ence in binding energies for unoriented and oriented planes would
be less than the difference in mean binding energy for the artifi-
cin] graphite between 15° and 1118° €. of 0.40 keul. por mole, and
[ ‘nan's equations can be applied in the simple manner de-
scisoed,

Asg suggested by Brennan, graphite may be considered an ideal-
ized molecular erystal with ench layer plane zn independent
malecule, Bxpansion studies by Nelson and Riley and the su-
thors bear this out by showing insignificunt internction between
the in-plane bonds in each molecule and the bonding between
planes. That is, an appreciable change in $he bonding distance
between molecules showed, at best, & minute change in the in-
plane bond distances. This is reasonable if one compares the
strength of the in-plane bonds of approximately 40 keal, per mole
(meaning that each carbon atom in the plane is held with a
combined energy amounting to 120 keal, per mole} with the much
lower bonding energy between molecules. Therefore, even
though the interplanar bonding energy between the molecular
graphite planes shows 2 substantial decrease of 13% in going
from room temperafure te 1118° C., such a decrease would not be
expected to significantly affect the ease of pulling 2 carbon atem
from o molecular plane (or the gasifieation rate), since this should
ehiefly be determined by in-plane bonding,

The x-roy examination of graphitized earbon during reaction
with oxygen and earbon dioxide, within the limitations of the ex-
perimental technique, beers out the belief that the reacting gases
do not penetrete the crystal laftice. It must be recopnized,
however, that the graphitized carbon is composed of &n agglom-
erate of minute crystallites and that all faces of nll these erystal-
lites may not be oriented in such manner as to permit contact be-
tween renctant gas and planar erystallite edges.  If, a8 might be
possible, considerable orientation of crystallites occurs during
graphitization, it is conceivable that penetration of the reactant
rromight be prevented by unfaverable orienfation rather than
{ ‘ent inability to do so under the conditions investigated.
Certainly a more direct investigation of the possibility of exygen
penetration during reaction would he the use of a single graphite

Adsorptions-

erystal. Here the reacting gas would have acoess to wll the in-
terplanar spaces of the solid and the presenee or ahsence of in-
terplanar penetration could he more ascurately detsrmined and
relnted to the reaction mechanism. The resnlis obtained here,
however, should be indicstive of the reaction mechanism possible
for artificial graphites and carbons of the type investigated,
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esorption Xtudies of

Nitrogen, Argon. and Carboemn

P. L. WALKER, Jr., anp C. C. WRIGHT

The Pennsylvania State College, State College, Pa.

OW tempersture gas adsorption is a convenient technique
for obtaining information of the surfaec area and pore sirue-
ture of solids. However, when the zreas determined by this
sechnique are related to the gasification or combustion properties
of earbon st high temperature, a question arises as to whether or
not the arca available to a gas molecule at low temperatures is in
sny way comparable to the area available to the same molecule
at elevated temperatures, The snswer to this question would be
expected to depend primarily upon the pore structure of the car-
; lunder investigation, with carbons containing numerous pore
viiatrietions likely to show the greatest effect of temperature on
the availability of their area.
Recent work on the surface arcas of coal and coal chars indi-
cates that these solids net like molecular sioves, Magps and

Buguat 1953

BAS

Boud (12}, for example, find that the internal structure of bitu-
minous coal chars ean be pictured as a collection of large pores
connected fo the surface by molecular size cepiliaries. They
find that over 55% of the ares of some chars lies beyond pore
constrictions 5.7 A, or less in dizmeter. Malherbe {13, 14) finds
that B.E.T. surface areas determined for South African coals are
& funetion of the adsorbate used. If room temperature adsorh-
ates sueh s methanol or water are used, the surface areas are
&g much as 30 times higher than areas determined for low temper-
ature argon adsorption. This difference is attributed to the
swelling of the corl by the methenol or water with the resulting
penetration of these molecules into previcusly unavailable molee-
ular capillaries. Lecky, Hall, and Anderson (10) recently com-
pared the adsorption of water and methanol vapors on American
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The present investigation was undertaken to study the nature of low tesmperature sorption
of gases on carbon rods used in previous gasification studies. Irom this study it was hoped
to learn more about the pore structure of the earhon rods and to elarify the relation between
“low temnperature’ and “high temperature’ area. A gas-baked and a graphitized carbon
rod, boeth previously reacted with carbon dioxide at 1300° C. to a weight loss spproximating
109, were studied. Sorption of nitrogen produces the usual Type H isotherm with a hystere-
sis loop above a relative pressure of 0.4,  Argon adsorption on gns-baked carbon is similar to
that of nitrogen; however, on graphite & hysteresis is present down to a relative pressure of
0.02. The sorption curves of carbon dioxide on both earbons show a hysteresis leop over the
relative pressure range studied, 0.02 to 0.45. After putting an initinl adsorption velume on
the carbons, the samples were outgassed for different lengths of time and the readserption
volumes determined. The adsorption of argon and nitrogen at —~196° and —192.5° C. is
partly irreversible even for outgassing times up to 24 hours; however, the adsorption of carban
dioxide at —78° C. is completely reversible in less than 5 minutes outgassing time. The
indication is that the initial adsorption of nitrogen and argon involves the partial penetration
of these gases into molecular size capillaries, which are quickly elosed off by other adsorbed
molecules, These gases then penetrate deeply into the porous network and at low tem-
peratures either [aek sufficient energy te diffuse back te the surface or require a much longer
time to do so.
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Figurel. Sorption Isotherms of Nitrogen on Carbon Rods at 77° K.

One gram reccted at 1300° C,

conls with low temperature nitrogen adsorption and
found that the vapor adsorption gives areas as much
as 200-fold higher than low temperature nitrogen ad-
sorption. Emmett (5) reports that the surface arens
determined for finely divided graphite are a function
of the size of the gas molecule, with the area determined
by salicylic acid lower than the nitrogen ares by a
factor of 10. Walker, Foresti, and Wright (17) show
that surface arcas .of gas-baked carbon and graphite,
determined by the low temperature sdsorption of car-
bon dioxide, nitrogen, snd argon, are dependent on the
size of the gas molecule, with the argon arcas being
about 15% higher than the carbon dioxide areas.
These findings indicate that & considerable fraction of
the area of many types of carbon are reached through
small capillaries.

The present investigation was undertaken to study
in more detail the nature of low temperajure sorption
of gases on carbon rods used in previous gasification
atudies. From this study it was hoped to ieara more
about the pore structure of the carbon rods and to
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Gas-baked and graphitized carbon rods pre-
pared from the same starting materisls and sub-
sequently rencted with carbon dioxide at 1300° C.
to o weight loss approximating 10%, were used in
the investigation. A description of the method
of preparntion and analysis of the carbon sam-
ples and of the low temperature adsorption pr=-
cedure are adequately covered in an uccomp'l
ing paper (17).

RESULTS

Sorption Isotherms of Nitrogen, Argon, and
Carhon Diexide. Figure 1 presents the sorption
isotherms of nitrogen at 77.1° K. on the
graphitized and gas-boked carbon rods up
to n relative pressure of about 0.9. The
hysteresis Joops elosing at a relative pressure of
about 0.4 sre generslly attributed to capillary
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condensation {2). The hysteresis loop for the gas-baked carbon
sample is larger than that for graphitized carbon despite the fact
that the volume of nitrogen adsorbed is twice as great in the
g
j .
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Figure 3. Sorption Isotherms of
Argon on Gﬂs-Bn.Ich(é: Carbon Rods at
TP K.

One geom reacted at 1300° C.

Figures 2 and 3 present the sorption isotherma of argon on the
eaphitized and ges-baked carbon samples. The isotherms of
{g[‘ { on graphitized esrbon present some seemingly significant
virlations from the nitrogen isotherms. At first thought, there
would be every reason te believe that argon would give the nor-
mal ¢losed hysteresia loop on this carbon—even more so then
nitrogen. However, there is & definite hysteresis effect down
to a relative pressure of at least 0.04. Normally sueh a hys-
tereais below relative pressures associated with capillary con-
densation are sttributed to chemisorption. However, it is diffi-
cult to ses how argon would he chemisorbed on graphite,
Anocther interesting feature of argon adsorption on graphitized
carbon is the kink or hump evident at & relative pressure start-
ing around 0.3 on both the adsorption and desorption isotherms.
Similar humps have also been observed by Mal-
herbe (73} during desorption of argon on South

The one exception found
the hysteresis loop closing a$ a relative pressure of 0.43.
Sorption isotherms for carbon dioxide on both carbons are pre-

failed to close on 1 of the 15 samples,

sented in Figure 4. Because of the limitation of the apparatus,
relative pressures higher than 0.45 were not possible for carbon
dioxide. Both sets of isotherms show 2 marked hysteresis to as
low o relative pressure as could be accurately meassured. As
neither adsorption igsotherm shows the rapid rise due to capillary
condensation, it wounld seem that the hysteresis could not be at-
tributed to this cause. One would then suspect chemisorption in
which case the earbon dioxide should e extremely difficult to
remove from the carbon surfaces at low temperature.  However,
outgassing the samples at ~78° C. for 5 minutes removed at least
969, of the carbon dioxide originally adsorbed at a relative pres-
sure of 0.04. Indeed the hysteresis found for earbon dioxide ad-
sorption seems to parallel that found for argon en graphite.
Certainly for argon no chemiserption would be expected,

Effect of Low Temperature Outgassing Time on Subsequent
Readsorption Volumes. To investigate [urther the nature of
the adsorption-desorption process of gas on the carbon samples,
studies were made of the effect of outgnssing time on subsequent
adsorption. In these experinients, sn initial adsorption of ges
was fallowed by outgassing for various lengths of time at both
fiquid nitrogen and liquid air temperatures and then by read-
sorption of the gas, always starting with the same initial gas pres-
sure, Figure 5 shows the results obtained for both argon and
nitrogzen adsorption on the graphitized carbon samples, Ap-
proximately equal volumes were initlally adsorbed in all eases.
In no case did the time for obtaining adsorption equilibrium ex-
ceed 5 minutes. However, the adsorption process is irreversible
with time, For example, at the end of 5 minutes initial adsorp-
tion is complete, hut the maximam readsorption after 5 minutes
outgassing time is less than 409 of the original volume adsorbed.
Tt shouid be pointed out also that the readsorption equilibrium
time was in all enses less than 5 minutes. Moreover, rendsorp-
tion tests made after outgassing for 12 and 24 houra showed that
the readsorption value remains below the original sdsorption
value even though the two readsorption values were virtually the
same.  These results can be attributed only to incomplete out-
gassing in the allotted time.

In order to dotermine the influence of temperature on the de-
pendence of readsorption vu outgassing time, studies were made
at both 77.1° snd 80.6° K. Tigure 5 shows that this small
change in tempersture markedly offected the readsorption
volume for outgassing periods up to several hours. For longer

African coanls, by Corrin {3} during adsorption of 2
argen on carbon blacks, by Gulbransen and An-
drew (8) for adsorption of krypton on spectro-
scopic graphite, and by Polley, Schaeffer, and
Smith (15) for adsorption of argon on heat-treated
carbon blacks, Malherbe attributed the hump to
a cluster of pores of a diameter corresponding to
the value of relative pressure. This does not seem
to be an entirely satisfnctory explanntion sinee no
such hump is observed for nitrogen adsorption. In
eontrast to the adsorption of argen on the graphi-
tized carbon, Figure 3 shows the normal hysteresis
loop for adsorption of this gas on gas-baked carbon,
with the loop closing at a relative pressure of 0.3.
Although the adsorpiion curve shows no hump, the
desorption eurve breaks sharply at about 0.3.

""fihe presence of a. complete argon hysteresis loop

VOLUME OF CARBON DIOXIDE ADSORSED, STE, CC/GAAM

O GAAPHTIZED CARDOR
A GAS BARED CaF8GN

°
4 BESOARTION
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“r_.Bome carbons and not on othera is again in lice @
with the findings of Malherbe (13).  Heinvestigated
the adsorption isotherms of argon on 15 different
couls and found & well-marked hysteresis lnop that
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outgassing times, the effect is less pronounced suggesiing the
possibility of a continually decreasing steric factor.

Figure 6 shows the date of Figure 5 with eomparahle data for
gas-baled carbon plotted as fractions of original volume read-
sorbed on the graphitized and gas-baked carbon samples. The
readsorption volumes for the two carbons are virtually a constant
pereentage of the initial adsorption in all eases, although for the
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Figure 5. Gas Readsorptien Volume vs. Out~

gassing Time after Initial Adsorption on Graphi-
tized Carhon Rods

gas-baked carbon, because of its lower surface aren, the amounts
originally adsorbed are much less than for graphitized earbon,
Similar date were obtained for carbon dioxide but are not re-
produced as it was found that the ratio of resdsorption volume to
initial adsorption volume was essentially unity after only 5
minutes outgassing time at ~78° C. for both earbons.

Relationship Between Readsorption Vplume and Outgassing
Volume. To determine the relationship between readsorpion
volume end the amount sctunlly desorbed as a function of time,
the initis] adsorption volume of nitrogen and of argon on graphi-
tized carbon was varied, the sample was cutgnssed for 30 seconds,
and then the readsorption volume was determined. TFollowing
readsorption the sample was returned to room temperature, and
the total amount of gas coming off the sample was determined,
{Previous tests on adsorption of nitrogen and of argon and then
returning the sample to room femperature showed excellent
agreement between the amount adsorbed and the amount de-
sorbed, which may be talen as an indication that for these gases
all the sorbed gas is relensed from the sample at room tempera-
ture.) The difference betweean the total amount of gas that comes
off st room tempersture snd the initial sdsorption volume is
then the net increase of gas that the sample picked up on read-
sorption. The difference between the total readsorption volume
and this net volume incrense is the actual amount desorbed in
30 seconds. Figures 7 and 8 show that the readsorpiion volume
thus determined is greater than the desorption volume indicating
an inerease in total volume held on the sample with subsequent
adsorptions, Both for mitrogen and argon the difference be-
tween the two volumes tends to decreamse uniformly with de-
creasing initial adsorption volume down to the point of &
monolayer volume. Below this point, the difference radieally
inereages.

Furthermore, for both nitrogen and argon the desorption rate
decrenses linesrly as the initin] adsorption velume decreases;
however, the desorption volume fends to zero while the initial
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adsorption volume is still of an appreciable magnitude. For
example, extrapolation of the nitrogen desorption curve in Figure
7 to the z-zxia shows that when 5.8 cc. is initially adsorbed, none
of this gas or at hest a very small fraction is recoverable in.
first 30 seconds of outgassing time., Then, as the volume
cresses beyond 5.8 ce., there i3 a fraction of the ariginally adsorbed
gas that is recoverable in this time. It ia further noted that as
the initial adsorption volume incresses the chief contribution to
the differenee between the initial adsorption velume and the de-
sorption volume is that volume which is not removed in 36
seconds. For nitrogen, the differences in volumes are 5.8 and
7.0 ce. for 5.8 and 14.0 ce., respectively, initinlly adsorbed. For
argon the differences in volumes are 8.0 and 10.0 ce. for 8.0 and
24.0 ce., espectively, initially adsorbed. That the volume dif-
ference should inerense some with incrensing initial adsorption is
probably attributable to some inerease in resistance due to block~
age ocourring in gefting a larger volume of gas out of the macro-
pore system.

Dependence of Readsorption Volume on Time. The data of
Figure 5 for the effect of outgassing time on readsorption volume
have been replotted in Figures 9 and 10, over a more limited
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Figure 6. Fraction of Original Gas Volume Re-
adsorbed after Different Qutgassing Times at 77° K.
for Graphitized and Gas-Baked Carbon Rods

timee interval. The readsorption volume is here plotted versus
the square root of time. Over the time interval from 5 to 60
minutes, the readsorption volume plots essentially as a straight
line. Such o linear dependence of volume on the square root
of time is normally construed as resulting from diffusion processes
obeying the Fick diffusion equation. 'This correlation ia nof un-
expected on the basis that readsorption volume is used, since
Figures 7 and 8 show a definite relationship between readserption
and desorption velume. The decrease in rendsorption volume
for longer adsorption times should probably be interpreted -
megning that the outgassing rate is no longer controlled by )
fusion of molecules through pore constrictions but by the de-
ereased number of molecules striking a molecular outlet, where
ciffusion would begin,
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On the assumption that the tempersture cosfficient of the
readsorption volume (or desorption rate} indicates o certsin
energy of activation required to cause a nitrogen or argon mole-
le to diffuse through the porous carbon, the temperature
N ficient of the rate af different readsorption volumes can be
..culated. For example, &t a readsorption volume of 4.5 cc.
of gas, the rate of incresse of volume of arpon readsorbed on
the graphite rod with inereasing fime is 0.060 ce. per minute
and 0.040 per minute at 80.6° and 77.1° K., respectively, giving
an activation energy of 1.4 keal. per mole, Likewise, for nitrogen
at the same readsorption volume, the rate of increase is 0.065
cc, per minuie and 0.028 cc. per minute at 80.6° and 77.1° K,
respectively, giving an netivation energy of 2.9 keal. per mole.
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Figure 7. Irreversible Desorption of Nitre-
gen at 77° K. on Graphitized Carbon Reds

DISCUSSION OF RESULTS

The presence of a bumyp in the argon adsorption isotherm: of
rraphitized earbon i3 in line with adsorption theories which have
'[;,;f" "+ sinted out by Smith nnd coworkers (15). That is, for
i, «ayer adsorption the meore homegeneous the surface the

greater the attractive internetion forces between the molecules
adsorbed. Consequently, at cerfain critical pressures (corre-
sponding to the completion of monolayers} two-dimensional con-
densation begins, causing an infection in the ndsorption isotherm.
The more heterogeneous the surface the less the molecular inter-
aetion in comparison to the interaction between the adsorbete and
surface, and the humps are predicted to disappear. This is herein
shown to be true for the mare heterogeneous gas-baked carbon
surface which did not produce 2 kink in the argon isotherm. It
would further appear that an infiection in the sdsorption isotherm
is not only a function of the degree of heterogeneity of the surfacs
but also of the ndsorbate used. Nitregen and carbon dioxide
give no such humps even for graphitized carhon; this would seem
to indicate that their surfuce interaction is sufficlently grenter
than that of argon to cancel the effeet of molecular adsorbate in-
teraction.
* The work done on the desorption volumne or rafe versus initini
adsorption volume is helpful toward an understanding of the low
temperature adsorption process on the carbon samples. The re-
sults indicate that there is early entrapment of bath nitrogen and
argon molecules in the molecular pore strueture. Apparently
at the start of adsorption an appreciable volume of these gpses is
able to penefrate into the molecular structure. However, an
adsorbed layer of gas is quickly built up around the molecular
capillary entranees which blocks them from further gns penetra-
tion. On subsequent adserpiion, only the carbon surface con-
nected to the exterior of the sample by macromolecular eapillaries
ia effective in adrorbing gas. This entrapment of gas melecules
* [~ o8 carbon is not new.  Dryden (4) reports thet Maggs, on
" o 5 a snmple of carbon in nitrogen, trapped the nitrogen in
the pores, although this amount would not enter the pore strue-
ture if the sample were first cooled before adding the nitrogen,
The trapped nitrogen was released on warming to —80°C. Itis
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difficult to explain why Maggs got no penetration of nitrogen into
the molecular pore structure at liquid nitrogen ifemperatures,
wherens the authors find that the gases readily penetrated at that
temperature until blecking occurs. The possibility arises that
the author’s sarples were not cooled completely to liguid nitrogen
temperature tpon the admission of the first adsorption volume
but were quickly cooled to that tempersture by the increased
heat tranamission produced by the guseous atmosphere, How-
ever, this does not seem to be the case as the cooling time of
several samples waa varied from 1 to 4 hows, and noe effect on the
subsequent adsorption volume was noted. Moreover, & graphi-
tized carbon rod exposed to an argon atmosphere as it cooled from
room to liquid sir temperature adsorbed only 7.70 ce., as com-
pared to 7.48 cc. when the gas was admitted to the previously
eooled sample. Iven though the volume of grs adsorbed on the
sample that was initially at room tempernture is higher, this dif-
ference in volume iz small compared to the amount of gas that
waa trapped on the graphite sample, as shown in Figure 8.

The fact that the diffusion into these pores is practically in-
stantaneous compared to the outward diffusion can be explained
in at least two ways:

1. There is no way of knowing how deeply o gas molecule
does diffuse past the blocked off pore structure after measurable
adsorption is completed. Therefore, the measured desorption
rafe of such molecules, due to their longer path of travel to
the surface, would inerease. .

2, 'The avernge gas molecule diffusing in has & greater kinetic
energy and hence a greater probability of getting through & pore
opening than a gas molecule that must start from rest on the
surface and diffuse ocutward.
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Figure 8. Irreversible Desorption of Argon
at 77° K. on Graphitized Carbon Reds

It would seem that the eomplete hysteresis of the argon adsorp-
tion on the grophitized earbon sample could only be due to en-
trapment of some argon gas within molecular capillaries. How-
aver, even though outgassing tests show that nitrogen is alao
trapped in the gas-baked carbon samples at low temperatures, a
nitrogen hysteresis was absent on these samples from a relative
pressure of 0.4 to #3 low & pressure as was possible to accurately
measure ({(.02). The conclusion is that the trapped nitrogen
conaisty entirely of gas placed on the surface during the initial
agsorption. On the other hand, for argon on graphitized carbon
apparently the initial blocking is not as complete (because of the
smalier size of the arpon molesule and its weaker foree field), and
some subsequent entrapment oceurs.  This subsequent entrap-
ment would produce liysteresis and also a larger reported surface
area for argon adsorption. The reason that argon does not pro-
duce a similar hysteresis for the gas-balked carhon i3 probably due
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to its smaller average eapillary diameter and, hence, complete
blocking of argon at lower relative pressures,

Tt was suggested by Emmett (§) that the reason the dasorption
rate was much slower than the adsorption rate might be partielly
due to the greater heat of netivation for desorption. Ii is in-
teresting to calculate the approximate effect of increasing desorp-
tion energy on desorption time. Emmett (7} says that the de-
sorpiion rate is determined principally by the frequency with
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Figure 9. Nitrogen Readsorption Volume vs. Outgassing
Time after Initial Adsorption on Graphitized Carbon Rods

which a surface atom or molecule has an opportunity to readjust
itself rnd gives, then, the rate of gas evolution by the following
equation:

r = nfg~Ep/RT (1}

where
r = rate of gas evolution in ec./see. /gram of sample
n = number of cc. of gas constituting o monolayer on 1
gram of solid
J = atomie vibrational frequency for the solid (commonly

c:;]leci the ‘restrahblen’ vibrational {requency},

1/sec.

Ep = energ{ of sctivation for desorption of the gas, keal./
mole

When n is always preater than a monolayer, the monolayer
volume shouid be used, and when » is lesa than o monolayer, the
average value of n over the desorption time should be used. For
graphite, using the Debye characteristic temperature of 1946 (9)
and the Debye specifie heat eurve (16), the atomic vibration fre-
quency is 4 X 104 The energy of sctivation for desorption ean
be estimated from the equation

Qddﬁnrpﬁrsn = ED _ EA

since B4, the energy of aetivation for adsorption, should be
negligible, as indicated by the very rapid adsorption speed at
low temperatures. Hence, the energy of setivation for desorp-
tion should essentinlly equal the heat of adsorption. Since
the authors have no accurate data on the heat of adsorption
of nitregen in the monolayer on the carbon samples, the velue
of 3 kenl. per mole, determined calorimetrically on graphon
by Beebe and cowarkers (1), will be used. Graphon is & partinlly
graphitized carbon black and should have a nitrogen heat of
adsorption close to that of the graphite used in this investiga-
tion. Tor the graphite sample, the nitrogen menolayer volume
is 0.95 co. per gram so the time for outgassing this velume,
if the enerpy of activation of desorption controis, is ealenlated to
be r = (0.48) (43X 1013)p~a000/5L09X 77 5p § s 104 e, /sec. /gram.
This, of course, is manyfold greater than the desorption rate and,
therefore, is not the controlling mechanism. The rate is very
dependent on the value selected for the hest of adsorption.
However, the selection of 3 keal. /mole is believed to be slightly

1720

INDUSTRIAL AND ENGINEFRING CHEMISTRY

high, since it has been approximated by the B.E.T, equation that
the adsorption heat of nitrogen on grephite is 2.1 keal, per mole.

It is apparent that the existenece of moleeular eapillaries in car-
bon ean place a sericus limitation on the interpretation of ¢
relationship between aren availsble for reaction and the a.
determined by low temperature gas adsorption. Physical ad-
serption of the gas molecules on the capillary walls at low tem-
peratures is very effective in blocking off small pore entrances;
whereas, at higher tempernfures the gas molecules are chemi-
sorbed on only the active site aren, which, nccording to Long and
Syles (11), constitutes less than 29 of the total area. Hence,
blockage of pore entrances would be much less complete. Fur-
thermore, the fraction of gas molecules possessing sufficient energy
to diffuse through such capillaries, if given by the usual Arrhenius
coefficient, e =¥/ %7 would be considerably less at liquid nitrogen
temperatures. On the other hand, the faet that nitrogen and
argon adsorpiion at —196° C. gives a greater surface ares than
carbon dioxide adsorption at —78° C. (f7) does indicate that the
size of the gns molecule also has a strong effect on the area avail
sble to it.

The present results would lead to the conclusion that the area
available to an inert molecule ot high temperature should be
greater than the area available to the same inert molecule at low
temperature for ‘‘bottleneclk” carbons. However, in using low
temperature adsorption to describe a high temperature area it
must be kept in mind that the gas molecule ot high temperature
is not an inert.  As discussed elsewhere (17), surface aren studies,
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Figure 10. Argon BReadsorption Volume vs, Outgassing
Time after Initial Adsorption on Graphitized Rods

where the low temperature aren rapidly increnses at the start of
the gosification reaction and then becomes essentially constant,
show that & reacting gas only uses that portion of the total earbon
surface that is necessary to maintain the reaction rate at a given
temperaturs. Therefore, a reacting gas at elevated temperatures
is itgelf, in effect, utilizing only a fraction of the total surface ares
of the sample for reaction st any one instant, The question then
is properly ssked: What high temperature ares is desired in cor-
relating reaction rate resulie—the totsl ares or the effective
rencting area? Itisapparent that low temperature adsorption on
carbon rods of this type would not be expected to determine the
totel high temperature area svailable to an inert molecule, On
the other hend, marked similarity between the change of reaction
rate for the carbon—carbon dioxide reaction and the related low
temperature surface arens (77) does indieate a possible strong
connection between low temperature aren and effective high tem-
perature reacting ares. This is probably due to the fact that
pore constrictions are removed during reaction in the reacted
ares snd, hence, appenr as increase in low temperature area,
whereas the total unreacted area still retainsits pore constrictio—
Therefore, low temperature adsorption dees appesr to bey ., -
the useful and meaning tools to be used for the understanding of
the gasification of carbon, buk the limitations of the method for
clarifying the high tempersture mechnnisms must be realized.
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