deseribed by Walker, Foresti, and
Wright3, with modifieations in the balance
and temperature contrel system. Two-inch
long samples were reaeted with COs, the
reaction rates being determined from weight
loss measurements,

2. Trans-
verse breaking strengths were determined by
w Diflon fiber stress tester, which measured

Pransverse brecking strengths.

the pressure necessary to snap o rod sample
mounted on two triangnlar wedges 3 in.
apart. Stress was applied by a third wedge
resting on the top of the sample midway
between the supporting wedges.

3. Gus adsorption. A standard low-tempera-
ture gas adsorption apparatus was used to
measure surface arcas with Na at 78°K. The
areas were cadeulafed by the BET methodd,

4,  Resistivities. Electrical resistivities
were obtained on both rod and particle
samples by eomparing the potential drop
across o fixed resistance with that across the
sumple. The details of the technique have
been reported elsewheres.

Porosiaeter  studies.  The mercury
porosimeter used has been described®, With

b.

VP, L. Walker, Jr., R. 4. Foresti, dr,, and C. C.
Weight, Ind. Eng. Chem. 45, 1703 {1853).

18, Brunaver, P. H. Emmett, and E. Teler, J.
Amer. Clem. Soc. 60, 300 (1938).

P, L. Walker, Jr. and ¥. Rusinko, Jr., Fud 36,
43 (1857).

6P, L. Walker, Jr.,, T. Rusinko, Jr., and 1.
Raats, J, Phys. Chem. 59, 245 (1955).
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this apparatus, it was possible to determine
the pore size distribution of the sample
Letween pore radii of 71 and 160,000 A.

6. Xerny diffraction studies,  Standard
XNeray diffraction procedures were used to
enleulate avernge Interlayer spacings and
erystallite heights for hoth the baked and
graphitized rods and flours?. Sodium chloride
was employed as an internal standard with
the graphitized earbons.

7. Density measurements. Bullk densities
were  defermined on all rod samples by
dividing the weight of the rod by its geo-
metrie volume. Helium densitics were deter-
mined in a thermostated, constant pressure,
null type apparatus. N-ray densities were
caleulated on ol samples from  their d-
spacings in the standard manner. The C—C
bond distance within the layer plane was
taken as 142 &,

8. Proximate analyses. Proximate analyses

were  determined  according  to AST.M.
proceduress.
11, RESULTS AND BISCUSSION

A, Weight and Volume Changes in Rods with
Heal Treatiment
Weight and volume ehanges were measured
following heat treatment, as shown in Tables
II and IEE. These data represent averages of

TABLE 1T

Body Weight Losses During Heat Preatment

Weight loss, %
2.0, A-1 A-D
Extruded to
balced 12.3 11.2 10.0
Balzed to
2L00°C 2.0 2.9 12,9
Balked to
2800°C 3.4 10.5 13.4

7P, L. Walker, Jr., H. A, MeIinsbry, and F. V.
Pustinger, Ind. Eng. Chem. 46, 1651 {1454).

8 Amoriean Soecioty for Testing Materials, Proce-
dure I 371-48, AS.T.M. Standards on Coal and
Colke (1954), pp. 9-30.
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TABLIS 111

Tolume Changes of Bodies During Heat

Prealment
Volume change, 9
P.C. A-1 A2
Iixiruded to
bulecd — 1.3 -2 1.6
Baked to
2400°C +4-0.2 — 8.0 - 8.1
Baked to
RELIVLS) nil — 8. - 117

20 rods eaeh for the baked samples and
10 rods each for the graphitized samples.
Weight: losses ineurred during baking are
similar for all three materials and can be
attributed mainly to the ecoking of the hinder.
Weight losses  during  graphitization are
considerably higher for the anthrneites than
{or the petrolemmn eoke, beeause of volatiliza-
tion of the mineral matier.

The three bodies undergo roughly the same
amount of shrinkage upon haking., However,
upon graphitization of the haked materials,
the two anthracite bhodies undergo an
additional, snbstantial shrinkage, whereas
the petraleum coke body undergoes negligible
volume change. This is attributed to the
affect of temperature on the density of the
filler. That is, the petroloum coke undergoes
little density change upon greaphitization,
whereas the anthracites undergo considerable
density increase,

B. Crystullographic  Changes in Rods and
Flowrs with Heat Treatment

Table IV summarizes the results for inter-
Inyer spacing, crystallite diameter, and
intensity of the (002) diffraction peak for all
the samples. The interlayer spacings of the
petroleum coke flour and bodies are signifi-
cantly less than those of the anthracite
samples, following heat treatment to 2400 or
2800°C, indicating clearly the greater graph-
ibizibility of the pefroleum coke. Crystallite
heights of the graphitized pelroleum coke
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TABLE IV
Oryatallographic Changes in Rodes and Flours with Heat Treatment
Hent treatment _ Relative
Somple temp., °C d-spacing, A L, A intonsitiesT

Rmw flours None

».C. 3.51 25 34

Al 3.51 14 19

A2 3.61 14 20
Calcined flours 1200

r.C. 3.45 33 160

A-l 3.49 i4 25

A-2 3.45 16 26
Graphitized flowrs 2800

r.C. 3.361 898 100

A-l 3.871 330 40

A2 3,306 506 69
Balked rods 900

r.C. 3.45 32 5

A-l 3.49 15 25

A2 3.45 14 24
Graphitized rods 2480

.o 3.373 728 52

A-l 3.382 199 14

A2 3.381 208 19
Graphitized rods 2800

».C. 3.304 84 00

Al 3.380 308 21

A2 3.375 282 31

t Relotive intensities of both the non-graphitized and graphitized samples are expressed on tho bosis o1
100, Relative intensities between the two groups have no significance.

samples are significantly greater than those of
the anthracites. As discussed previously?,
the intensity of the (002) diffraction peak
can be taken as an indieation of the relative
extent of erystallite alignment. Clearly, the
erystallite alignment in the petroleum coke
samples, for any heat treatmenst temperature,
is greater than that in the anthracites. In-
deed, the better erystallite alignment in the
calcined petroleum coke probably is respons-
ible for its greater graphitizibility.

¢, Mechanical Strength of Blectrodes

The strength results, listed in Table V,
show thot samples prepared from both
anthracites were stronger than those prepared
from petroleum coke and that the A-2 rods

9 P, L, Walker, Jr., F. Rusinko, Jr., J. F. Rak-
grawslci, and L. 3. Liggobt, Proc. Third Carbon Conf.,
Porgnmon Press (1959), p. 643,

were stronger than the A-1 rods. It is import-
ant, however, to recognize the possible effect
of extrusion pressure on these results. The
anthracite pastes required almost five times
as much pressure for extrusion as did the
petroleum coke paste.

D. Mineral Impuritics

Also shown in Table V is the effect of heat
treatment on the mineral matter content of
the flour and rod samples. The mineral
matter content of the caleined anthracite
fiours and the baked anthracite rods is high.
ssentially none of the mineral impuritics
was removed by caleination or baking. Upoen
heat treatment to 2400 and 2800°C, sub-
stantinl removal of mineral matter from the
anthracite samples occurs. However, for a
goak time of only I.5hr at maximum
temperature, the mineral matter remaining
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TABLE V
Total Ash, Transverse Brealing Strengtha, and Electrical Resistivitics of Various Samplea
‘Pransverse broaking Resistivity,
Sample Ash, % strength, psi ohm-cm
Calcined flours {1200°C)
P.C. 0.28 — 0.011%
A-1 7.5 — 0.032
A2 9.24 — 0.030
Graplitized flours (2800°C)
PO nit — 0.0028
Al 0.60 —_ 0.0058
A2 0.40 _ 0.00563
Baleed rods (000°C)
P.C. 0.38 3800 0.605:
Al 3.4946 5800 4.0067
A2 762 5600 0.006
Graphitized roda (2400°C)
.. 0.156 2000 0.0014
Al 0.72 3500 0.0029
A2 1.28 £200 0.0023
Qraphtized rods (2800°C)
HERSR 0.06 3300 0.0010
Al 0.15 3700 0.0023
A2 0.26 4300 0.0017

1 Resistivities of powdered samples were measured at 10,000 psi.

n the anthracite is still considerably higher
than that in the petroleum coke samples
heat freated to comparable temperatures.
Boobar and coworkers® have found that
additional soak time produces o further
deerease in the mineral matter content of
anthracites.

Tho ash analyses reported are also strongly
affected by heat treatment procedures. That
js, a subsequent study indicated that when
similar anthracite eclectrodes were heat-
treated in a regular Acheson graphite furnace
{at least to above 2400°C,) the ash content
rentained relatively high, approximately 25
to 309 of the starting value. In the oxperi-
mental furnace, there was no coke packing
around the rods and the volatilized im-
purities werc swept away by a stream of He,
which was used to maintain an inert atmo-
sphere, On the other hand, in the Acheson
furnace the rods were snrrounded by a pack-
ing of coke to prevent oxidation and no gas
was passed through the furnace. The escape

of mineral impurities in this latter case was
obviously retarded.

B. Elecirical Resistivities

Blectrieal resistivilies were measured on
all powder and rod samples. Tho results are
listed in Table V. The graphitized pefrolenm
coke rods have significantly lower electrical
resistivities than the anthracite rods af
eomparable heat treatment conditions. As a
madter of fact, the resistivity of the petrolenn
coke Dbody following heat treatment to
2400°C is lower than that for the anthracite
hodies heat treated to 2800°C. There is also
a major difference in the resistivities of the
two anthracite bodies.

The rvesistivities of the heat treated
petroleum coke flours arc also lower than
those of the heat treated anthracite flours
for eomparable heat treatment temperatures.
Resistivities of puarticulete materinls, how-
ever, are affected by the number and nature
of interparticle eontacts. The true specific
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resistance of the material within a particle is
often masked by the contaclt resistance
between parbicles. Very hard or rigid particles
would not be expected to make as good
contact with cach other under selected
pressures as parbicles of o softer, more pliable
material, which ecould be more easily de-
formed. The resistances of the powder
samples were measured at three different
pressures, with the results being sunnmarized
in Table VI, Since the weight of the samples,
the diameter of the container, and the height
of the samples fu the container at the different
pressures were known, it was possible also to
caleulate the bulk densities of the samples atb
which the resistances were measured. The
results are shown in Table VIL

TABLE VI

Variation in Flectrical Resistivity of Particle
Sumples with Applicd Pressure

Registivity, ohim-em
at &b at
Sample 2300 psi | 5000 psi | 10,000 psi
Caleined flours
{1200°C)
P.C. 0.023 0.017 0.011
Al 0.078 0.049 0.032
A2 0.000 0.051 0.030
Graphitized flours .
(2800°C)
P.C. 0.0045 0.0037 0.0028
A-l 0.013 0.0081 0.0058
A2 0.0005 0.00%0 0.0053

The Dbulle densities are affected by particle
packing in the container, as well as by the
particle densitics. Plots of bulk density vs.
resistivity, shown in Fig. 1 for the caleined
flours snd in Fig. 2 for the graphitized
(2800°C) flours, are interesting. In hoth cases
all values of resistivity are higher for the
anthracites than for the petroleum cokes.
However, it appears from the plots in Fig. 1
that if the curves for the calcined anthracites
are extrapolated toward higher bulk dens-
itics, they will join the curve for the petroleum

FIFTHI CARBON CONFERENCE

TABLE VILI

Variation in Bull: Densities of Particle Samples
with Applied Pressure

Bulk density, gfem®
atb ab ab
Samplo 3500 psi | 5000 psi {10,000 psi
Oulcined flours
(1200°C)
PO 0.79 0.84 0.87
A-l 0.69 0.2 0.76
A-2 0.71 0.74 0.78
(fraphitized flours
(2500°C)
P.C. 0.87 0.95 1.02
A-l 0.81 0.8 0.93
A-2 0.82 0.88 0.9¢
T T Y
] F C
0.08 —— -
-3 A-2
€ Q.06 -
13
£
E
k=3 — —
3
=
Z 004l ]
n
[7¢]
w
o
N
AN
ooek NMa A
o ; ! 1
G700 O.B0D 0.90

BULK DENSITY, g./cc.

Frg. 1. Electricel resistivity as a funetion of
bulk density for caleined flours.

coke, yielding similar resistivities for the
same bulk densities. This is apparently not
the case for the graphitized samples, where



COMPARISON OF PROTERTIES OF

the extrapolated curves for the anthracites
do not approach the graphitized petroleum
coke eurve. These rvesults, at least in part,
cxplain the similarity of the resistivities of

QIS T T
e PG
& 0010 3
]
1
13
=
@
.
e
ES
&
i
W 0,005~ =~ Nt
-
o H | H
Q.80 0.90 1.00

BULK DENSITY, g./cc

. 2. Blectrical resistivity as a funcbion of
bullc density for graphitized flours.

the baked vods {on the basis of percentage
deviation) and the large differences in
resistivities between the graphitized rods.

Comparing the resistivity data of Table V
with the X-ray diffvaction data in Table IV,
it is apparent that the resistivitics of the
graphitized samples depend to an important
extent on crystaflite size and orientation; the
larger the crystallite size and better the
crystallite alignment the lower the resistivity.
However, the resistivity differences hetween
the haked anthracite and petroleum coko
samples are not as marked as the X-ray data
might lead one to expeet. The presence of
volatile matter on the crystallite edges can
markedly affvet the resistivity of baked
carbons, however.

. Pore Structure of Blectrodes,
1. Specific volwmes and pore voluwmes.

X.ray, helium, and bulk densities were
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determined on various samples. A correction
was made for mineral matter using the
equationd?, d = ad'{100 — A)/{100a ~ sAd'),
where d is the corrceted density, d' is the
uncorrected density, A is the 9 ash, and « s
the density of the ash taken as 2.7 gfem¥. A
siwmmary of pore volume data is presented in
Table VIIL. The total pore velume was
ealenlated as the difference between the
reciprocals of the bulk and X-ray densities.
The elosed pore volume was caleulated as
the difference between the reciproeals of the
helium and X.ray densitics. The open pore
volume is the difference between the total
and closed pore volumes.

Inecluded in Table VIII are the closed pore
volumes of the binder, It was possible to
calculate these volumes in the following way
Assuming that the closed pore vohune in the
mineral matter is negligible, the closed pore
volume of the sample i3 equal fo the sum of
the closed pore volumes of its binder and
filier. Since the ash-free weight of the sample
is equal to the sum of the weights of filler
and binder carbon, the closed pore volume
of the binder, ¥, ean be calculated [rom
the equation, Vy = ¥ + (WAV — ¥/,
where ¥ is the closed pore volume of the
entire sample per gram of sample, ¥y is the
closed pore volume of filler per gram of filier,
Wr is the weight of filler in the sample, and
Iy is the weight of binder in the sample.
All samples were prepared in the ratio of
40 parts of pitch to 100 parts fller, and total
weight losses during baking and graphitiza-
tion were known, Asswming all weight loss
in baking to be due to coking of the piteh,
the weights of binder and filler in the baked
rods could be caleulated, Weight loss on
graphitization was attributed to volatiliza-
tion of mineral matter in the filler and addi.
tional loss of pitch constituents, Since the
ash contents of the baked and graphitized
rods were determined, weight loss due to
volatilization of the mineral matter eonld he

AL M. Wandiess and J. €, Macrae, Fuel 13, 4
(1934).
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TABLE VIII

Specific Pore Volumnes for Flours and Electrodes

Poro volumse, cmd/g
Total Closed Open

Carbon material P.C Al A2 P.C. Al A2 P, Al A2
Caloined ftour — — - 0.029 0.103 0.128 — — —_
Graphitized flour — — — 0.036 0.057 0.042 —_ — —
Baked rod 0.240 0.305 9.303 0.037 0.098 0.103 0.203 0.207 0.200
Graphitized rod

{2400°C) 0.286 0.342 0.324 0.068 9.084 0.077 0.218 0.258 0.2:47
Graphitized rod

(2800°C) 0.277 0.313 0.302 0.062 0.072 0.060 0.214 G.241 0.242
Binder of baked

rod s s o 0.075 0.079 0.014 — — —
Binder of 2800°C

rod — — e 0.202 0.159 0.154 — — —_—

caleulated. Substantial amounts of closed
pore volume ave seen to be present in the
binder fraction of the rods heat-treated to
2800°C.

2. Pore size A mercury
porosimeter was employed to obtain pore
size distribution curves for the baked and
graphitized {2800°C) samples. The range of
pore radii covered by the porosimeter data
is from ca. 71 A to about 160,000 A. Figure 3

distributions.

G20y EENLNAL RLLLLH TR LA AL
e rc
¥ a-l

3 B oA-Z

o o5,

YOLUKE OF PDALT UMFILLER &Y MENCUNY, codyg,

| T
00,500

Lttt brntd
10,500

todobaeil
00 1,960
PORE RADIS, &,

o Laasst 1

T1g. 3. Pore size distributions for baked rods,

presents porosimeter curves for the baked
rods, while Tig. 4 shows curves for the
graphitized rods. The resemblance of the
curves for the three materials is striking,
especially in the case of the balked samples.

3. Swurfuce arens. It was not possible to
reach equilibrium within a reasonable time
with the baked anthracite rods for adsorption
of Na at 78°K, but the drift was small after

ORFTE LA AL AL T ITUTT LA L F I

® PO
A-i
n A2

VOLUME OF PORES UNFHLLED BY MERCURY, cc /g

todedb il
100,000

IATEREIT

2 Ltranl '
108 1,000 )
POAE RAQWSE, A.

Fia. 4. Pore size distributions for graphitized

rods.

about 20 min. Therefore, pressures were read
arbitvavily after 30 min in all cases. After
reaction of the rods with COa to 109, weight
foss at §50, 1000, and 1106°C, surface areas
were again measured. A summary of all data
appears in Table IX,

Column three of Table 1X lists the surfuce
areas caleuluted from pore size distribution
data. These areas were coleulated using an
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TABLE IX

Surface Areas of Electrodes Before and A fter Reaction with COs

Surfaco aree, m¥/pg
Before reaction After ronction (by Na adsorption)
From pore
From Na sizo
Sample adsorption | distribution  jut 030°C at 1000°C at F100°C
data
Baled rods (900°C}
P.C. 0.4 17.1 38.5 28.4 12.6
A-1 10.4 27.0 51.4 41.0 26.5
A-2 109 32.9 51.8 £0.3 26.9
Graphitized rods (2400°C)
P 0.4 e L7 2.3 3.8
A-l 2.0 — 12.9 123 16.3
A2 2.4 — 111 161 22,0
Graphitized rods (2800°C)
P.C. 0.4 3.0 L4 2.1 3.5
A-l 2.3 114 13.4 14,6 18.9
A-2 2.1 0.5 13.7 17.8 18.0

equationtl for eylindrical pores, 4 = 2V/#,
where 4 is the pore surface area, ¥ is the
pore volume, and 7 is the average pore
radius., For the purpose of caleulation, the
porosimeter curves were divided into volume
inerements over which the slopes of the
curves were nearly constant. Average pore
radii were calenlated for these increments.
An average pore radius of 40 A was assumed
for the volume of pores below 71 A in radius.
The sum of the areas caleulated for each
volume inerement was faken as the surface
area of the sample.

G. Significance of Changes in Pore Struchure
During Heat Treatment

1. Bubble structure of the binder. During
the mixing process, the particles of filler
material are coated with a layer of fluid
hinder, which solidifies on cooling and holds
the entire mass in a rigid shape. When the
rods are baked under proper conditions, the
hinder is coked slowly and decomposes; the
volatile material is evolved in the gaseous

12 P, H. Emmett and T. W, do Wits, J. Lmer.
Chem. Soc. 65, 1253 {1943).

state and a highly carbonaceous skeleton is
left behind.

Walker and co-workers?, among others,
have reported the presence of two closed
pore systems in rod or plate samples, one
due to the voids between erystallites in the
filler and the other in the binder. Walker and
Raatst? and Mrozowskil®11 suggested that
the closed porosity in the binder is due to a
bubble structure formed during the baking
process. A thorough search of the literature,
however, has revealed nothing concerning
the changes occurring in this bubble structure
on graphitization. Presumably, it sheuld
decreass, becanse of shrinking and cracking
which is thought to take place at high tem-
peratures. Acfually the closed pore volume
of the binder inereases on graphitization with
all three materials, as seen from Table VIIL,
1t is difficult to postulate a mechanism for
this, since the binder should be plastic only
during baking.

13 . L. Wallkoer, #r. and 15, Raats, J. Phys, Chem.
60, 364 (1056G).

13 8, Mrozowski, Proc, Ist and %nd Cuarbon
Conf., Univorsity of Buffalo (1856), p. 31.

W Ihid., p. 195.
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2. Surface wrea development wpon gasifica-
tion. One of the interesting results of this
work is the apparently anomalous surfuce
arca development data obtuined for electrodes
upon gasiflication. From Table IX it is seen
that surface aren development, with increas-
ing reaction temperature, deereagses for the
baked samples and inereases for the graphi-
tized samples. This behavior can be explained
by the preferential reaction of the carbon ab
the outer edges of the purticles as reaction
temperature I8 ereased.  Petersents
Walker and Rants!? have shown that at low
teinperatures  reaction  oceurs  uniformly
through the rod and through the purticles
of which it iz composed. As reaction tem-
peratures are inereased, reaction takes place
preferentially ot the surfnce of the particles,
that is, in the binder. Il the reaction tem-
perature is raised sufliciently, renetion takes
place primarily on the surface of the rod,

In all of the baked rods there is an ap-
precinble micropore structure, probably due
to the disoriented layers of carbon i both
the filler and the binder. At low reaction
temperatures it is to be expected that the
-atio of filler to binder which reacts would be
at o maximum. As a result, there is a preater
efficiency in opening up this pore velume and
developing new surface aren at low tempera-
tures than at higher temperatures.

In the graphitized rods this mieropore
strueture has been greatly reduced, especially
in the petrolewm coke rods; and an extensive
closed pore velume appears in the binder.
Consequently, at higher temperatures, when
the binder reacts preferentindly, more of this
closed pore volume is opened up and the
surface areus increase with inereasing reaction
temperatures.

The magnitude of the surface area devel-
oped upon gasifiention of the graphite rods
is considerably lower than that developed
on reaction of the baked rods. This suggests
that the closed pore system iu the Linder of

and

1@, B. Petersen, Ph.J). Thesis, The Pennsyl.
vania State University (1853),
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the graphitized rods consists of pores of much
larger dizmeter than those of the mieropore
system in the baked rods. It is possible that
the hubble structure formed in the piteh on
eas baking s expanded on graphitization
mainly by the enlargement of pores present
ather than by ereation of new bubbles,

3. Capiliury Bond and
Spencerlt made an extensive study of the

constrictions.

pore structure of several carbons and eounls
mud the coffeet of carbonization on  this
structure, The coals studied ranged in ranls
from lignite to anthracite. From mensure-
ments ol surface arewn and density with o
number of gases and Houids of varving
molecular size, they concluded that the
carbons consisted of fused hexagonal rings
orfented in sueh a way as to give rise to a
lawge internal porosity more or less closed off
at the ends by cenpilfary constrictions. They
felt that these constrictions were made
smaller by earbonization, but the total
internal volume was not changed apprecially.

It is possible to draw the same conclusion
from the present work regarding the con
stricbed pore structure of the electrodes.
From the data in Table IX it is seen that the
surface arcas caleulated from pore size
distributions are consistently higher than
those obtuined by gas adsorption. This is
the result expected i pore constrictions are
present, since from poroshmeter measure-
ments the entire volume of a capillary lying
behind a pore constriction would be consid-
ered to have the same radius as the con.
stricted portion. As a result, too much pore
vohune is aseribed to pores of smaller radius,
and it is these pores which contribute most
heavily to surface arca.

Regmurding the change in pore stracture on
graphitization, however, the data in Tablle
IX show that it is not only the size of the
constrictions whieh changes, as reported by
Bond and Spenecer, but apparently the entire
pore becomes smaller. If the constrietions

18 R. L. Bond and D. H. T. Spencer, Industrial
Carbon Conference, Londoen (1857), pp. 231-51,
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had beeome smaller while the rest of the
pore had remained the same size, one wounld
expeet a decrease in the nitrogen surface
avea with o corresponding inerease in the
enleulated area,  Actunlly both areas de-
crease. Bond and Spencer carbonized their
samples to a maximum of only 1100°C, so
one might expect no extensive changes to
occur. The petroleum coke and anthracite
electrodes, on the other hand, were graphi-
tized at 2800°C, during whieh process very
significant changes took place in the structure
of the ecarbons as shown hy the X.aay
diffraction data.

H. Rewetivities

Reaction rates of the rod smmples with
CO, were determined at 958, 1000, and
1100°C by mensuring the weight loss of the
carbons with time. Rates, taken from the
straight line portions of the plots, were
divided by the weights of the starting
materials to give specifie reaction rates on a
per gram basis,

It is normally expected that the reactivities
of graphitized materinls will be lower than
those of their baked counterparts, heeanse of
the rateretarding effeet of graphitizationl?
and the eatalytic effect of impurities!S. The
reactivities for the A-1 rods graphitized at
2400°C, however, were considerably higher at
all three reaction temperatuves than the
ates for the corresponding baked rods,
Extra samples of the three earbons were heat
treated in a graphitizing furnace to 1550 ancd
2000°C. These samples were reacted ot 1000
and 1100°C. A plot of reaction rate vs. heat
treatiment temperature s shown in Fig. § for
samples reacted at 1000°C. The curves for
samples reacted at 930 and 1100°C were of
almost identieal shape, It is apparent that
the reactivities of the eleetrodes ave not
refated in o simple way to the degree of

7W. 1. Schaelfer, W. R, Smith, and M. H.
Polley, Tad. ng. Chem. 45, 1721 (1953).

1. J. Long and I$. W. Sykes, Proc. Roy. Soc.
{London) AY93, 377 {1948).
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graphitization, the physicu] strucbure, or the
amount or type of impurities in the sunples,
It is certain, however, that veactivity is
dependent on all three of these parameters,
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Fia. 5. Effect of hent freatment temperature
on reaction rates with carbon dioxide at 1000°C.

It is probable, other factors being equal,
that highly graphitic carbons are less reactive
than baked carbons. However, although the
erystallite sizes of the 2400°C graphitized
anthracites are nearly the same and much
smaller than the crystallite size of the

2400°C  graphitized petrolenm  coke, the
specific resction rates of the A.2 and P.C.

samples are alike, while that of $he A-l
sample is mueh greater. Similar lack of
correlation can be pointed out bebween
reacbivity and pore volume or impurity
content of the samples. Other investi-
gatorst®20, working with various carbons
ineluding petroleum cokes, pitch cokes, coal
eokes, and anthracites, obtained similarly
scattered data for reactivity of their samples
with CO2. In all cases the scattering was
attributed to impurities. Walker and co-
workers®¢ found that the reactivity of a
low-ash content coal-tar piteh eoke to COq
mereased significantly and went through a
maximum on graphitization. This behavior
is thought to be eaused by the mineral
impuritics present in the coke breeze particles
in the conl-tar pitch. Before graphitization,

1Y, Wawane, Bull. Chem. Sec. {Japan) 27, 334
(1054).

#IP, L. Walker, Jr., C. R. Xinney, and D. O,
Baumbach, J. Chim. Phys, 58, 80 (1961},
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the impurities are thought to be eoncentrated
in that portion of the pitch eoke, which
originally was the coke breeze. Henece, their
entalytic effect is localized and the observed
reaction rate is low. SBubsequent graphitiza.
tion apparently promoted solid-state diffu-
sion of the impuritics, with the result that
their catalytic efficiency was inereased and
the renetion rate inereased, At about
2800°C, most of the impurities were removed
by volatilization and the reaction 1rate
decreased to a value below that of the
ungraphitized sample. It is possible that a
gimilar explanation can explain the present
reactivity results. That is, heat treatment
both disperses the mineral matter more
miformly through the carbon mabrix and
reduces its coneentration. The predominating
effect depends upon the heat treatimment
temperature.

IV, CONCLUSBIONS
Buaked and graphitized bodies have been
fabricated using o typieal petrolenm coke
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and two anthracites as fillers. A number of
hmportant properties of the bodies have been
mensuredd and compared, Differences in
these properties have been explained in
some cases on the basis of differences in
physical propertivs of the bodies. In general,
bodies produced from the anthracites used
do not have as good properbies as those
produced from the petrolewn coke, This is
primarily attvibuted to a higher mineral
matter content, smadler erystallite size, and
poorer erystallite alignment in the anthra-
gibes, Differences in these properties were
noted also for bodies made from the two
anthracites examined. This suggests that
anthracites may yvet be found which impart
properties to carbon bodies that approach
the properties impuarted by petroleum cokes,
still more closely.

Sineore appreciation is due o Dr. L. ML Liggett,
Mr. J. M. CGlover, and Mr, R, Kronenwebter of the
Specr Curbon Compsuy for their assistance and
eooperation in the prepuration and weasurement of
gome of the physical properties of earbons used in
this study.



