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Adsorpltion of Ne on three graphitized carbon blacks of different particle and
erystallite size has been mensured a6 195°IK, both before and after oxidation of the
blacks to different levels of gasification, Gastlication is known Lo inerease the surface
heterogeneity of the blaeks. Using an approach proposed by Hill for mobite layers
wilth sdsorbate interaction on a surface, two dimensional eritical temperatures,
T, for Xe have been estimated. The Tye decreases signifieansly and continyously
as the extent of surface heterogeneily is incrensed. It is suggested thal this decrease
is attributabie to an inerease in the magnitade of the potential barvier for the trans-
lation of Xeacross thesurface, as recently proposed hy Bteele and Karl.

I. INTRODUCTION

16 is well known (1-3) that at not too low
temperagures many gases adsorbed on char-
coal, graphitized earbon blaeks, graphite, and
alkali halides behave s two-dimensional
mohile films with adsorbate—ndsorbate inter-
actions. The existence of first order phase
changes, corresponding to  two-dimensional
eonelensation, has been confirmed in several
cases. It has invariably been found that two-
dimensional condensation oeeurs at tempern-
tures considernbly helow the three-dimen-
sional eritical temperature of the bulk pas
{1, 3). IHH {4) and deBoer (1) have predicted
that for spherieal isofropic molecules, the
ratio of the two-dimoensional eritieal tempern-
ture (Tae) to the fhree-dimensional eritical
temperature of the bulle gas (s} shoudd be
0.5. Devonshire (5}, using the Lennard-Jones
andd Devonsiiire {6} theory ol Hguids, has
suggested this rmatio to be 0.53. However,
numercus studies even on relatively homo-
geneonts surfaces show conelusively that the
experimental ratio s significantly lower than
the theoretieal value (1, 2. While some work
has been reported (7-10) in the ease of rela-
tively  homogencous  praphitized  earbon
blicks, the effect of their surlace hetero-
genetfy, which ean he introduced and modi-

fied by carbon gasifieation (11, 12), on the
two-dimensional eirtieal temperature has not
been investigated. The present eommunica-
tion deseribes one such abtempt.

11, EXPERIMENTAL

o Malerials, Highly  graphitized  earbon
bliacks Sterling MT, Sterling F'P and Graphon
were used as adsorbents. These samples,
obtatned from the Cabot Corporation, were
hented above 2700°C. Their arithmetic menn
diameter from_electron microseopy are 3000,
1940, and 235A. Their Xe BIZT surface areas
are 6.7, 114, and 90 m*/gm.

Resenreh grade Xe from the Matheson
Company wus used as the adsorbate. The
imprity content, as specificd by the manw-
facturer, was: N», 3ppm and Kr, lippm.
Before each adsorpion ran, the zis was
purified by eryogenic pumping. Hs saturation
vapor pressure nt the adsorption temperature,
195°K, was taken as 3200 Torr,

B Aetivation. Sterling FT' and  Geaphon
were oxidized 1o different levels of burn-off,
up to 37.9 %, ina strenm of dry air at 500°C to
inerease the extent of surface heterogeneity
{11, 12), Details of the proeess have been
deseribed clsewhere {13). 16 has been shown
that oxygen atincks the edges of the graphite
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erysinllites, Le. on earbon afoms loeated on
(101} and {1126 planes (3. ollowing
oxidution, the samples were heated to 950°C
and held for 1 hour in « flowing high-purity
Np stream to desorh most of the oxygen
complexes,

Activation produees o minor increase in
totul surface area but & mujor increase in
active aren {11), which is responsible for the
surfnee heterogeneity, FFor instance, in the
case of Graphon after 37.9% burn-off, the
totul area inereases ondy about  1.5-fold
whereas the netive area increases about 25-
fold. However, even at this level of bureoff,
the active aven is less than 4% of the total
surtuce avea {13).

C. Sorption Studies. Sorption was followed
gravimetrically using a Cahn RG Eleetro-
balanee. A sample weight of eo 04 gm was
taken i a thin-walled quartz bucket. Quartz
wool wag packed on top of the sample. The
bucket was suspended from the balanee arm
hy o platinum wire. Belore the adsorption
g, the sample was outgassed at 600°C to
<10-% Torr using a Vacion pump. Walker and
Janov (13} have reported recently that most
of the oxygen chemisorbed on Graphon at
350°C ean be climinated between 600-700°C.
In sthe present studies, a higher temperature
of outgnssing was not used in order to elrcum-
vent the possibiliby of interactions between
silicon and carbon at elevated temperatures.

After outgussing, the sample was cooled to
room temperature i vgeno, It was then sur-
rounded by a bath of dry ice and acetone and
allowed to come {o thermal equilibrium.
Weight changes were recorded on a 1 mV
Neseo Recorder, The extent of adsorption for
ench point of the isotherm was measured after
30 min; equilibrium was attained well within
this period.

TH. THEORY
Walker e al. (15) have reported recently
that Ne adsorbed on Graphon and Sterling
MT at 195°K obeys Henry’s law ab low sur-
fuce coverages (L0-"107%); at higher cover-
ages the adsorbed phase behaves as a fwo-

dimensional mobile [ayer with adsorbate—

adsorbute interactions. Hill (4, 16) has pro-
posed  the following equation for mobile
monolavers with interaction for a homoge-

neots surface:

_ SZn'm.)”"'(f'ﬁfl')a"ﬂ

ha

L2 )

1— o P\ T T
where 7, is the partition function for vibra-
tions of the adsorbed molecules normatl to the
surface, ¢ is the energy of adsorption at 0°K,
§ is the surfuce coverage, « is the value of the
energy of adsorbate-adsorbate interaction,
and g is the urea oceupled by an adsorbed
molecile in a complete monolayer. The
constants @ and g are thus the two-dimen-
sionat analogs of the three-dimensional van
der Wanls constants. Fquation (1) ean be
written as

0 0 20
o=k " e )
P “1—06‘\"(1—9 5};?’) (2)

where

9 12 g ey H2
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On reavrangement, I5g. (2) can be written as
¢ 8
7o — e
H 1111_0 iup+1_9
200
= — Inwx -+ BT (3)

s0 that from the plot of W versus 8, the value
of 2a/8kT ean be obtained from the slope of
the straight line. Further, it has been shown
that T = So/278k, if the van der Waals
Equation for the adsorbed layer is obeyed
@), Therefore, Eq. (3), in conjunction with
the above equation, can be used to determine
the apparent two-dimensional critical tem-
perature.

IV, RESULTS AND DISCUSSION

Representative plots, secording to g, (3),
on originel samples of Sterling T and
Graphon are shown in Iig. 1. The daty for
Sterling MT superimposes exacély on the
Sterling I'T curve. It is seen that the straight
line relationship, as demanded by Eq. (3), is
obtained ouly for a limited range of surfuce
coverage. When the data are plotted on an
extended seale, o reasouably good straight
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Fra. 1. Plots of equation (3) for originad Ster-
ling FT and Graphen and samples follawing maxi-
mum extent of gasifiention. Nenon sdsorption at
105K,

line relationship is obtained over the surface
coverage range (.10-0.35. Ross and Winkler
(7, %) have reported that Ixr, Ar, aud Ny
isodherms on graphitized earbon black 1P-33
(2700°C), which is the same as Sterling 'L,
vhey B (3) over the surface covernge region
{3.10-6.50,

Plots on Graphon and Sterling FT sub-
jected to 38 and 33% bweofl, respectively,
are also ineluded in Fig, 1. For a given black,
sasifiention produces a marked change in the
shape of the curve ab surface coverages less
than 040, In the ease of 16, 25, and 38%
burn-off Graphon samples, BBe. (3) is obeyed
in the surface coverage region 0.15-0.35. For
all the samples studied, slopes of the finear
regions of the plots were ealeulated by the
least square method.

Values of a/8, Tuwe, and the mdio Tue/T0
for different samples are given in Table I
The ratios for the original Steling FT,
Sterfing MT and Graphon are 0400, 0.397,
and 0376, respectively. These values ave
quite close to those reported for other gases
adsorbed on relatively homogeneous surfaces
of graphitized carbon blacks (7-10). Ross and
Winlkler (8), who followed a similar approach

TABLI: 1
Moxonaver Caracroiss Axp ParaMmerers Dn-
SCRIBING NENON ABSORPTION 0N GRAVPHITIZED
Cannon Bracks or Varying Suerace 1Terero-
GENEITY

I;.Emm- .(.\'/,I;J'

amle ayer LI R

Sample Cil[)i}l:.:“}' 1(1]1?>||:L;</ Tep, K| Toeétan
{mi/gm} 079

Stering MT 1.02 | 3,24 | 135.5 1 03499

Sterling FT
Original 1.67
.65 burn-olt .78
32,96 burn-off 1.87

901 116.0 | 0,400
.ah 01.4 | .315
27 50.9 | 0.279

-

—
-
10

Girapbon
Original 1
3.6% burn-off i
15-8% burn-off i
24,84, hurn-olf

37.8%, barn-olf

]

L0609 DU3T6
2.4 83.000 0287
A 3.7 10.254
LTl 5.8 | 0.220
5% 5.6 | 0,188

— ey
&

ik
o

o

Ll el 21

{o ours, have shown that the experimental
value of Toe has a real physienl significance,
heeause  two-dimensional  eondensation was
ohzerved by them below the 7w value. Tle-
cendly, Stecle and Warl (17) measured the
heat capucities of Graphon hoth in the
absenee of adsorbate and in the presenee of
about one half a monolayer of Ne, Ar, and
Ior, They aseribed the maxima in the heat
capaeity curve, when the adsorbate was
present, to the two-dimensional eritical point.
The ratios of Tuwe/Te reporied by them for
Ne, Ar, and Kr were (.36, 0, and 041
The authors note that a value of 0.40 for the
ratio of Tue/The for Xe on Sterling MT, as
reported by us, appears to be quite reasonable
on the basis o their resulis. Thug, these fwo
different independent approrches, which give
similar results, lendd support to the wse of
Eq. (3} to estimate T .

It is interesting to note that the experi-
mental ratio of Tae/Tse for the three graphi-
tized curbon blacks s stgnificantly less than
the theoretieal value of 0.5 predicted by Hill
(4} and deBoer (1), Equation (3) hoas been
explicitly derived for a homogeneous surlace
{4, 16). However, an ideal homogeneous sur-
free is far rom a reality. In addition fo traces
ol impurities, some heterogeneily is intro-
duced by point and line defeets in the basal
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plane of the erystallites and by ervstallite
bhoundaries, 1t 1s known that a frackion of the
surfuce of graphitized enrbons is energetieally
heterogeneons (12),

The value of Tue for Craphon is lower than
that for Sterling MT and Sterling P, The
particle size of Graphon is signifieantly less
thao that of the other samples. Sinee upon
graphitization the growth in ervstailite size
iy Hmited by the particle size, Graphon also
las a signdficantty smaller eryséallite size than
the Sterling semples. Henee, it would also
possess agreater density of ervstallite bound-
aries, wlong which are located high cuergy
sites. Uthers also concelude that Graphon is
more heterogeneous  than the lower area
Sterling FT oand Sterling MT (15, 18, 19),
Thus, 6 appears that the departure of the
experimentat value of T from the theovetionl
vadue ean be used us g eriterion of surfaee
boterogenetty of the carbon. This suggestion
receives support when the results for sumples
ol differend levels of burn-off are considered
(Tuble 1), 1t is seen that for a given black as
the extent of surfaee helerogeneity is in-
creasedd, as a result of progressive aetivition,
the value of Tue decreases. For instanee, in
the euse of Graphon, the value deercases from
9IS for the original sample to H4.6°IK for
the 389 burn-off sample, The effeet is not so
marked in the esse of Sterling BT where the
alue drops frome 116°IC for the original
smple o 809K for the 33% bun-off
sample, thus suggesting that under compae-
able levels of burn-off, Graphon is more het-
erogeneots than Sterling F'P, The effect of
ansifieation on ehanging the 17, value {(that
ix, monolayer eppacity) of the two blaeks is
alsa different. In the ease of Graphon, Ve B
ereaxes from 137 ml/em for the original
sample Lo 199 mb/um for the 38% burn-off
sample; wherens for Sterling 7P the value
iwerenses lrom 1LO7T ml/gm for the original

satnple to 188 mb/gm for the 33% burn-off
santpHe.
For gases wdsorbed on tenie substrates)

deBoer (1) hax atbribuled the Taet that the
two-dimensional eritien] temperature is lower
than the theorefient vaiue to the mutual
repulsion of dipoles indueed i the adsorbed
molecules by the e Inttice of the adsorb-
ents. This deads o deereased  adsorbate-

adsorbate mteractions, that s the value of «
in L. (3) decrenses, He has also roported (20)
that the values of o for guses ndsorbed on
charcoal are ahvnys far bower than the theo-
retien]l ones and very often negutive, Since
the polarization of wdsorbed moleciles by the
field of charecal has been reported by Magnus
(21, 22}, deBoer ins suggested that the dipoles
induced in the adsorbed molecules tend to
repel cach other thus lowering the value of
Tae. However, the magnitude of these induced
dipoles has been reported to be too high in
compurison to the estimates rom contact
potentinls (23) and work function lowering
{24), 14 has been suggested (25) that o part
of the repulsion must be due to 1 mechanism
other than the ordinary elestrostatic polini-
zation. Based on a third-order perturbation
treatment, Sinanoglu and Pitwer 25) have
postuliated the existence of three-body repul-
stve forees for spherieal molecules in the
presence of o semi-infinite  surfaee. The
existenee of sueh forees has also been advo-
eated by Melachlan (26). It hus been argued
253) that the three-body forees should become
appreciable when the third-body s o large
surface. Tn addition to the induced dipoles
caused by the clissienl electrostatic effect,
the three-body repulsive forces ean also eause
a lowering of T . deBoer and Kroaver (273
have reported the same value of the nduced
dipole moment [or a gas adsorbed on various
kinds of eharcoul mud graphite. The tarbo-
strntie elireanls are definitely more hetero-
geneous than praphite, whieh is composed of
[arger and more aligned erystatlites, I surfuee
heterogeneity has no effeet on the magnitude
of the indueed dipole moment, as veported by
deBoer and Iruyer, the polarization effeet
alone cannot expluin the variation of two-
dimensional eritienl temperature with surlaee
hoteragencity. More recently, deBoer and
Broeklwll (28) have reported that no polar-
zation of Ivr atoms takes plaee upon adsorp-
tion on Sterling T Toss andd Olivier )
sugpest that differences in B va, 0 plots and
two-dimensionad eritien! femperntures less
than the thesretieal value can be expliined
withoub postulating uny indueed varintions
in ndsorbate-adsorbate laterst intersetions,
by nssuming the substrate to be heterogene-
ous. On the basis ol our results, we congur
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with the view of Ross and Olivier (23, lafer
en shared by deBoer (29), tlm(- srlface
hetorogenelty dees influence the two-dimen-
sional eritical temperature.

To the authors’ knowledge, this is the first
direet and svstematic approach where the
effest of surfaee heterogeneity on the two-
dimensional eritienl temperature of condensa-
tionn has been reported. However, the cxact
mechanism by which this influence is brought
ot is opent to speeudation. Steele and Warl
(17) snpgest that the magnitude of potential
harriers to translation across the surfnee
affects the configurational properties of the
interneting sdsorbed atoms and henee T .
Or expressed another way, heterogeneity re-
duces the effective internction cnergy  (as
mioasured BY @) AHG, T,
moleewles &0 adsorh al pos
those Tor the uphmumdm, internetion,
Stoele ud Warl Teported that Teef Tee 19 Toss
for Ne than for Ar or Ky on Graphon and
coneluded that this s a resuli of the larger
potential barrier to surface fransiation for Ne
compared to Ar and Ry, In this study, gasifi-
eation of the graphitized earbon blacks wiil
Iinve inereased the width and depth of erys-
tallite beundaries and enlarged the dinmeter
and depth of point defects in the basal plane
of the erystallites. Therelore, gasification is
expected fo.inerease the magnitude ol _the
potential bariers for the translation of Ne
aern:

Following the reasoning
of Steele and Isarl, sasifieation of the samples
should then result in a deerease in T for Xe,
whieh is found to be the ease,

On the basis of the computed model iso-
therms, Ross and Olivier (2) have predicted
that both the shape and slope (and, henee the
two-dimensional eritieal {empernture) of the
17 wvs, 0 plots should change with surface
heterogencify. However, the model isotherms
were derived on the sssumption of random
distribution of energy sites on the surface,
This might be true in the ease of the unae-
tivated graphitized carbon blacks. However,
in the case of the activated samples, it i
known that most of the active sites are not
isofated and randomly seabtered about the
surfiee but rather grouped together in patehes
at the edges of the graphite planes (300,

The authors realize that it would have len
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Further support to their results if the phenom-
enon of two-dimensional eondensation could
have been eonfirmed experimentally at fem-
peratures less than the observed two-dimen-
stonal eritieal temperature. However, the low

vapor pressure nl Xo b osueh low f(,mpcm bures
[for example, -£S X 107% Torr ab 60°IX (31)]
did not permit such an attempt, ab leash with
the equipment used in the present investign-
tion.
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