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Hydrophilic Oxygen Complexes on Activated Graphon
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Liraphon samples have boen reacted in air at 500°C 1o dilferent earbon burn-ofis up
to 705 in order 1o produee samples of varyving active surface areas. The extent of
active siface aren developed was measured by oxygen chemisorptiion at 350°C. 1
inerensed From 0.2 to a maxinmm of 5.2 m*/gm with mereasing earbon hurn-off up 1o
0%, In all eages the active aves was less than 49 of the BET area, measured Ly N.
ab T8°K, Adsorption of water on Lhe activated samples, having their aetive sites D
tially or cempletely covered by oxygen complex, was studied between —3.3° and 20°C.
The amoeunt of water adsorbed was shown to be proportional o the area covered by
oxygen. Adsorption was reversible al relative pressures helow 0.4, The Lheai of adsorp-
tion of waler over esseniially all the monslayer region elugely spproached its heat, of
liquefaetion; in this ease completion of monelayer coversge with waler veeurs al
#/pv = (L5, With the area of the water molecule talken to he 10,0 A2 which is the
valuge entenluted for hexagonal elose packing, execlions sgreement was found hetween

FGni2

the water adsorption arew and the aren covered by oxvgen eliemisorption,

I INTRODUCTION

A number of stadies have been conducted
o water adsorplion on earbon surfaces.
These studies have all led to the same
quaditative  conclusions: (1) well-eleanad
surbon surfaees are essentinlly hydrophobie,
andd (2} the presence of oxygen complexes
e some fraetion of the surlace renders thas
surfnee hydrophilie, Carbons studied inelude
charcond (I-4), raw earbon blaeks (3-6),
graphitized earbon bineks (4, 6-%), nadural
geaphite (9, nuclear graphite {10}, and
graphite wear dust (11).

Zettlemoyer and co-workers (7) studied
water adsorption between 10° and 23°C on
the graphitized carbon  blaek, Graphon.
They cleaned their sample at 00°C for 12
hours at 10~7 {ory before making adsorption
moeasurernents. They eoneluded that water
adsorbed in elusters on only 1/1500 of the
total  Graphon swrface. Healey and  co-
workers (8) modified the Graphon surface
by oxidizing i in 1 atm ol O at 330°C for
various times up to 17 hours. The oxidized
samples were degassed at 1078 {orr at room
temperaibure prior to the study of water ad-
sorpfion at 25°C. Undoubtedly this treat-

ment bolh gasificd away some earbon (there-
by partinlly aetivating the Graphon) and
formed some oxygen complex on the carbon
surface, which was not removed by demassing
ab room  temperature (1230 The authors,
however, did not measure the extent of
carbon burn-off nor the amount ol oxygen
complex formed; butb it is expeeted that the
fraction of swrlace covered with complex
would have inereased with inereasing oxida-
tlon time. Healey and co-workers showed
that inereasing oxidation eaused o progres-
sive inerease inwater adsorbed at all relative
pressives studied (e, up to 0.6). The
authors reported surfnee arens ealentated
from BIT plots of water adsorption (which
they say showed eonsiderable seafter), which
sharply inereased with inereasing Graphon
oxidation. When the isotherms were plotted
as fraction of hydrophilic surface covered
by wafer versus relative prossure, all iso-
therms fell on a single curve. On this basis,
it was coneluded that waler adsorption on
oxidized Graphon was seeurring by a eluster-
ing around hydrophilie sites, where these
sites were pob isolated and randomly sea-
tered about the surface but rather grouped
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fogether i patehes, perhaps at the edges of
the graphitic planes. Following oxidation for
the maximum time of 17 hours, the fraetion
of the totul Graphon surlfaee which adsorbed
wiler was 00124,

Sssentindly, our study is an extension of
the previous study of Healey and co-workers,
where we have attempted to relate guantitn-
tively the aren oeeupied by oxygen complexes
on Ciraphon suarfaees to the aren subse-
quently oceupied by physieally  adsorbed
witfer,

L EXPERIMENTAL

AL ddsorpiion Apparatus. Adsorpiion was
meaxsttred gravimetrieally with the use of a
Belienl guartz spring, 7-8 mm in diameter
el SO0 turns, having o eapaeity of 500 my,
At 25°C, the spring constant was 2.0 vam/
mg. To avoid deteetable variations o this
eonstant, the romm {und spring) were main-
tained at 257 4= LI°C, To assure that the
spring remained at 25°% & 0.1°C during ad-
sorption meastrements, semple huckets were
suspended from a 15 em long intermediide
Yveor hook, Such an arrangement also per-
mitted degnssing of samples up to 1000°C,
without damaging the spring. After the eon-
necting hook and quartz simple bueket were
attehed, the maximum weight of sample
whieh cowld be used was about 300 mg.

The =pring was enclosed iy o tube 150 em
in lengtl and 3.5 em iy dinmeter. The upper
portion of the tube was Pyrex, and the lower
portion was made of quartz, The remainder
of the gliss appurntis was of eonventional
vaeusm design.

Spring extensions  (or weight  changes)
were mestired with o Griflin and George
wthetometer. A minimunm weight change of
ahout 5 X 10-% em eould be deteeted; bul
heeatse of smull fluetuntions in spring tem-
perature (=001°C), weight changes coikd
be measured aceurately only o2 X102 g,

Adsorption temperntares hetween —3.3°
amd  20°C eould be maintalned  within
+0.1°C by surrounding the lower portion of
the sample tube with a 50 em Dewnr
througl which water or water-antifrecze
mixture {at the appropriate temperature)
wus conthnuousty cireulated.

AMost of the desired vapor pressures of
water were generated by immersing a bulb of
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water in o Formu temperature bath (eon-
tnining  approprinte water-antifreeze mix-
tures) controlled to £0.02°C. Waler tem-
perature inside the bulb was measured using
a copper-constantan thermocouple loeated
inside a well submerged in the adsorption
waler. From the water femperature, its
pressure was obtained from standard refer-
enee tubles, It was estimuted that the transi-
tion point from supereooled liquid water to
tee oeeurred ab about —8°C, FPor the lower
femperature sotherms, it was neeessary fo
use iee down to —40°C ko generate the lower
vapor presstires of water required. SBince the
Forma unit did not eool below —20°C, lower
hath temperatures were generated by using
rartous mixtures of ethyl aleohel and water,
cooled by liguid Ny, Temperatures could be
maintnined  within  20.5°C  for  desired
periods.

B, Materiols Used. The carbon used in
the experiments was graphitized Spheron-G
earbon black, Graphon, supplied by the
Cabot Corporation. It eame from bately D25
heated to about 2800°C. From Ny adsarption
ab TR o BET surfncee area of 82 m*/gm
was enleulded. Graphon was chosen for this
study beeause its particles are nonporous
and 1t has aosmall degree of surface hetero-
geneity (13), whicli ean be conveniendly in-
ereased by earbon gasifiention (12). The totad
impurity content was estinuted, by emission
speclroseopy, 1o be <15 ppm.

The 0. used for chemisorption was extrn
ey prade of at least $9.6% purity from the
Matheson Corporation. The water used for
adsorption wus triply distilled {*demineral-
tzed™) water from Lemont Seientific Co. L
was further purified of dissolved gas by re-
peated eveles of freeszing, out-gassing, and
moelting.

(. Keperimental  Procedure. Samples of
original Graphon {held in stliea boats) were
oxidized at 300°C in o strewum of 1 atm of dry
air Tor periods up to 500 hours to produce
desired degrees of aetivation. The rude of
burn-off of Graphon was found to be inde-
pendent of hed depths up {o 1 ineh, which
means that exidation was performed at a
sufficiently  slow mde to assure uniform
masification through the carbon bed (14).
Collowing exidation, the samples were hented
to 950°C and held for 1 hour in a flowing
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HYDROPHILIC OXYGEN COMPLENES ON ACTIVATED GRAPHON

high-purity Ny stream to desorb most of the
surface oxygen complexes in the form of CO
and COs. After a sample was placed in »
quartz bueket and located in the adsorption
apparatus, it was further eleaned by heating
to 950°C for 12 hours In a vacuum of 10°°
torr.

Where dosired, the Graphon samples were
then saturated with a surface oxygen eom-
plex by exposing them to (L5 torr of Ou b
3530°C for 24 hours. Kinetie studies have
shown that ssturntion of the surface is es-
settinlly complete under these conditions
{15), The residuad 0. atmosphere wis then
pumped from the system at 350°C and the
sample enoled 1o room temperature. The
amount of oxygen eomplex introduced in
this way conld not he weighed direetly, he-
amuse about 0.1 mg of the earbon sample
(in n total sumple weight of about 300 mg)
was gasified under the conditions  used,
Rather, the amount of oxyvgen chemisorbed
was determined by heating the sumple to
430°C under w vacuum of 10% torr and
measuring its deercase in weight. Previous
studies have shown that essentinlly all the
oxvgen chemizorbed af 350°CC ean be re-
maved under this condition {12), This loss of
weight was converled to weight of oxveen
removed, on the assumption that almost all
the oxides of earbon eame off as CO (12).
Repeated runs showed that the amount of
exygen chemisarbed ad 3530°C remained eon-
stant under the adsorption conditions used
and thad shight gasifieation did not alter the
surfaee signifieantly.

H it was desived to remove only o portion
of the oxygen chemisorbed at 350°C, the
sanple was degassed ab some intermediante
femperature hetween 350° and 950°C, Tf was
Found that this method of procducing variable
caoverage ol nelive sites with oxygen was re-
produeible.

Before making adsorption runs it was eon-
firmed that wo corrections to the mensure-
ments hid to be made beenuse of: (1) water
adsorption on the sample huaeket and spring
or (2) buoyvaney in the pressure range of
interest {Le., up to 17 torr).

Water adsorption was measured af fem-
perafures hetween —3.3° and 20°C. An ad-
sorption time of 30 min was used Jor each
izetherm point onee the hatle defermining
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TABLE 1
ACTIVATION OF HATHON

" Surfice aren (m¥/gm) 0 ASA nf

Burn-Odf (7). — M““E’[ ASA BET area
(1.0 82 0.2
9.1 2 kS
24.9 114 gt
37.9 128 4. 3.8
7.4 135 5.2 3.0

the pressure of water had reached the de-
sired  femperndure. Bquilibration was ad-
tained m all eases within 30 min.

Desorplion isotherms were reversible a
relutive pressires below ahout .5, and thus
sueeessive isotherms could be measured at
varicus temperatures without the reguire-
ment ol tirst degassing al higher tempern-
tures.

I RESULTS AND IMSCUSSION

Ao cetivation of Graphon. Table 1 sum-
marizes results for the erease in BET and
aetive surfuce aren (ASA) of Graphon with
burn-off in air at 500°C. BET areas were
enleulated from N adsorption isotherms
measured ab TSI with the area of the N,
molecule taken as 16.2 A% ABA values were
wleulafed from oxygen chemisorption ab
3530°C, the amount chemisorbed determined
as just deseribed. JU hus been shown that
axyveen chemisorbs on the edges of the
graphite erystallites, ie, on earbon atoms
loeated on the (10T and (1120 planes (16),
Carbon atems in these planes oceupy an
area of ea. B3 A% Sinee chemisorption of
oxygen is known to be dissoeindive {17), il is
assimed that one oxygen alom elemisorbs
on eieh earbon atom and thus also oecipies
an aren of 8.3 A% As shown previeusly (123,
activation of Graphon produeed o minor in-
crense in fotal surfnee ares but a major in-
erese in nefive ares. Upon 700% hurn-off,
the tolal aren inereased only 1.6-fold but {he
aetive aren inercased about 25-Told, Tven
following 70,4 % burn-oft, however, the aren
aetive to Torming o =urface oxygen complex
was less than 4% of the fotad surlface aren.

B. Waler Adsorption an Craphon Where e
ASA e Satwrated with Owygen Coniplea.
Figwre 1 presents isotherms for waler ad-
sorption ab 20°C on samples of Graphon of
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different degrees of aetivation, where the
ABA Is safurnted with oxygen complex. As
expeeted, water adsorption nereased as ace-
tivation of the Graphon was inereased, most
of the inerense oeeurring, however, i the
first 25 % earbon barn-off, In Mg, 2, the ad-
sorption dadn are normalized, expressing
water wd=orption per unit of surfuee aren
covered by oxvgen complex (tauken [rom
Table I). It 15 elear from Fig. 2 that the ex-
tent of water adsorplion is at least propor-
tionai to that fraetion of the Graphon surlfoee
covered by chemisorbed oxygen.

WALKER AND JANOV

€. Desprption Tsotherms. In o all
studicd, adsorption-desorption branches of
the motherms coineided at relafive pressures
below ab least O.F At higher relafive pres-
sttres, however, hysteresis was always noted.
Freure 3 presents typieal isotherms for water
sorption al 20°C on the fully oxygen-covered
surfuce of Graphon previeusly activated to
37.9 9% burn-off.

Puri (18) measurved waler sorption iso-
therms on a sugar charcoal, whieh had been
outgassed ot various femperatures up fo
1000°C, He showed that the adsorption-
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Fre 1. Water adsorption ab 20°C on Graphon samples of different degrees of activation, The active

strfaee areas were saturated with oxygen complex,
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Frc. 2, Water adsorption at 20°C on Graphon samples of different degrees of activation, The amoont
adsorbed s normaulized on a basis of aelive surface area coverad by axygen complex.
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HYDROPHILIC OXYGEN COMPLENER ON ACTIVATED GRAPHON

desorption isotherms do not meet, even elose
lo zero relative pressure, as long as oxyvgen
complex ix present on the charenal surfnee,
whieh ean be removed at higher fempera-
frres o OO L Closure of the hysteresis loop
ad o orelative pressure of (02 for the chareoal
sumple ontgassed at 750°C eoineided with
the complete removal of all COuproducing
complex. Pt suggested that this ecomplex
muy be carboxy] sud/or lwetone groups, As
diseussed previously, little CO. s produced
upon degnssing the eomplex puf on Craphon
at 350°C in the presence of extrea dev Ow
(12). Thus, our resulis appear io he eon-
sistent with Puri’s lindingg, even though the
bwo carbous have signifiennt differenees in
ervstalbite size and impurity coneentrations.
H has previously heen suggested that oxyveen
(‘nin])!{‘\' which (lv{'nm;)nsm te produce CO
i the form of carbony] groups (16, 10).
Wiselev and co-workers (11) have recently
studied the sorption of water on graphite
wenr tlust, whieh was first exposed o O
at 20°C. T=atherms did not elose down ta low
relative pressures of wafer, but this coin-
cidedd with heads of adsorption af lm\' pres-
sures of up to four times the heat of hquc
fnetion of wader. The authors showed that
the water had mteracted with the oxveen
eomplexes o Torm earboxyl and phenolie
groups; presumably the reaetion wus endn-
Ivzed by highly dispersed ron confaminat-
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ing the samples as o result of the grinding
aperntion,

Do Heal of Water Adsorption on (r'm;ihmi.
The heat of adsorption of water on the 87.0¢
burn-off Graphon, the surface of whicl was
sidurated w Hh oxyoen b 350°0, was ealeu-

luted from  isotherms mensured at 20.0°,
HLO®, 1.0°, and —3. J”(' 'I‘ho zl(!-:t';l'pi‘inn

isotherms are shown in . When the
data are l}ln tted on a relative pr{ws'ur(' hasis,
ax in Mg 5, all =otherms closely (mn(ul('
over the reladive pressure range from (.02
to 0.63. This means that the isosterie heat of
adsorption of water over the fempernture
and relative pressure range covered elosely
appronched the value Tor the heat of Hoe-
faetion of water, Le., 10.6 keal/mole. Pl(.‘[(:(.‘.
and Smith previously showed that the net
heat of adsorption of water on Craphon
eleaned ot 1300°C was zero between 0°C
ad 28670 up to a relative pressure of 0.9
(200,

F Surfuce Aveas Calenlaled from Water
Adsorption. on Graphon Swefaces Saturated
with Oeygen Conplex, Hois, of eourse, of great
interest {0 compare the surface areas ealey-
lated from oxveen ('hclnicuqnin“ rostilis
with those caleulated from the physieal ad-
sorption of witer oy Graphon eovered with
chemisorbed oxvgen, Consider the use of the

!U‘ -

BET equation whieh is given as
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o
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Fia, 3. Water adsorpltion-ttesorption isotherms at 20°C on Graphon setivated to 3799 bura-off,

The

ackive surfnee area was covered with oxygen complex,
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Fra. 5. Water adsorption versus water relative pressure at different temperatures on Graphon aeti-
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ot .
Wipo —p) WO

where

C—1 I
+ [n'.,, (]L—] Hl

H = weight adsorhed ot pressure p;
Co=exp (B — Eo/RT neeording
to Ismmett (21);

— IU)) = differenee bebween heat of ad-
sorption znd heat of lique-
fretion; and

H . = weight of adsorbute required to
cover a moholayver,

But it hos just been shown from our ad-

{r

sorphion studies that (FF — By elosely — 0.
Thus, ¢ closely approcehes 1 In Hhis ense,
Fap. 1} eun be simplified to give

R L 2]

Wi — ) .
From Iig. 2], 1V equals W, ot pfpy = 0.5,
I o wren of HLG A% 1s assumed {or the waler
mofectle ndsorbed on geaphitized earbon af
o0°Cr (22, 23y, W, values ean be converted
to surfanee sreas. Tesulis are summarized in
Pable 11, Agreement bebween the areas oe-
eupied by chemisorbed oxygen (ABA) and
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TABLE I
Srnrack Ankas or Activaren (rarnos SayvpeLes
Coverebd sy Oxveex Compnex asp Thus
BY Warsn

Surface aren (m¥%gm) covered by

{iraphon -
burn-off (%) Oxygen complex Water
9.1 1.9 2.0
34,9 ERY 1.6
37,40 4.4 #.1
o 3.2 3.4

those oeeupied by physieally adsorbed waier
is excellent.

OF eourse, one is not certain that 10.6 A2
18 a eorrect area o assign {o the water mole-
cule. This value is obtained if the usual as-
sumplion of hexagonal eloge pucking of the
adsorbateis nssumed. INiselev and co-workers
{24, 23) also suggest an area of 1.6 A? for
water adsorbed  on o graphitized  earbon.
Pawson (23}, basing his ealeulations on the
fuet that higuid water has o partly hydrogen-
bonded structure, concludes that o more
reasonahle molecular area nt 20°C is 10,1 A=
I this value is taken, the water areas in
Pable I} will be deereased by 5% this, if
anyihing, improves the correlation.

In any ease, the anthors find such elose
agreement. hetween the oxygen chemisorp-
tion area and water physical adsorption aren
difficult to understand. Adsorption of water
woutld be expected to be loealized at luitice
sites containing oxygen, as o result of hydro-
gen bowding, H the adsorbed wider were im-
mobile on these sites, it would be most
fortuitous I the aren oceupied by the water
molecule agreed elosely with thad enleulnted
e the basis of hexagonal elose packing of
liquid  water. Indeed, Pieree and Twing
show that even Ny adsorption at 78°K on the
hasal plane of Graphon is fo some degree
loealized and that the moleenlar aven is elose
to 200 A% instead of the 16.2 A? ealenlated
from hexagonal elose packing of liguid N,
{20). ‘

It is significant that the heat of adsorp-
tion of waterin the first adsorption lnver was
essentindly equad to ity heat of liquefaction.
This indicates that each hydrogen in the
water moleeule was hydrogen bonding to a
chemisorbed  oxyvgen atom and that the

194

length and strength of the bonding closely
approached the values lound in bullk water.
For this to be the ease, simple ealeulations
show that it ix most likely that the tweo
hydrogens in a water moleeule were ivdro-
gent bonding to oxygen atoms on curbon
sites i adjacent basal planes of graphite.
Sinee each chemisorbed oxyeen is expected
o be sble to participate fn the formation of
two hydrogen bonds with hydrogen atoms
from two different water molecules, the area
oecupied by o water moleeule would be eogual
to that oceupied by each earbon afom in the
(1017 or (1121 plane, ie., aboud 8.3 A%
However, it is unlikely that eaeh ehemi-
sorbed oxygen atom, in fact, was appropri-
ately located (because of unevenness of
plane  terminalion  wnd  dangling  earhon
fragments) {o participate in two hydrogen
bonds. In this ease, the avernge area oe-
cupicd by a water moleeule would be some-
what greater than 8.3 A

£ Walter Adsorption on Graphon Samples
Wiere the ASA Is Only Partially Covered
with Oxggen Complex, So fnr we have dis-
cussed water adsorption on Graphon samples
which hael their ABA completely covered
with oxvgen. 1t is also of interest to study
water adsorption on Graphon where only
portions of the ASA were covered by oxygen.
As deseribed previously, varyving amonnts ol
covernge were achieved by degassing n
sample snlurated with oxyeen complex af
350°C af different femperntures up to 950°C.
Figure 6 presents typieal degassing results
for the 249% bwrn-off Graphon sample,
initinlly saturated with oxygen. At each
femperature where there is a data point,
outgassing was continued until the weights
loss beeame  immensurnble, Sueh  times,
typically, were from 1 to 2 hours. Most of
the weight loss oceurred between 500° and
700°C. In this ran, the 250 mg snmple of
Graphon underwent a total weight loss of
0.14 mg or 0.056%. Thus, negligihle addi-
tional gasification of earhon resulted.

Figure 7 presents water adsorption iso-
therms mensured at 20°C on the 24.9%
burn-off Graphon sample, where the ASA
was covered by varving amounts of oxygen.
Where the oxygen ecoverage is indieated as
uil, the sample was heated to 950°C for 12
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Fia. 7. Water adsorption isotherms at 20°Ct on Graphon netivated to 21,99

L barn-olt, where its active

sittfuee wns covered to vaeving extents Ly axygen vomplex.

hotrs in @ vacuam of 1075 torr. As expeeted,
removal of oxyvgen eomplex sharply decrensed
wader adsorption. An attempt was mude fo
normalize the adsorption data by expressing
it per wiit of ASA occupied by oxygen com-
plex, as shown in Fig. 8. Normalization of
the duta is reasonably goud up 1o o refutive
pressure of at feast 0.4 Tor all the snmples,
Clearly at 0.5 and above, however, nornu nli-
nl.ili)ll fuils for the Gn 1phnn having ondy

5% of its ABA covered by oxyzen. Water
11]}1;.11\{, was significantly greater than that
predieted. Adsorption in the seeond layer,

. for p/pg > 0.5, would be expected to

follow o somewhat different course depend-
ent upon the density of packing {or closeness
of approach) of the water moleeules in the
fiest. lnyer. If the first layer was densely
packed with water (as was the ease for com-
plete coverage of the ASA with oxyeen),
subseguent adsorpélon would oceur nrore or

less normally with the formation of a
second layer. On the other hadd, if the first
water  laver was loosely  packed  (ABA

coverage of 25 % with oxygen, for example)
adsorption at relative pressures above 0.5
would involve growbh and wiimate conles-
cenee of wafer clusters in the first layer {27)
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Frs. 8 Water adsorption at 20°C un Graphon activaded to 20,94 hirn-off, The

amount adsorbed is

normalized on a basis of active surface area covered by oxygen complex.

plus the formation of n seeond layer. The
resulls shown in Pig. 8 are consistent with
{this reasoning,

Several comments ean he made about the
water adsorption isotherm on the Graphon
sample degassed ab 950°C, shown in Fig. 7.
Unquestionably, in the presence of a residual
pressure of 107% torr, all oxygen complex
wis ot removed from the Graphon (15). If
the amount of water adsorbed af o relative
pressure of 0.5 can be taken as W, for this
sample, then this value ean be subtructed
from W, for the Graphon sample the ASA
of which is completely covered by oxygen
eomplex. The correction is about 10 %. This
result stiggests that the area oceupied by the
water molecule in the first laver may be
about 10% greater than 10.6 A or about
Y AR
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