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Eleven commereial carbon blacks, one anthracite, and three graphites were studied. Changes in the
erystallographic and physieal properties upen oxidation and hoat treatmens woere followed by mensure-
mends of helivm densities, nitrogen low fempernture adsorplion surfnee nreas (BET), erystallite sizes,
and averago range of inhemogenoities and surfaco arens enleutated from smallb-angle Xerny seatiering
data. On the basis of their change in properties, the enrbons can be clossified into two main groups,
Group one: These earbons show a lnrge deerense in belium density and BET surface aren and nn inerease
in particle density upoen heatb trestment, indionting the produetion of an extensive closed pore systom.
Group two: The earbons show an inerense in helinum and particle densities and a very slight decrense in
BET surface area upon best trentment, indieating the development of 1 dense, compacted particle
stracture. The N-ray surfrec areas and average range of inhomogeneitics for the earbons are compured
with the BET surface areas and erystallite dimensions, respectively.

T. INTRODUCTION

Carbons are multi-crystalline solids whose
properties are affected both hy the inherent
erystallographic structure of the crystallites
and their erientation in the particle, Varin-
tions in the erystallographic structure of the
carbon crystallite have been thoronghly
studied by TFranklin!, Baecon® Biscoe and
Warren®, and Bowman?. They find that the
crystallite size of carbons ean range from a
low of about 10 A to thousands of angstrom
units in the ease of natural graphite. They
find that changes in the spacing between
earbon  hasal planes (interlayer spacing)

* Based on a PhuD. thesis submitted by W. V.,
Kotlensky to the Graduate Sehool of the Penn-
sylvanin State University, June, 1954,

¥ This paper presents the results of one phase of
research enrricd oat under Contract No, AT(30-1)-
710, sponsored by the Alomie Energy Com-
HHssion.

I Present address:
Posncdenn, Californin,
VR, I Frankling steta Cryst., 4, 253 (1451).

(kB Bacon, deta Cryst,, 3, 13T {1850).

3L Biscoe and B, E, Warren, J, dppl. Phys.
13, 361 (1942).

¥, C, Bowmnn, FProe, 1st and 2nd Carbon Conf.,
University of Buffalo (1956), p, 54,

dot Propuilgion Laboratory,

parallel changes in erystallite size. For erys.
tallite sizes of less than e, 150 A, the inter-
layer spacing is greater than 3.44 4. As the
crystallife size continues to inerease, the
interlayer spacing deereases townrd o limiting
valie of 3.3538 A! at 15°C. An interlaver
spacing of 3.44 A is the dividing line between
andom orientation of carbon hasal planes
(turbostractic structure) and the advent of
some three-dimensional ordering. An inter-
layer spacing of 3.3538 A considered
synonymous with complete three-dimensional
ordering; intermediate spacings hetween 3.44
and 8.3538 A give rise to varying degrees of
three-dimensional ordering.

The effect of erystallite size and ovientation
on the physieal properties of carbon have
heen studied by Dresel and Roberts®, Lock
and Austin®, Walker and co-workers?, Walker
and Rusinko®, and Spalaris?, among others,

SE. M. Dresel amd L. E. J. Roberts, Nutfure,
Lond. 171, Vit (1953).

%D, Loew and AL B, Auastin, Proe. Jst and 2nd
Carbon Conf. University of Buffnlo (1956). p. 65.

PP, L. Walker, Jr., Prank Rusinko, Jr., J. T
Ruokszawski and 1. M. Liggett. Proe. Phivd Carbon
Conf., Pergamon Press, (1051}, p. 643,

# P, L. Walker, Jr. and Frank Rusinke, Jr..
ihid, p. 633,

9 N Spalaris, J. Phys. Cheni. 60, 1480 (1956).
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They all report a substantial closed pore
volume in earhbon - volume into which helium
annot diffuse within & reasonable period of
time at room temperatire. Loek and Austin
show that the closed-pore volume increases
regularly  with  decreasing  erystatlite  size,
They vonclude that the closed pore volume is
composed of voids hetween adjacent crys-
tallites, with an average separation between
erystallites of 3-8 A, depending on the type of
carbon. Walker and co-workers find that the
magnitude of the closed pore volume decreases
as erystallite orfentation inereases for a series
of petroleum cokes. They also find that impor-
tant properties of carbon, such as gas
reactivity, coeflicient of thermal expansion,
electrieal  resistivity, and tensile breaking
strength are affected by crystallite orientation.
Some of the above workers® 84 find that the
closed pore volume is markedly decreased by
small amounts of oxidation of the carbon.
In the present work, erystatlographic and
physical changes of a wide variety of earbons
following heat treatment and oxidation have
heen studied in detail. The work has had as
its mnin objective a better nnderstanding of
the interrelation of the crystallographic and
physical structure of carbons. Changes in
structure have been followed by o number of
standard analytieal techniques such as low
temperature gas adsorption to  determine
strlace area, helium displacement to deter-
mine helium density, X-ray diffraction to
determine erystallite sizes and  interlayer
spacing, and mereury displacement to deter-
mine particle density., Changes in particle
porosity, both open and closed, are caleulated
from the X-vay, helium, and particle densities.
In addition, much work has been done on
perfecting the use of small angle Neray
seabbering as an approach helpful to the study
ty in carbon. In particutar, it was

of poro
of interest fo attempt to use small angle Xeray
seattering measurements to estimate the
closed-pore surface aren, since this information
cannot be obtained by conventional gas
adsorption techniques.

FOURTH CARBON CONVERENCE

I7. BXTERIMENTAL

A, Physical Measwrenents

1. Heltwm density apperatus. The helium
densities were determined by the eonventional
method i which a measured quantity of
helinm was expanded into a sample ol known
volume containing a known sample weight.,
The apparatus (thermostated at 30 4 0,1°C)
was of the constant pressure type; that is,
after the expaunsion of the helium into the
sample tiehe, the pressure was inereased to its
initial value (ee. 500 mm Hg) by decreasing
the apparatus volume using mereury dis-
placement. Tquilibration time for a run was
[ hre. The minimum preeision of the measure-
nments was =003 glem?®,

2. Particle density apperatus. A mercury
porosimeter', with some minor modifications
was used to determine the particle densities.
The volume of mercury forced between the
particles was followed by the potential drop
aevoss o platinum-iridium wire looped and
held taut inside o precision bove section of a
dilatometer tube. Complete fitling of the void
vohune between particles was taken as the
point where a negligible change in potential
drop occurred for an inerease in pressure.
Irrom o knowledge of the weights of sample
and mereury and the combined volume of the
sample and mereary (with mercury filling all
the between partieles), a  particle
density could be ealeulated, PThe minimum
precision of the measurement, where sufli-
cient pressure was available to foree mercury
into the voids between particles was 4-0.08
glem®. For some of the smaller particle
earhons, mereury could not be foreed into the
voids Dbetween partieles at the maximum
pressare available; and the particle density
had to be estimated, as will be diseussed.

3. X-Ray diffraction apparatus. A 164° (30
General  Blectric Xeray  difleaction  unit,
XRD-3, wasemployed to determine interlayer
spaeings and erystallite sizes of the carbons,

voids

o

g 1L Walker, Jr., F. Rusinko, Jr. and i
Runds, . Phys. Chem. 59, 245 (1855).
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Nickel-filtered copper radiation was used.
The erystallite height and width were deter-
mined from the (002) and (10) diffraction
peaks. respectively. The interlayer spacings
were caleulated from the (002) diffraction
peak using standard proeeduores, Samples for
Neray diffvaction measurements were pre-
pared by placing about 20 mg of carhon on a
mieroscope slide and mixing with a few drops
of collodion and amyl acetate solution.
Duplicate samples of each earbon were run.
The precision of these measurements for the
raw anthracite, ground Ceylon graphite, and
warbon blaeks was: L), 42 A Loy -6 A
and o (002), 4004 A, The precision in
(002) measured for the heat treated anthra.
cite, spectroscopie graphite, and 2p Ceylon
graphite was -£0.005 Al

4. Swrfuce aren apperatus, A standard gas
adsorption  apparatust! was employed to
obtain adsorption isotherms, using nifrogen
as the adsorbate at T7°K. Specifie surfnee
areas, ealeulated from the isotherms using the
BET cequation could be duplieated within
4-2.5%,. Samples were prepared for adsorp-
tion runs by eutgassing under high vacuum
at 200°C for at least 10 hr.

5. Small-angle X-ray scattering apporafus,
The General Eleetric Ne-ray diflraction unit,
XRD-3. with slight modifieation was used to
obtain the small angle Xovray scattering data.
The collimation system consisted of two
General Eleetrie 0.01° small-angle senttering
slits. Monochromatic copper radiation was
obtained hy use of a nickel-cobalt balanced
filter assembly. A proportional  comnter
served to receive the seattered intensity,
which was amplified in a sealer-counting
cirenit and recorded hy a digital printer.

Carbons used in the seattering experiments
were dried at least four hours ap 100°C. A
weight of 0.512 g (found to give the optimum
scattering) was compressed into o Fin.
evlindrieal
slide. A packing pressure of ex. 2000 lbh/in?

slot of a §in. thick aluminum

1 poH, Bmmeid, ALSM, Tech, Publ., No, 51,
W (104 L),
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produced suitable samples. A strip of Mylar
previously was fastened over one open side
of the slide. The Mylar film aided in holding
the sample intact after packing and during
the seattering experiments. Seattering {rom
the fitm was negligible.

Per cent fransmission measurements were
made on the samples packed for small-angle
seattering  studies.  These  measurements
served as s cheek on the packing procedure
and as an indieation as to whether maximum
seattering from the sample would be obtained.
A sample that passes 37 % of the Xeoray beam
has been shown to give the most intense
seattering! of monochromatic radiation,
although over the range 32—3 % transmission
very little change in intensity of scattering is
generatly observed'. Fhe per cent trans-
mission for all snmples was found to vary
hetween 30 and 42, except for the original
anthracite and original and oxidized ground
Cevion graphite. The transmission for these
fatter spmples varied between 18 and 209,
Fhe high absorption of the radiation by these
samples was cansed by the high mineral
madter content in the anthracite and by the
mineral matter content and iron conbdami-
nation in the ground Ceylon graphite.

As discussed in detadl elsewhere!!, con-
siderable effort was expended in aligning the
main X-ray beam within o few hundredths
of a degree of the true zero prior o conducting
small-angle seattering studies. During the
operation ef the apparatus, a tracing (using
o ecopper—lead stop to reduce intensity) was
made of the main beam about every 3 hr, as a
cheelk on its position and intensity. I the
intensity or position of the main heawm differed
from previous values, the necessary corree-
tions and adjustments were madelt,

After alignment of the main beam was

2. P Klug and L. B0 Alexander. X-ray
Diffraction. Proeedures  for  Polycrystalline  and
chmorplous Materfals, John Wiloy, New York (1054).

B General Hlecirie Xeray Department, “Smaoll
Angle Sealiering 8lits”, Direction 12433,

AV, V. Kotlensky, Ph.D. Thesis, The Penn-
sylvania State University (LI59).
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completed, a run was made, as briefiy
deseribed.  The sample holder support was
rotated 90° in order to allow the main beam
to pass through the sample. A Lueite

eylinder was placed over the support and
rubber tubing fustened to the beam and

detector slits, Helium adjusted to a flow rate
of 30 em?/min was allowed to escape through
the two slits, thereby permitting essentially
the entire beam length to be enclosed in a low
scattering pas. The power source was set at
40 kV and 8 mA. The goniometer was set atb
2.000° (20} and the micrometer dial adjusted
cither before or after the mark to
compensate for the difference between the
mensured zero mark.

Zero

The goniometer was driven at a rate of 1°
in 25 min. The sealer and timer was set at a
20 see interval count and synehronized with
the digital printer. These setbings resulted in
The balanced Hlter
alternatively moved the nickel and cobalt
filters in the path of the scattered beam (the
change in filters taking place simultancously
with the resetting of the counting cireuit and
the printing operation).

The printed data were fHrst corrected to
monochromatic radiation. This was done by
averaging the intensity through the cobalf
filter before and after cach intensity print
throngh the nickel filter and by subtracting
this average value from the intensity print
through the nickel filter. Corrections for

75 prints per degree.

background seattering were made by sub.
tracting the intensities recorded for the main
Xerny beam from the intensities obtained
with the sample in place. This correction was
unimportant at angles above 0.16° (2),
Other corrections for polarization, absorption,
slit height and width were found to be
negligible. *

6. Deseription of semples. A brief deserip-
tion of the carbon blacks, graphites, and
anthracite selected for this study, including
some physical characteristies supplied by the
manuiacturer follows:

Carbolae 1, Carbolac 2, Mogul A, and

FOURTIT CARBON

CONVFERENCE

Monarch 71 are Godfrey L. Cabot’s chanuel
blacks of varying jetness used primarily as
color and ink blacks. They are characterized
hy an average particle size from 100 to 400 A
and contain from 12 to 17% volatile matter
wideh is primarily oxygen,

Cabot’s rubber blacks included in this study
are: Spheron §, a medinn processing channel
black; Vulean 3, an oil Turnace black;
Sterling 8, a gas furnace hlack; Stevling FT,
a {ine thermal black; and Sterling MF, a
medium thermal black, With the exception
of Spheron 6, which has a volatile content of
59, these rubber reinforeing earbon blacks
have a volatile matter content of less than
1%, The average particle dinmeters vary
respectively from 300 A for Spheron 6 to
5600 A for Sterding MT.

Shawinigan or acetylene black, a product of
the Shawinigan Products Corp., is made hy
the thermal decomposition of acetyiene in a
cotttinuous process. This carbon black is
unusual in that the particles arve joined
together in a chain-like fashion. The average
particle size is 420 A, The volatile content is
less than 1% and is essentially hydrogen.
Shawinigan black is used extensively in
rabber and plastic fermulations.

Hxeelsior s chdannel black manufactured
by the Columbian Carbon Company. Bxcel-
sior has an average particle size of about
300 A and a volatile content of 5%,

The one anthraeite used in this sbudy is a
St Nicholas anthracite whieh was ground and
passed through a 325 This

mesh sereen.

* Reeently the uathors beeame aware of an error
in the seattered intensity?® Using the nickel-eobult
balanced filter adjocent to the counter resulted in
flucreseend.  seattering  from  the  cobalt  filter
entering the counter. Tlis spurious  scablering
resulted in o waximum error of about 7 por cent
in the infensity measurement ab the very smadl
angles, but no attemnpt was made to correct for this
relntively constunt error. Phweing the balanced
{iiter before the carbon specimen would eliminate
fhroreseent seattoring,

8 Private communication fromn M. Short, The
Pennsybvania State University, 1958,
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sample contained 8% mineral matier and 39

volatile matter.

araphites used in this study consisted of a
National Carlbon spectroscopic graphite SP-1,
a 2 p natural Ceylon graphite, and a Ceylon
graphite ground to a very small partiele size,
The latter two samples were supplied by the
Joseph Dixon Crueible Co. The volatile
matter of all the graphites is extremely low.
The mineral matter in the graphites ranges
from nil in SP-1 to about 2% in the 2 pand

AND PHYSICAL
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As has been noted previously!?, the decrease
in interlayer spacing of carbon blaeks upon
heat trentment is related qualitatively to the
particle size of the black—the larger the
particle size the greater the decrease in inter-
laver spacing. The effect of heat treatment
on the crystallographic parameters of an-
thracite and finely ground Coeylon graphite
have been previousty discussed®0-31,

The effect of oxidation in a flowing stream
of atmospherie pressure air to 5, 12, and 23 %;

TABLE I

Swmmary of Crystallographic Paramneters for Raw Curbons

Sample | dgno2y, A, Far A ; L., A
Carbolae 1 : 3.65 7 Hpta
Carbolne 2 ! 3.656 7 —
Monnpeh 71 304 ] B
Mogul A 3.685 10 : —
Excelsior r 3,71 12 R
Spheron 6 ; 1.67 11 R i
Vulean 3 I 3.46 i1} R 14
Shawinigan i 3.62 12 Ryt
Sterling 8 } 3.61 12 agh
Sterling T i 3.60 It : 1gie
Steviing MT ‘ 3.00 15 : e
Anthracite i 3.56 i i7 : e
Speetroscopie geaphite 3354 ' e : o
2t Coylon graphite 3.354 o i @
PFinely ground Coylon geaphite 3.63 10 52

highly ground Ceylon graphite. In addition,
the highly ground Ceylon graphite sample
was contaminated with about 1.8% iron from
the ball during the fine grinding
operation,

mill

I, RESULES

A, Crystaliite Parameters of Carbons

Table T presents interlayer spacing and
erystallite size data for the earbons studied.
The carbon blacks are arranged in order of
increasing particle size. The (10) diffraction
peak for most of the raw carbons was wealk,
making the determination of I, uncertain.
Thus, L, values reported are taken from the
literature.

Table II summarizes the changes in erys-
tallographic properties of the carbons follow-
ing heat treatment at various temperatures.

weight loss hefore and after heat freatment of
Spheron 6 was studied and the results pre-
senfed in Table I1I. Comparing the results
with the unoxidized Spheron 6 in Table IT for
heat treatment temperatures of 1600 and
2500°C, it is scen that oxidation has a
negligible effeet on the erystallographic par-
ameters. This is in sharp contrast to the
marked effect of oxidation on the helium

Y, R, Bmikh, Fneyclopedia of Chemical Tech-
nology, Interscience, New York, Vol. 3., pp. 34-65
{194,

W, D, Schaeffer, W, R, Smith and M, .
Polley, Ind. Eng. Chem. 45, 1721 {1953).

81, B, Alexander and B, C, Sommer, J. Phys.
Chemn. 60, 1646 (1056).

W, R, Smith and M, H, Polley, ibid., p. 68U,

2 G R Kinney, M. G. Boobar and €, C. Wright,
Tudustr, Engng, Chem.,, 50, 27 (1058),

2P, L. Walker, Jr. and 8. B, Sceley, Proc, Third
Carban Conf. Pergamon Press (185%), p. 481
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TABLE II

Swnemeary of Crystallographic Parameters for Heat Treated Carbons

o ¢ Heat treatment ; 3 |
Smnple | Pempernture, °C dHo2). A L, A ‘ L A
Carbobne 1 : IHO0 362 6 ‘ a5
Curbolne 2 1600 3.71 i 4 | 44
Carbolue 2 : 2501 158 20 G0
Monurch 71 : 2800 13.55 Ras { 3]
Mogul A : 2500 347 48 S0
Excelsior ‘ 13 3.2 12 ! —
Excelsior : 1600 3.72 13 44
Bxeolsior i 16:43 3.52 34 T
Txcelsior ! 2500 348 36 St
Spheron : 1600 3.52 21 60
Spheron 6 i 2500 3.8 S 8]
Vulenn 3 200 : 344 41 (6]
Shawinigan i 2500 3okt 60 50
Sterting 8 i 2700 3.1 The 150
Sterling BT 1 HOG0 3.58 6 +7
Steriing FT 500 347 37 : [i31]
Sterling @1 76 : 3,39 ! 141 144
Sterling AFT 2H060 . : 148 ; 54
Anthracite : 2800 137 174
Finely ground Ceylon graphite ;(_:i::: | ,i.f] (:{,
TABLE III
Sunnary of Crystallographic Parawmeters for Spheron 6
Oaidized Before and After Heat T'eatment
ﬁ’“l‘l‘i;::;*t‘:]‘[‘:“"c Oxidution, 9, Aoz, A Lo A Ly A
Oxidized before hest freatment
1600 5 1 3.402 i 23 : 64
1600 12 ‘ 3.4 ‘ 22 : 64
1600 22 3.53 i 20 : it
200 5 ER ) i 41 : 80
25 12 Rt 38 : 84
2500 a2 3,48 36 ; 80
Oxidized slter heab treatment
1600 i 3.52 : 24 36
16060 12 ‘ d.44 28 tHd
1604 23 ; 3.50 ! 25 63
2500 B i 3.48 : 43 : 87
2500 12 315 43 i Hi
2500 st i 3.45 ) I 43 ; 88

density of Spheron G under similar trentment  porosities closed to helium have been caleu-
conditions, as wiil be discussed shortly. tated using the equations:
" eyt Oy "
Total porosity (%) = 100(1 — p./px suy)
Helinm, Xeoray, and particle (apparent) (1)
- . - e S [y I .
densities have been determined on some of  Closed porosity (%) = 100(1 Pliel Pxoray}
tho raw, oxidized, and heat treated carbons. (2)
From these densities, total porosities and For carbon blacks of smaller particle size

B. Densities and Porosities of Carbons
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than Spheron 6 and the finely ground Ceylon
graphite, the mereury porosimeter could not
he taken to sufficiently high pressures to fill
the voids between particles; and therefore,
their apparent densities could not he deter-
mined divectly. However, for these carbons
stfficient pressure was available fo estimate
a maximum packing densiby: and assuming
that the packing porosity of the blacks was

420
channel blacks. The other fuwrnace and
thermal blacks studied also have substantial
total porositics, but the pereentage of the
total porosity closed o helium  beconmes
signifiecant.  In the most extreme
Sterling MT, the elosed porosiby constitutes
42 % of the tolal porosity.

3. The spectroscopic graphite has o negli-

case,

gible porosity.

TABLE 1V

Densities und Porosities for Row Carlions

Pensity, gfom?® ' Partivie porosity, 9,
Sample !

XN-my Hetium Particle Closed Fatul
Carbolac | 2.08 2,02 1.43 4 32
Corbolie 2 2.08 200 .20 + 42
Monaroh 71 244 RAERI 1.33 0 35
Mogul A 2.08 2.06 141 1 33
Sxcelsior 205 2,01 1.38 A 33
Spheron 6 2.07 1.04 1.35 6 35
Vulean 3 208 2,06 1.3t 1 37
Shawinigan 208 1.87 142 11 32
Sterling S RN ] 1.93 b4 s 22
Sterling F'T : 2 1.88 1.66 It 21
Sterling MT : T 1,84 .81 13 14
Anthraecite : R k] 141 L5l 1o a4
Bpectroscopic graphide E 2.26 2.26 223 [¢] 1
2 g Coylon graphito : 224 A ) 2.08 3 8

Finely ground Ceylon ;

graphite F 208 2,04 1.58 0 26

about 30 per cent*, particle densities were
ealeuiated.

The densities and porosities for the raw
:arbons are presented in Table IV. The
densities  for anthracite and the Ceylon
graphites have been correeted in each case {or
mineral matter. TFor the finely ground
Cevlon graphite, an added correction has
been made for the presence of iron introdueed
during grinding. Some observations from
Table IV are as follows:

b, The channel blacks have large total
porosities, with the majority of the porosity
open to helium,

2. The furnace and thermal blacks vary in
properties. Vulean 3, an oil {furnace black,
has similar porosity characteristics to the

2 T, M. Dallavalle, Mieromeritics, Pilanan. New
York (1448}, p, 127,

4, The anthracite has a substantial total
and closed porosity.

The densitics and porosities for the heat
treated earbons are presented in Table V.

Marked differences in the effeet of heat

treatment on the carbons are noted, as
summarized below:
1. For the channel bineks, there is a

deerease in total porosity accompanied by a
substantial increase in the closed porosity.
Whereas for the raw channel blacks the closed
porosity is in all cases less than 6%, for the
channel blacks heated to 2500°C or above the
closed porosities range from 12 to 289,

2. The effect of heat treatment on the
change of porosities for Vulean 3 and
Shawinigan is qualitatively similar to that
found for the channel blacks,

3. For the three Sterling blacks, both the
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TABLE V

i
L

Densitics and Porosities for Heat Treated Carbons

Hoeat
" treatment Bensity, gfen® Particle poresity, %,
Sample tempernture X-ray Hetimn Particle Closed Total
¢

Carbolac 1 2800 1.52 1.51 28 28
Carbolag 2 00 177 — 14 —
Curbolac 3 2500 E56 1.30 27 39
Monarch 71 2800 178 1.67 10 a2
Mogul A 2800 1.85 — 16
Ixeelsior 513 2.01 e H —
Exceelsior 1006 (2.09) e — e
Lxcelsior 1643 1.88 e 10 —
Bxoeelsior 2500 1.84 1.75 14 20
Spheron & 1660 1.480 1.64 12 24
Spheron 6 2500 1.492 1.72 iz 21
Videsn 3 2700 1.93 1.51 13 32
Shawinigan 2800 1.80 1.66 17 A
Sterling 8 2700 2,06 1.756 7 21
Sterling F1' 1060 1.89 1.91 iz 20
Sterling FT' 1500 304 1.85 7 16
Storling ¥T 2700 16 206 3 %
Sterling MT 2800 213 212 ! 5 G
Anthracite 2800 2.00 1.41 1l 15
Finely ground 1600 2.08 —_ 1 -

Ceylon graphito 2500 1.80 1.6% 20 24

TABLE VI

Heliwm and X-ray Densitice awd Closeld Porositics for
Spheron 8 Oxidized Before and After Heat Treatment

Densitics, gfem?

Helium

'

Closed porosity, %,

P

194
1.97
2.00
1,95

178
1.74
1.68
1.78
.97
1.64

108
2.04
198
1.84
1.48

Heat treatment Oxidation

temperature, °C %, Burn-off X-ray
None ' None 2.07 E
None i1 307 :
None : i2 3.07
None 23 207 ;

Oxidized bofors heat treatment
16006 5 KR
1660 12 215
1600 an 214
2580 i 130
2560 12 218
2500 22 i 2,18
Oxidized after heet treatment

1600 } 5 218
1600 | 12 % 218
146068 a9 i 217
2500 5 ; 2,20
2500 ! 12 2.20
2608 | a3 220

L48

5

6

18
19
22
19
19

25

@

14

:T 10
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total and elosed porosities are reduced upon
heat treatment.

4. Heat treatment to 2800°C decreases the
total porosity of the anthracite hut has little
cffect on the closed porosity.

5. Heat treatment of finely ground Ceylon
graphite to 2500°C greatly inereases the
closed porosity but has little effect on the
total porosity.

The effect of oxidation of Spheron 6 hefore
and after heat treatment (as previously
desoribed) on elosed porosities has also been
investigated and the results presented in
Table VI. Any changes in the amount of
elosed porosity is a result of a change in
helinm density, since the X-ray densities are
changed an insignificant amount. Oxidation
of Spheron § prior to heat treatment to 1600
and 2500°C is seen to increase markedly the
resulbing closed porosity over that of the
unoxidized Spheron (6 heat treated to the
same temperatures. Further, the amount of
closed porosity inereases with inerease in
extent of oxidation before heat treatment.
On the other hand, oxidation of Spheron 6
following heat treatment to 1600°C is scen to
result in 2 deerease in closed porosity over
that of the unoxidized samples heat treated
to this tomperature. Oxidation of Spheron 6
following heat treatment to 2500°C has a
small eflect on closed porosity.

C. Small-Angle Scattering Results

L. Corvelation of small-angle scaitering in.
fensitieswith BET surface areas. Debye el af ™
and Porod® have developed theories which
show that specilic surface areas can he detor-
mined when the intensity of scattering of
X-rays from inhomogencous solids vary
inversely as the fourth power of the seattering
angle. Van Nordstrand and co-workers?5-2¢
have used this concept to defermine the
relative surface areas of a series of cracking
entodysts. They?® find a linear relationship
between intensiby of XN-ray scattering at
(.05 rad and BET surface avea for a series of
silica—alnmina eracking catalysts.
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It was of interest to explove the possibility
of a similar correlation for a series of raw and
graphitized carbon  blacks. First,
typlead log I vs. log e curves are presented in

s0Ome

10,000

~ 1T T T— 11

o ® HT 2800°C. CARBOLAC 2 ]

— O CARBOLAC | -

d T SHAWINIGAN -

| v STERUING FT R

a4 HT 2620*C. ANTHRACITE
- o 2# CEYLON  GRAPHITE ~
® SPh=1
1600— —
PO .
a L.

a2 -

¥ - -
[

5 -

=
i

b - ]
=

100~ P

1 [+ M|
ng 10 50

€ x lDz, radians

Fia. 1. Typieal log I vs. log e plots for carbons,

Fig. 1 to illustrate several qualitative features
of the small-angle seattering plots, where

= 20 in radians, The plots are seen to be
linear over a wide range of angle, with a
marked inerease in seattering intensity in
going from a low surface aren graphite (8P-1)
1o a high surface area carbon black (Carbolae
1), The only sample showing a slope much

= P, Debye, ¥, R, Anderson, Jr. and H. Brum-
bervger, J. Appl. Plys. 28, 874 (1957},

2, Porvod, Kolloid-Z. 124, 88 {1951).

R, A, Van Nordstrand and K., M, Hacls,
Small Aagle X-roy Scattering of Silice and _Lluminn
t7els, Prosented ab the Catelysis Club, Chicago
{May, TO53).

26 R. AL Van Nordstrand and M, F, L, Johnson,
Small Aagle X-ray Scattering of Cracking Catalyst
Clomparison with sdsorption Isotherms, Presented
at the Piktshurgh Conferenee on Xeoray and Electron
Diffraction (November, 1154),
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less than 4 is the heat treated anthracite.
According to Van Nordstrand and Johnson*®®,
a low slope can be associated with a solid
containing very fine pores. Anthracite is
known to be a molecular sicve material®?.
The seattering curves for raw Carbolae 1 and
heat trented Carboelace 2 are seen to bend over
sharply at lower angles; this is characteristic
for materials of small particle size®®, such as

FOURTIH CARBON
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RKuroda®® at comparable angles. On the other
hand, it i3 scen that above 160 m*/g the
relationship between the seattered intensities
and BET surface areas is essentinlly inde.
pendent of heat treatment temperature for
the blacks., For the raw earbon blacks whieh
have areas greater than 200 m¥g (with the
surface aren change primarily a result of
ehange in internal porosity) it is seen that the

T LA I I S 2
o]
EIOOO i
H N
a -
=
- .
- -f
L
" ® ~ GRAPHITIZED -
z O - ORIGINAL
& n
frr
[
0 1 ] H | N Y O § l ] ] ] b I DR s
[+ 1000

NITROGEN ADSOAPTION SUAFACE AREAR, m¥.

Fia. 2 Correlstion between XNoray infensiby
and nitrogen adsorption surfnee aren for original
and graphitized carbon blacks,

the heat

sample, there is o sharp

these two chaunet blacks, For
treated-Carbolne 2
break in the scattering curve at about 1 rad.
This is interpreted as indieative of some long
range ordering and will he discussed in more
detail later.

Pigure 2 presents a correlation between
scattering intensity at 0.51° (20) and BET
surface area for the series of raw and graphi-
tized ecarbon blacks. First, it is evident for
surface areas up to 100 m*/g that the seattered
intensity s considerably greater for the
graphitized enrbon blacks than for the raw
sarbon blacks ot equal surface areas. A
gradual inerease in scattering intensity with
fnerease in heat treatment temperature of a
carbon black has been noted by Akamatu and

P L. Walker, Jr. and Tewin (eller, Neature,
Lond, 178, H01 (1456),

seattered intensities have reached o maximum
and essentinlly constant value. This suggests
that at the particular scattering
selected for this correlation, the scattered

angle

intensity is primarily prodoced by discon-
tinuities between particles (or a function of
particle size).  Figure 3, where scattered
intensity is plotted against geometric surfuee
{the areas caleulated from average
particle size data supplied by the manu-
Tacturers), appears to confirm this reasoning,

2, Carrelation disiance. According to Debye
and co-workers™, small angle seattering data
on an inhomogencous solid can be used to
determine an average correlation distance (o))
for the solid, where «; is a length measuring

H3 ke

the extent of inhomogeneities. From &

28 1, Akonmutu und H, Karoda, Proe, Third Carbon
Conf. Pergamon Press (1038}, p. 381
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T k] o

lilll

INTENSITY, cps, ol O.51°{26)

I 1 [ N S N |

{ | I S S N W

Fi. 3 Correlation

00
GEOMETRIC SURFACE AREA, mPA

between

1300

Neray  intonsity

and geomelrie surfnee area for original earbon
blacks.

graphical plot of intensity =12 vs, {e}* (ealled
slope-intercept plots), the relation

/ ( slope ')11"-3
WZT intercent.

i wsed to determine the inhomogeneity
length.

Pigure 4~ present some slope-intercept
plots  for raw and heat-freated  ecarbons,
ranging from samples of low to high seattering

(3)

th

infensities.  These ewrves wsnally may be
divided into two different regions of impor-
tance in determining correlation distances:
(1) a long, lincar region ol constant slope is
found  where the seattered  intensity is
inversely proportional to the fourth power of
the seattering angle. This linear portion of
the curve is used to evaluate vp: (2) a region
of constantly changing slope at the smaller
angles is found. A second correlation distance
an he ealeulated from this region, referring
to  larger inhemogencous discontinuities.
Qualitative observations to he made from
Figs, 40 are:

t. Ceylon and SP-1 graphites {(having the
lowest surfnee arveas) have the steepest slope.

2. For the earbon blacks there is a deerease
in stope with decrease in particle size.

3. For the earbon bincks, there is a deerease
in slope with increase in heat treatment

tomperature.  (Samples of IBxcelsior and
Sterling FT earbon blacks were heat treated
at a series of temperatures up to 2700°C and
showed a progressive decrease in slope with
increase  in heat  $reatment
These plots are nof shown.)

temperature,

4. For samples of Carbolac L and Monareh
71 heat treated to 2800°C, there is a slight
hump in the curve at small angles. This
suggests  some  long-range  ovdering, in a
similar fashion to that suggested previously
for graphitined Carbolac 2.

The effeet of oxidation of Spheron 6 hefore
and after heat treatment at different tempera-
tures on the slope-intereept plots is shown in
Figs, T and 8. Oxidation before or after heat
treatment results in an inerease in seattering
{decrease in slope). In some cases, a sufficient
regionof linearity isnob obtained to make poss.
ible the caleulation of a eorrelation distance.

As mentioned, a sccond correlation distance
can he caleulated when the slope.intercept
plots deviate from linearity at small angles.
According to Debye and co-workers™, a, is
nleulated {rom the slope of a plot of the log
of the intensity difference hetween the curved
and finear portion of the slope-intercept plots
and €%, using the equation
(2.3 2 slope)tf=

(4)

fly ==

b= 3 N
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Tigure 9 presents a typical plot for raw and
heat treated Bxcelsior, It is seen for the heat
treated sample that there is some tailing up
at very small angles. The calenlation of a
third correlation distance, «,, appears practi-
cal and is discussed elsewhereld,

The average correlation distances, ¢; and a.,
for some of the raw and heat treated samples
are given in Table VII. Because of the hump
in the slope-intercept plots for heat freated
Carbolac 1 and 2, their correlation distances
were not calenlated. Itisseen from Table VII

that there is no marked change in o, upon
graphitization, even though some deerease is
evident for threc of the four carbon blacks
studied.

3. Swrfuce arens of carbons. According to
Debye and co-workers®™, the specific surface
area of an inhomogeneous solid can be
calculated by the equation
4p(l — $)

BV = (5)

@y

where ¢ = 1 — (p,/p,) and p, nnd p, are the
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partiele (apparent) and true (X-ray) density
of the solid, respteeively.® The area per unit

T H H T
[lefcle ol —
o @ oRIGEHNAL 3
I 0 KT 2%00°C. -
"
a
71,800}
> [
[og -
n i~
=
b -
=
1 L
100 I ! 4 1
[} 6.2 0.4 0.6 c.8 1.0

e*2i0%, sodigns®

Fie, 9, Bealuation of u, for original and hent.
treanted Excelsior,

volume (S8/F) ean be converted to area per
unit mass from knowledge of p,. Surface
areas ealeulated, where possible, from correla-
tion distances for and heat treated
earbons are compared with BET surface
areas in Tables VIIT and IX. For the raw
carbon blacks, electron microscope surface

Niaty

areas are also given. These results will be

discussed later in the paper.
4. Correlation functions,

workers®™ and Gunn® have discussed the use

Debye and co-

of a characteristic correlation function to
interpret small-angle seattering data. This

function, p(r), represents an average value of

eorrelations in electron variations throughout
regions of the porous solid separated by a
speeifie  distance.  The function can  be
expressed as

rp{r) == CJ\K](K) sin Kr di (6)

* Btrictly speaking, when more than one correla-
tion clistanee is found for u solid, the epleulation for
Neray surface aren shoukd take this into wecount.
However, Debye wnd co-werkers®? find that areas
ealeulated for eoles, ignoring the contribution of
e witlin 5%, with those caleuluted ineluding
this term. Sinee the uncertainty in the Xy
surlaee areas is greater than 3%, only 4, will be
used in this calewdation,

FOURTH CARBON
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where €7 is o constant, J(A) is the observed
intensity of scattering as a function of K, and

TABLE VIE
Arverage Correfation istances for
Some K amd Heat Treated Carbons

Sumple i A wg A
Taw
{'arbolae 1 x 53
Carbolue 2 17! KE]
Bxcelsior 2G5 04
Spheron 6 noo 45
Finely ground Ceylon geaphite 115
Anthracite 0 -
Heat Preated®

Carbolue 1 N L
Cnrbolac 2 N —_—
Excelsior K b )
Splhieron 8 3 a7
Finely ground Ceylon graphite i 8
Anthracite 7T HE1

N not obtainuble from slope-intercept plots,
* Heat troated to 2500°C or above (see Table V
{or highest heat-treatment temperabure}.

K o= {47 sin 0)/2. A method, similar to that
suggested by Gunmn,® was employed for the
evatuation of ¢{r) from small angle seattering
data. 'The data were progranumed and y(r)
evaluated by means of the Pennstac 8lee-
tronic Computer, as described in  detadl
elsewhoerel,

Tigure 10 presents eorrelation [unction
plots for original and heat treated Spheron 6
specimens. The presence of an inereasing
namber of smaller inhomogeneities with in-
greasing  heat treatiment temperature s
apparent. For example, at p(r) = 0.5, the
correlation distances are 43 and 32 A for the
original and heat treated 2300°C samples,
Alternatively, it is seen that p(r) values for
the heat treated samples are lower than for
the original Spheron § at all r values. For
example, at » = 100 A the probability of
greater correlation distanees is 209 for the
original material and 10%; for the material

R L, Gunn, . Phys. Chem, 82, D28 (H158).
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TABLE VIHI
Comparison of Speeific Surfuce Areas for Boaw Specintens

] Averngn Burfaee area, mfg
Sample correlation . R . N
distanee, ;. A N-Ray BET Jilec, Mic,

Carbolae 1 % 23 265 Hsh 264
Carbuolne 2 17 480 T1a 178
Monareh 71 o1 315 420 144
Mogul A 32 1HG 263 bl
[Exeelsior 26 RELH 2H 100
Spheron & : it 214 [H4 106
Vadean 3 24 243 74 77
Shnwinigan 26 230 6t Th
Sterling B : N — 20 26
Sterling ¥ N — 15 16
Sterling MT : N — 4 6
Antheacite : 24} 25 46 —
2 Ceylon graphite : N —_ 10 —
Finely ground Ceylon graphite 14 : 262 a8 —

N Not obtainable,
heat treated to 2500°C. The probability
referred to is for the two ends of » to be in
different electron density environments,
Pigure Il presents correlation funetion
plots {or original and heat treated Carbolae 2,
The eorrefation funetion at all values of r is

nhserved to inerense upon heat treatment at
1G00°C and then to deerease upon heat treat-
ment to 2500°C, The correlation funetion for
Carbolac 2 heat-treated to 2500°C is seen to
deerease sharply o an r value of 50 A, then to
show a slight inerease before approaching

TABLE IN

Comparison of Specific Surface Areas for Heat Trented Specintens

H

Hent freatment “‘"“‘"’%"3 Suwrface area, m*/g
Sample temperature, SO enrrelation N -
e " distanee, a,, A Neray BET
Carbolae 1 2500 N — 51
Carbolue 2 1600 N — 328
Carbolae 2 2504 N — 202
Monarch 71 2800 N - 149
Mogul A 2804} 24 e 86
lixeolsior 5E3 206 e 213
Ixeolsior 1600 N e 245
Exeelsior 1643 22 e 121
Kxeelsior 250 32 164 98
Spheron 6 1600 N — B4
Spheron ¢ 2500 N — i
Vulenn 3 2700 20 a8y 48
Shawinigan 2800 a2 1460 34
Sterling 5 2700 N — 34
Sterling BT 100 l N — b
Storling FT 1506 N o 13
Sterling IT 2700 ; N e 1§
Sterling MT 2800 ' N e 1
Anthracite 2800 ! 17 160 5
Finely ground Ceylon graphite 1600 15 o b13
’ . e 2500 15 284 128

N Not obtainable from slepe-intercept plot.

29
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Fra, 1E, Correlation funetion plots for orviginaf
and heat troated Carbolac 2.

zero for large values of », This hump in the
curve, with 2 maximum at e, G0 A, indicates

g, s 1}1‘0\"101!.‘1‘]y

H

some  lfong-range  orderin
suggested from Fig, 1.

figure 12 presents correlation function
plots for Spheron 6 oxidized to 5, 12 and 2297
hurn-ofl, The sorrelation function deereases
with increased oxidation for all »r values.
However, the correlation funetion plots for
the original Spheron 6 and the sample
oxidized to 59
identical,

Debye el al ™, forsimplicity, have expressed
() as the sum of fwo exponentials in the
form

plr) = fo T (L [y exp (—rfug®) (T)
where r; and @, are correlation distances, as
previously disenssed, and [ is given by

A,
Ay (8 e,

burn-off are essentinlly

(8)

I

where A, and -, are constants. A, and A,
{and, therefore, [} can be caleulated™.

1t was of interest to compare a correlation
funetion curve caleulated from Debye's
simplified wodel (Eq. 7) with that caleulated
using Bq. {(6). This comparison is made in
Fig. 13 for raw Excelsior taking «, = 26 A
and a, = 95 A. The value of f = 0.73 has
bheen ealeulated in the suggested manner.
Tt is seen from Fig. 13 that for low values of #
the caleulated curve deviates from the shape
of the experimental (rigorous) curve but that
for larger values of r the two curves parallel
each other, By tial and error, o better s
between the experimental and ealeulated
curves is obtained for f= 0.64. VFor low
cabues of r, however, there is stil some
deviation between the two curves. The
important conclusion to draw from this
comparison is thas the Debye model, assuming
(r) to be the sam of two exponentials, is only
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G, 18,0 Comparison

of an experimental cor.

refation funetion curve [rp(r) = Cf KI{K)sin
Kr dK] with the correlation funetion curves

caleulated from the

Bebye model [p{r) =

exp (—rfuayy 4+ (1 — f)oxp{—r¥fa,Y)| for ap =
26 A and o, = 95 A,

an approximation. For larger values of r,
thiz approximation is rather good, hut for low
-alues of » (r less than en. 40 A) this approxi-
mation does not completely deseribe y(r).

IV, DISCUESION
Carbons whose properties are affected to
widely different extents by heat freatment
and oxidation have been studied in this work.
On the basis of their change in properties,
they can be classified into two main groups:
Group one: These carbons show a large
decrease in helium density and BET surfaee
area and an increase in particle density upon

heat trentment, indieating the produetion of

an extensive closed pore systen.
Group two: These carhons show an inerease

in helium and particle densities and a slight
deerease in BET surface area upon heat
treatment, indicating the development of a
dense, compacted particle strueture.

Carbons most clearly showing the properties
of Group one include the small particle size,
high internal (open) surface arca channel
hiacks and the finely ground Ceylon graphite.
Carbons most clearly showing the properties
of Group two include the large pavticle size,
low internal {open} surface area thermal
blacks,

A quantitative explanation for the changes
in physical properties of the earbons with heat
treatinentisdifficult. However, for the carbon
blzeks which have been studied, the extont
of oxidation of the material before heat
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treatmentappears of considerable importance.
This is hrought out by the results on Spheron
6, which was oxidized to varying burn-offy
before heat treatment. TFor exsmple, 5%
axidation of raw Spheron 6 inercases the
helium density from only 194 to 147 gfom®,
However, on heat treatment to 2500°C, the

original Spheron 6§ has o helium density of

192 gjem®, whereas the Spheron 6 previously
oxidized to 5 per eent weight loss has a
density of only 178 gleny!. At the same time,
it B recalled that prior oxidation has a
negligible effect on the change of the evystallo-
graphic parameters of Spheron 6 upon heat
treatment to 2H00°C.

The highly porons chamet blacks {which
show a large decrease in helivm density npon
heat treatment to 2500°C as does the oxidized
Spheron 6) have been strongly oxidized daring
O the other hand, the
oxidized

their formation,
tliermal  blacks have not bheen
signifieantly duriig their formation and show
an increase in helimn densigy uporn heat
treatment to ca. 2FO0°C. Tt is known that
oxidation of thermal blacks prior to heat
treatmient  greatly inereases their internal
porosity®® and it would be predicted that
theilr heffum densities would decrease upon
heat treatment following pre-oxidation.

Vulean 3 is an outstanding exeeption to the
ideas just diseussed. This oil furnace black
has a negligible internal surface area, indi-
pating fitéle oxidation during its produetion.
However, upon heat treatment to 2700°C, it
shows a farge decrease in helium density [rom
2,06 to L3 gfem?, a behavior similar to that
of the highly porous chamnel blacks. 1t is
suggested that the production of Vulean 3
from liguid hydroearbons, in comparison to
gaseous hydrocarhons (for example, Sterling
S is o gas furnace black) may be responsible
for the high heliun density of the raw black,
However, the reason for the decrease in
density upon graphitization is not clear,

It is of interest to explore the possibilities

"“M"TV. R, Smith and M, H, Polley, J. Plys, Chem.
80, 689 (1936),
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of using small angle Neray seatfering to
obtain additional data on the physical
structure of carbons, as well as to explore the
opportunities in using this techuigue to more
easily and quickly obtain data which is now
Leing obtained by some other technique.
Points of particular interest which  were
explored were:

i. Use of seatfering Intensitios at a fixed
angle to predict relative geometrie and BET
surlace arveas of carbons.

2. Use of seattering data and apparent
densities of carbons to eanleulate quantitative
surfnee areas for the interior of the particle.

3. Relation hebween vorrelntion distance
caleulated from seattering data and erystaliife
size  caleulated diffraction  line
broadening.

Considering point one, it s found for the
experimental conditions employed in  this
research, that the seattered intensity at
0.51° (20) can be used as o good yualitetive
indication of the geometrie surface areas of
raw earbon blacks, The earbon blacks studied

from

eover the eomplefe range ol commereial
materials from high porosity, small particle
sized channel blacks to low porosity, large
particle sized thermal blacks. Unlike the
findings of Van Nordstrand and  co-
workers®™ 28 o general corvelation was not
found, however, between seaftered intensity
at a fixed angle and BET surface avea, This
is prohably explained by two reasons. First.,
Van Novidsteand ef «al., apparently because
they were suceesstul in obtaining reproducibie
seagtering intensities down to fess than |
¢fsee, were able to correlate their BET surface
area results with seattered intensities at a
much higher angle (e, 5°(20)) than was
possible in the present work. At this higher
angle, the smaller sized poves, which are
apparently contributing strongly to the BET
surfuce area of their catalysts, are scattering
strongly. Secondly. a eorrelation between
seattered intensity and BET surface area
would not be expected if the solids contained
a significant and varying amount of porosity
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which s closed to the adsorbate used to
measure BET area. This is the case for the
arhon BMacks, Many of the raw blacks have
porosity {surface area) impervious to helium
atroom temperature and obviously, therefore,
impervions to nitrogen at 77°K. Apparently,
for the catalysts studied by Van Nordstrand
el al. there was either a negligible closed
surlace
elosed surface area as the total area changed.

Coonsidering point two, there was interest
in using seattering dada to determine the total
internal surface avea of earbons—both the
area open to the adsorbate measuring the
BET surface and area closed to the adsorbate.
That is, the area of a porous earbon ean be
considered to be eomposed of the sum of the
geometrie surfaee area, given by the particle
size of the earbon: the open internal surface
areas: The
first two area contributions can be determined

and elosed internal surface area,
in a routine manmer. From a particle size
distribution obtained from electron miero-
wraphs, the geomebrie area is caleulated. The
differenee between the BET area and the
geometric surface avea gives the open internal
surface avea. Therefore, if from seattering
data the total internal surface area ean he
wleulated, the area which is closed can also
he cateulated by subtracting the open internal
surface area contribution.

For it to be possible to ealenlate the total
internal surface aren of carbons, it is first
sary that the slope-intercept Debye.

neee
plots are not affected by the external surface
area of the solid. For large particle sived
solids with small internal pores (open and
elosed} this is undoubtedly the ease. How-
ever, in the present work, where some of the
carbon blacks are of quite small particle size,
it is not clear to what extent the inhomo-
geneities between particles ean be contributing
to seattering in the range where the slope-
intercept plots ohey the fourth power region.
It is, thevefore, difficult to interpret the
meaning of Xeray surface areas as reported in
Tables VITI and IX.

area or a constant percentage of

441

A further difficulty exists in determining
guantitative Neoray surface areas, partieniarky
for small partiele sived solids. The particle
density of the solid must be known, as seen in
Eq. 5. The determination of this density can
e as difficult as the determination of low
angle scattering datn and perhaps requires
more elaborate equipment. In the present
worl, the particle density was determined by
filling the voids between the particles with
merenry, using i convendional merenry poro-
For
arbon Backs, the apparatus could not he
taken o sufficiently high pressures to fill al}
the voidage between particles: and a particle

simeter apparatus. the smaller size

density had to be estimated. The authors
feel that more recognition should be given to
the need of having aceurate particle density
data by workers in this field.

In line with the diseussion, the Xeray, BEF,
and geometrie surface area data presented in
Table VI ean be eonsidered briefly.  First,
for the high surface area channel black
samples  the results are eonfusing.  For
Carbolae 1, the open internnl surface arvea is
alenlated to be TES m2%r and yet the Xoray
surface area is only 265 m¥/g. Perhaps un-
certainby in the particle density of Carbolae §
aceounts {or this discrepancy. For Carbolae 2,
results appear more reasonable. The open
internal surface area is enlenlated to he 537
mie in comparison with the Xeoray surface
area of 480 m¥ju. This would suggest that
raw Carbolac 2 has a negligible closed internal
surface aren. This is in line with the small
elased porosity enleulated for this material,
as seen in Table IV, Results for raw Monarch
71 and Meogul A tikewise appear to be
For Shawinigan black, it is
conelnded that the open internal surface area
is negligible hut that the closed infernal
surface aren is substantial (at least 166 m¥/g),
It can be reasoned that this large closed
internal area iy in line with the large closed
porosity of Shawinigan blaek of 1192,

Tt should be noted that Dehye and co-
workers™ aiso had some difficulty relating

reasonable.
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X-ray surface arca to BET surface area for a
relatively large partiele size coke sample,
That is, they report a BET area of 400 m2jg
and an X-ray area of ouly 245 m¥/g.
Considering  point three, there has been
considerable hiterest in relating the correla-
tion distance caleulated from the slope-
intereept plots fo some other. measured
physical parameter of solids. In essence, as
described by Guinier, ef a3, it is diffieult to
decide whether the scattering is primarily
produced by the size of the grains or crys-

tallites composing the solid or by the size of

the voids and pores. Gunn® recently found a
good qualitative relation between the correla-
tion distance (1)) for o number of cobaltia-
molybdena-alumina catalysts and the most
frequent pore size in the catalyst caleulated
from the desorption branch of the isotherm

MA, Guinier, G Fournel, C. B, Wallker and K. 1.
Yudowitely, Small-Angle Scattering of X-raygs, John
Wiley, New Yorlk (1855), p. 182,
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for the catalyst. Unfortunately, no desorption
isotherms nor complete adsorption isotherms
are available for the earbons studied to enable
the ealenlation of an average pore size to be
made. At least it appears certain that the
correlation distaneces obtained are not related
to the average erystailite size of the earbon
Mack. For example, for Spheron () remaing
essentinlly unchanged in going from the vaw
to the material heated to 2500°C. By com-
parison, £, increases from 11 to 46 A, and [,
increases from 28 to 80 A,
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