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GAS REACTIONS OF CARBONS AND GRAPHITES
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Phe following properties of enrbons have been investigated: quantitative and qualitative
ash analyvses, int;g:‘luyer spzu:uing, aversge ervstallite size, surfaee avea, pore volume distribution
in pores from 20 A 1o B30000 A radius, resistivity, helinm density, apparent density, porosity, and
effeotive diffusion cocflicients of hyrogen-nitrogen through the ewrbons, The determination
of those properties and their possible relation Lo the gas reactions of carbons and graphites sre

diseussed.,

The research on gas reactions of carbons
and praphites has essentially hroken down
into two main  ecategories-—one, the at-
templed correlation of the chemieal and
physical properties of carbons with their
msifiention rates and two, the changes in
these properties upon gasification of the
arhon.,

When our research on gas reactions of
wrhons was first started, 1t was apparent
that the majority of prior research was re-
Jated to the kineties of reactions of gases
with poorly defined carbonaeeous materials,
We feit that if o fundamental understand-
ing of gas reactions of carbon was to be
fortheoming the carbonaeeous material being
masifiecd had to be thoroughly deseribed.
Therelore, in onr studies we have made a
consctentious atlempt to deseribe, by a
mumber of parnmelers, the properties of
our earbons. This paper is primarily
diseussion of the technigques which we have
heen using to deseribe sueh carbons.

Pigure tis a drawing of the reaction rate
apparatus. The reactor is a ceramic tube
placed vertically in a Globar furnace. In the
hottom of the reactor, s a poreelain pier
with a “v-noteh” eut in its top. Carbon
samples two inches in length and } inch
dimmeter, with a poreelain cone attached fo
{he base of the sumple, are supported on the
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ceramie pier. Fo the top of the earbon
sumple, is attached a & ineh long eeramie rod
which in turn is connecied to o Roller-Smith
halunee. During weighing, the earbon sample
is raised off the coramic pier; at all other
times it ts eentered in the furnace resting on
the pier. Resction rades are determined by
weight readings at necessary intervals,
Figure 2 shows a picture of some typical
reaction rate curves for the gasification of a
10-gram sample of geaphitized carbon. The
reaelion rate curves essenfially break down
into theee main  regions—an  increasing
reaction rafe up Lo about 3% hwn-off, a
period of constant e from about 5% to
30% burm-off, and a period of continuaily
deereasing rate above 30% burn-ofl. The
change in rate is paralleled, ot least guali-
tatively, by the change in total surfuce area
of the enrbon during gasifieation. That is,
during
is o marked inerease in surlace area, followed

ihe early stages of gusifieation there

by a period in which the surface area is
essentially Past 30%
the surface area continually decreases. In

constant, burn-off
the majority of the gasification studies fo
date, the carbon-carbon dioxide renction
has been used. This is probably the simplest
gasification reaction since there is only one
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Fra. 2. Reaction eurves for graphite af varions
temperabtres.

sinee the reaction is endothermic, the reae-
tion temperature is easily controlled.
Figure 3 presents an idealized picture of o
arbon particle, which is the building block
of the earbon rods reacted. The particle is
composed of an inner core of fitler material,
wsually petroleum coke, surrounded by a
fayer of binder material, usually coal tar
piteh. Both the filler und binder nsterinls
are composed of & number of ervstallites,
the number of erystallites per partiele
ustially refated Lo the  praphitic
character of the carbon. In the drawing, the

being
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size of the binder crystallites is shown to
he somewhat smaller than that of the filler
erystallites. This is usually the case in both
the raw and graphitived state. These
particles then are bound together to form
the rods, which are rescted ns deseribed
above.

Table 1 presents a list of the techniques
and parameters which we have used to
study carbons. It should be pointed out
that there are certainly other parameters
and techniques which can also, in the future,
prove of importance in the study of carbons.

We can first consider briefly emission
spectroscopy and mass speetroscopy. Tmis-
sion speetroseopy is used to determine both
qualitative and quantitative analvses of

Fra. 3. Typical earbon partiele eomposing ear-
hon electrode.

TABLE 1

Pochnigues and Paramelers Used to Study Carbons

Neray diffraetion
Cias adsorpiion

Apparent density

Cas diffusion rates throngh
earbons

Mercury porosim-  Chemisorption
etry

Hesisiivity

Helium deunsity

Tmission speetroseopy
Mass specbroscopy
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TABLE I

Crystaltite Size and d-Spavings of (farhons

d-Spacing L Lo

FO A
Ciraphitized carbon Al 3,360 00 1100
Graphitized carbon B) 3,357 1200 *
Lamphlack........... 3454 28 59
Carbonr AL ... L 3,456 33 55

Carbon B............ e e e
Carhen G, ... L. 3.450 A1 62

the mineral impurities in earbons. It is well
known that these mineral impuritics eatalyze
the gas reaction tates of carbons and; there-
fore, in any atlempted correlation of these
ries with properties of carbons, this infor-
mation must be available.

The use of mass spectroscopy for the
understanding of gas reactions is forth-
coming in our laboratory. We plan to analyze
qualitatively and quantitatively the gases
which come off of graphite at high tempera-
fures. I'rom this information, we hope to
hetter elarily the number amd nature of
aclive sites in graphite and correlate this
with gasificabion rates.

Table I presents some typieal data on
arbons  determined by xray  diffraction.
Two useful parameters which are deter-
mined by xeray diffiaetion are interlayer
spacing and average crystallite size of the
carbon. With the use of the Franklin correla-
tion', which says that pure graphite has o
spacing of 3.354 A und that amorphous
carbon has a spacing of at least 3.4 ,-u\,
we are able from the d-spacing value to
place the graphitic chayacter of the carbon
on ab least o semi-quantitative basis, Table
1 presents data on six earbons, five of which
have petroleum coke as the filler, all of which
have coal lar pitch as the binder. It Is seen
that the two graphitized carbons have inter-
Jayver spacings appronching closely the Frank-
lin value for 100% graphite. On the other
hand, the lamphlack and carbons have space-

CRCEL Franklin Acts, Crast., 4, 253 (14931).
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Fra, 4. Isotherms of argon on gas haked carbon

ings grester than 3.44 X, or are complotely
amorphous. Crystallite size data, hoth L.,
the height of the erysiallite, and L, the di-
amefer of the crystallite, are given. For a
well-graphitized carbon the erystallite size
is usually greater than 500 X, On the other
hand, for an amorphous materind the erys-
tallife size is usually less than 100 X

[jgure 4 presents a fypical type I iso-
therm® for the adsorption of argon on a gas-
baked earbon ab lguid nitrogen tempera-
tures. The isotherm essentially hreaks down
into three regions. Al very low relative
pressure, there s o sharp inerease in volume
due to the adsorption of & monolayer on the
surface. There is then followed o period of
multileyer adsorption over which there is
only o slight inerease in adsorption volume
with inerease in relative pressure. Al high
relative pressures, there is a sharp inerease
in adsorption volume because of eapillary
condensation. The sotherm up to a relative
pressure of 0.3 can be used in eonjunetion
with the BET equation to determine the
surfaee area of the carbon. The upper por-
tion of the isotherm, over the mnge of
hysteresis in this case, van be wsed in eon-
junetion with the Kelvin equation® to de-

2 1, K, Ries, Jr., Catadysis (Reinhold Publish-
ing Co., New York, 1951) p. 12,

3 Conway Pierce, J. Phys, Chem., 57, 149 (1953
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termine the distribution of pore volume over
the pore radius range 20 to 350 A.

Table IIT presents some typical surfaee
aren data for the six carbons (cach originadly
weighing approximately 10 grams) previ-
ously diseussod, Surfuce aren dutn on the
unreacted earbon, earbon after 10% burn-
off at 800°C, and after 20% burn-oft at
FLO0°C are presented. A considerable varis-
tion in the surfuce aren of the unreacted
sanmples is seen, the total aren varving from
3.7 1o 36.5 square meters. It is also seen
thut upon gusifiention there is o marked
variation in the tnerease in surface area for
comparable amounts of rn-off, Using the
surface aren date, the reaction rates cun
also he expressed in units of grams per hour
per square meter at swrface, These data
are also presented in Tuble T11.

TABLE 1H
Specifie Reaetion Rates awd Surfave Areas Produeed
Jar Carbon Samples af Different Temperatures
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1. 5, Change in macropore volume of graphi-
tized earbon A rods upon gasification.

Another technique which has heen used
successfully to study carbons is mereury
porosimetry. Mereury, which has o contaet
angle with carbon of greater than 90°, is
foreed into the porous carbon under pres-
sure. By use of the Washburn equation?, the
volume of mereury forced into enrhon is
refuted 1o pore rvadius. With the present
apparatus, pore volume distributions can
be determined over the radius range 350
o 130,000 A. Figure 5 shows some typical
porasimeter dafa on a graphitized carbon.
It is seen thut the majority of the pore
volume is coneentrated in o narrow range
of pore radius ab about 13,000 X. This
voltine is doubtless the void volume between
the particles making up the rods. It s
further seen  that upoen  gusifiention  the
majority of the pore volume is still concen-
trated in the same pore-radius range bhut
that there is also an inereasing amount of
pore voltune produced in smaller pores.

Figare 6 presents some porosimeter datn
on lampblack., The important point bore is
that the majority of the pore volume is
now concentrated in pores about 1,000 Xin
raddius, or oo {en-fold shift below that of
the graphitized earbon. This is undoubtedly

UL L. Ritter wid €. Lo Drake, Ind. Fug.
Cleenn., Aual. ¥d., 17, 782 (1045).



GAR REACTIONS OF CARBONS AND (GHAPHITES 79

due to the smaller size of the lampblack
particles. A seeond, small concentration of
pore vohune af a pore radius of 7,000 A s
alsonoted. Sueh a distribution of pore volume
is indicntive of a himodal distribution of
particles.

Anather parameter of earbons which is of
extreme importance is vesistivity. Table TV
presents data on the varviation of resistivity
of a earbon electrode upon bur-ofl  at
different temperatures. There are two main
points Lo be observed in this Table. First
the change in resistivity at equal bhurn-ofls
s a function of the bur-ofl temperature.
Secondly, there is a marked inerease in
resistivity, up o a ratio of over two, for
enly 10% burn-off, The very undesirable
effect of burm-oft with regard to resistivity
is, therefore, evident.
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. 6. Change in macropore volume of lamp-
blaek rods upon gasification.

TABLIES IV
Variation in Resistivity of Carbon Electrodes with
Gusificalion to 10 per cent Weight Loss

Temyperature (};1;[:':1::1‘:!?:{) Rutin
) .X - _
Unreacted 55 i
900 115 2.0%
12553 105 1.
40 85 ] 1.54
14300 100 ! 1.82

TABLI V
Effect of Oridation at J50°C. ou Hellum Densily
of 14 mm. Diameter Graphile Rods*

Unavailalsde

Per Cent Oxidation Density, g/ect Pore Volume, %

Noage RAER1]

6.0
0.55 ‘ 2104 2.1
1.70 i 92,341 1.5
270 2,920 1.8

*43, M. Dresel and L. .
171, 17 (1953).
P Noray diffraction  denstby-—2.206 g/ec.

J. Roberts, Nualure,

Table V presents data on the variation
of heliwm density of a highly graphitized
swrbon upon oxidation. First, it is noted that
the density ealeulated from x-ray diffraction
data for the graphite is 2.266 gms/ce, On
the other hand, the helium density of the
original sample is only 2.130 gms/ece, which
aives an unavailable pore volume of 6%.
Upon oxidation to only 0.55 % burn-olf, the
helinm density s inereased markedly; and
the unavailable pore volume is deereased
to 3.1 %. Further oxidation to 1.7 % burn-off
further inereases the helium density and
decreases  the unavailable pore  velume,
However, it is seen that subsequent oxida-
fion has little additional effect on either
helium density or unavailable pore volume.
Helium density, in conjunetion with x-ray
density, is then an excellent technigque to
measure the chunge in unavailabie pore
volume of earbons,

Table VI presents dala on the appar-
ent density of earbon rods. The apparent
density is, of course, simply determined
by either knowing the weight of carbon
per unit volume or by displawing o known
weight of mereury hy a known weight of
carbon. Using the apparent and true den-
sity data of curbons, the pore volume and
porosity  of carbons ean be  determined.
These data are also presented in Table VI

In the sindy of gas venctions of earbons,
one more parmmeter which is considered of
importance is the rate at which the reacting
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TABLI VI
Densilies and Porosities of Carbons Before and After Gasification

Rencti Frae Apparent S Pore
(,mtuli‘l:l:g::a I)ul::li:_\' lglv_xuzl;‘[;: Parosizy \’ul[:l{t?m

i °C wHifee mmjee ¢4 el gmr
Greaphitized carbon A Unrencted 2 M8 1.549 31.1 0.200
900 1.300 38.2 0.274
1100 1.189 47.1 0.396
Graphitized earbon B3 Unreacted 2.250 1.561 3.6 0. 107
900 1418 374 0.261
10 1.280 £3.1 0.337
Lamphlack Unreacted 2,168 1.361 37.2 0.274
900 1.224 43.6 0.350
L1100 1.074 80,5 0,170
Carbon A Unreacted 2. 186 1.579 7.8 0.176
B0 1.438 3.2 {}. 2138
FIOD 1,300 36,1 {1,262
Carbon 13 Unreneted 2.HH 1.512 311 0.205
60 1440 3L (.218
THW) 1.312 412 {.3006
Carbon C Unresctod 2,162 1.584 27.8 .175
900 Fo7 34.0 £,235
1100 1.362 37.4 (.278

zas cun diffuse into the pores of the earbon.
Partieularly at high temperatures this rate
of diffision alfects the gasification rate of
the earbon and also the uniformity of the
gasification reaction through the sample.
The higher the gasifieation temperatures
the more uneven the gasifieation through the
rod, with the percentage of gasification on
the outside of the sumple inereasing with
inereasing temperatures. Figure 7 presents
a diagram of the gus-flow apparatus, which
determine  effective  diffusion
cocllicients for the carbon rods, This ap-
patatus las been designed by the Socony-
Mobil Laboratories, who have very kindly
beenr cooperating with us in the diffusion
work, and has been deseribed in detail by
Weisz and Prater®. Hydrogen is flowed at a

is used o

B. Weisz and C. 13, Prater, Advanees in
Catalysis (Academic Press, New York, [851), pp.
IS7-1946.

N AN

high velocity against one face of a § inch
long by § inch dinmeter earbon sumple,
fitted  tightly within o piece of Tygon
tibing; and nitrogen is flowed at a high
veloeity against the other face of the earbon,
The pressure of hydrogen and nitrogen o
the two faces s maintained equal. The diffu-
ston coeflicient is then determined by ana-
lyzing by a thermal conduetivity cell for
the amount of hydrogen which has diffused

FLOWRATOR—
. o

=TT

FLOWRATOR -~

e " THERMAL COND. CEL..
L[ )

Fra. 7. Dingram of gas How apparatus
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TABLE Vi
Diffusion Cocfficients of 1 wtvogen-Nilrogen  in
Gzrrpluh Hf li(l(].%

e 8T

! | ¢, M-,
Carhon j ! Ratio
};;’lll‘ﬁ;‘ | Panallel
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bon.. ... ..., J§5 % TN ) P N B I
ABG L0k | 113

iy t[)hli el
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through the earbon sample info the nitrogen
.siu' L.

Table VII presents some typical diffusion
data on two earbon samples——one graphi-
tized at about 3000°C, the other graphitized
ab about 2500°C. In hoth samples it i3 seen
that the diffusion cocfficient perpendicudar
than the
exbrusion

{o the extrusion diveetion is less
diffusion  eoclficient  paraliel to
divection. Fhis s undeubtedly due to the
arientation of the irregular carbon particles
parallel to the direetion of extrusion and the
resulting effect of channeling. The ratio of
these diffusion coeflicients perhaps is o good
qualitative indication of the degree of irregu-
larity in shape of the earbon purtieles.
[eure § presents a seelion of a miero-

CARBONS AND GRAPHITES &1

balanee assembly whieh & to be used to
study the chemisorption of gases on carhon.
This microbalance can  weigh 1o 107
grams and can support & 0.2 gram sample.®
With this apparntus, the gasifiention of
earbons ab temperafures as low as HHPC
ean be studied. 14 will make a valuable
addition  to  the resction-rate  apparabus
previously described. For thal apparatus,
reaction rates can conveniently be stuedied
in the temperature range 900 to 1400°C,
Above HOOPC, the reaction rafe is too high
to be determied with suffivient accwraey,
Below 900°C, the reaction
that the time required to enrry oub ooron is
impractient. With the present apparatus,
the reaction temperaiure, total and partial
the reactant gas ean he easily

e s oso low

pressure of
varied,

In conclusion, i is our aim to he ahle to
take a piece of carbon and by determining
one or more parameters on the earbon be
able to prodict guantitatively the relative
reaction of earbon dioxide with the
amrbon. I othis ean be dene, it s thought
that we will have obtained a fundamental
understanding  of  the heterogeneous
wetions.

ale of
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