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Adsorption of Oxygen and Nitrogen on Surface-Modified Carbons
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Saran carbon adsorhs more Ny than Og at 23°C due to stronger interaction of the larger nitrogen
molecule with adsorbent pore walls, Exchange of H ions on carboxylic acid groups located on the
surface of oxidized Suran carbons and Carbolac-1 by calcium ions increases the extent of chemisor]-
tion of Oy and physisorption of N, if the carbons are oulgassed to at least 180°C. Fhe higher uptluke
of Nu has been attributed to interaction of the nitrogen quadrupole moment with the electrostate
field gradient. Tt is suggested that the chemisorption of oxyges on the Ca-exchanged carhons is due
to carbanion formation upon decarboxylation of the calcium salt of surface carboxylic acid groups.
"Phe addition of large amounts of chlorine to Saran carhon has a negligible effect en the ratio of N»

to O which is adsorbed.
1. INTRODUCTION

Physical adsorpiion on carbon surfaces has
been used extensively for purification and
separalion of various gases (I, 2). Since there
is an increasing demand for oxygen in different
technological processes, altempts have recently
been made to separate oxvgen from air hy
selective adsorption on carbons having high
specific surface areas. Nandi and Walker (3)
have shown that certain microporous carbons
exhibit molecular sieving properties lowards
0. and N, resulting in seleclive oxygen
adsorption from air. These workers also ob-
served that carbons having vinylidene chleride
as their main organic precurser had a greater
uptake of Na than Oy at room temperaiure.
Since the kinetic diameter of Ny is larger than
that of Oy (3.64 and 3.46 A, respectively),
these results cannot be explained in terms of
moelecular sieving but rather by specificity in
physical adsorption. Specific interactions due
to clectrostatic forces between various ad-
sorbates and solid surfaces have been reported
in the litersture (2). Drain (4) has shown that
both Oy and N2 have similar heats of adsorption
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on nonionic solids, but in the case of ionic
solids the heat of adsorption of N: is higher.
He has suggested that this may be due to the
larger quadrupole moment of N. compared ta
that of OQu Huang and Emmett {3) observed
that the adsorption of molecules having high
quadrupole moments is increased on cation-
exchanged silica-alumina.

Carbons possess high surface reactivity and
it is possible to change their surface polarity
by fixing dipole groups like C-Cl or by cation
exchange of surface carboxvlic protons, 1t
would be desirable Lo investigate if adsorption
of Na on high surface area adsorbent carbons
can be enhanced by interaction of the nitrogen
quadrupele moment with the deliberately
introduced surface dipoles or surface electro-
static field potential. The present paper is an
attempt in this direction.

1L EXPERIMIENTAL
A, Malerials

Saran carbon and Carbolac-1, a highly
oxidized channel black manulactured by Cabot
Corporation, were used as adsorbenis. Saran
carbon was prepared by the pyrolysis of Saran
(2 copolymer of PYDC and PVC in 2 ratio of
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TABLE 1

Adsorption of Oxygen and Nitrogen on Various Carbons

Sample Surinee Adsarption at 25°%C and
area &0 Torr (emi/)
/)
I'5e a2 Vuelioe

S{000°C) 882 8.6 7.7 1.12
S(CO.-19.6) 882 8.6 7.7 1.12
5{C0.-38.3) 92.1 8.2 8.0 143
S{CO.-00.4) 816 7.3 7.0 1.
Si{air-48.6) 7i5 6.5 0.2 105
Siair-63.8; (] 6.2 kR 1.03
Carbedac-t 930 3.3 3.3 1.00
Graphon 80 0.8 (.8 LO0

about 9:1) In an argon atmosphere. The heat-
ing cvele was: o heating rale of 100°C/hr 1o
330°C, hold at 350°C for 2 hr, a healing rate
of 200°C/hr to Y00°C, and hold at 900°C for
4+ ke, Saran carbon was activated lo various
levels of burn-off in air at 430°C and in CO.
al 800°C. The experimental details of pyrolysis
and activation have been described elsewhere

(©).

B Treatment of Sam ples

1. Madification of chlerine confend. Chiorine
contents of selected Saran carbons were de-
creased by treatment in hydrogen at 800°C
for § hr and increased hy treatment with
chlorine at 430°C for 10 hr (7). Following
chlorination, the samples were washed with
distilled water and dried at 120°C in vacuum,
Chlarine contents of the treated sumples were
determined by the Parr method.

2. Oxidalion with uilvic acid. Surface car-
bhoxvlic groups on the Saran carbons were
introduced by oxidation with nitric acid. For
this purpuse, 3 g of carbon were hented to
dryness with 20 cm® of concentrated nitric acid.
After oxidation, the sumples were washed with
distilled water and dried at 120°C.

3. Exchange with caleiiom ions. Calcium ions
were introduced on the oxidized sumples of
Saran carbon and Carbolue-1 by treatment
with 2 M calcium acetate solution at 60°C,
The calclum-exchanged carbons were wushed
with distilled water and dried in an air oven
at 120°C. The calclum content of the treated
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samples was determined  gravimetrically as
caleium oxide by burning the sample at 930°C.

C. Adsorption Isotherms

Adsorption of Qs and Ny was measured at
25°C in a eonventional volumetric appuaratus.
Before making an adsorption run, the sample
was normally oulgassed overnight at 120°C.
Thirty minutes was allowed for each adsorp-
tion point, with equilibrium reached within
this time period. All adsorption volumes given
in the paper are reported at STP conditions.

1L RESULTS AND DISCUSSION

Adsarption isotherms of Ny and O2 on un-
activaled Saran carbon and Carbolac-1 are
shown in Fig. 1. The isotherms are Jinear and
reversible  over the entire pressure range
studied. Volumes of No and Oy adsorbed on
various samples at 600 Torr are given in
Tuble I. Fxperimental uncertainty in amounts
adsorbed was 0.1 em®/g. Suran samples {S)

@
T

VOLUME ADSORBED, cefy

]
3 20 200 600
PRESSURE, tor?

Fis. 1. Sorption isotherms of nitrogen and exygen
at 25°C on Suran carbon and Carbolac-1. Saran carbon:
G, Nuy A, Ow Carbolue-1: 7, Ny 3, Gy Solidd points
denote desorpion data,
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TABLE 11

Adsorption of Nitrogen and Oxygen on Saran Carbons as Indluenced by Chlorine Content

Sample B Chiorine Adsorption at 25°C and 600 Torr {ois*/g)
ared eotitent -— o
{m/s) (5] YNg HOR xef Vo
S{960°C) 882 0.03 8.6 77 1.12
SEOPCHH 857 il 8.4 7.3 i.15
S{air-63.8) 680 (.01 6.2 A 1.05
S(air-63.8;Cly REd 21.6 38 3.5 149

are designated as to the activating gas, COq or
air, and the level of carbon burn-off. Surface
areas, as determined by CO. adsorption at
25°C, using the Dubinin-Polanyi equation {6)
are also given in Fable 1. Resulls obtained for
a graphitized carbon black, Graphon, which
has a homogeneous surface and is devoid of
porosity, are also included in Table I. Con-
sidering the resulls, it is scen that in the case
of Carbolac-1 and Graphon, uptake of Or and
Nais equal. However, in the case of unactivated
Saran carbon, uptake of Ny is significantly
higher than that of Q.. Activation of Saran up
to 19.69; burn-off does not change its adsomp-
tion capacity for Na or Ox Upon further
activation, the uptake of both N. and O
decreases and the ratio Vy,/ Vo, also decreases
to & value only slightly above one.

It is not possihle to calculate closely the
fraction of total area of the carbong eccupied
by the Ny or Oq adsorbate becuuse adsorption
is taking place much above the critical tem-
perature of the molecules. However, coverage
is certainly low; it is estimated to be in the
range 0.015 1o 0.04 of the total surface; if a
value of 16 A% is taken for the molecudar arca.

The higher uptake of Ny on Saran carbons
may be due to the presence of residual amounts
of chlorine (0.03%, Table I} relained even
after carbonization. This chlorine, when at-
tached to edge carbon atoms, can give rise {o
C-Cl dipoles. Although guadrupole-dipole
interactions are generally weak, higher adsorp-
tion of N2 on Saran carbons may be explained
by specific interactions between C-Cl surface
dipoles and the permanent quadrupole moment
ol a nitrogen molecule. In order Lo examine
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this aspect further, the chlorine content of un-
activated Saran carbon was decreased by
hydregen treatment. The surface area, chlorine
content, and amounts of Q. and Nu adsorbed
on the treated samples are given in Table I7.
It is scen that the removal of traces of chlorine
from the Saran carbon does not significantly
change the extent of adsorption of Os and N
In order to see if adsorption of N» can be en-
hanced by Asation of large amounts of chlorine,
a Saran carbon activated to 63,857 weight loss
in air was treated with chlorine gas at 430°C.
This treaiment resulted in the fixation of
21.69 by weight of chlorine. Taking 8.2 A% s
the area for a chemisorption site on carbon (8),
it is estimated that about 449 of the carbon
surface is covered with chlorine atoms. After
chlorination, there is a considerable decrease
in total surface area as well as the amounts
of Oy and Ny adsorbed but no significant change
in the Vx,/ Vo, ratio {Table IT).

It appears thal chemisorbed chlorine elfec-
tively blocks some of the micropores, Lhus
resulting in loss of area. Dacey and Thomas (9)
and Barton ef af. (10} have shown that Saran
carbon has a uniform array of sht-shaped

TABLE 11

Characteristics of Calcium-Exchanged Samples

Sample Surface Calcium content

iren e
{meim {smntoles/ (mmoles;
1) 7

mi}
S{air-63.8)1INO; 350 — —
S{air-63.8YHNOs-Ca 400 1.85 3.8
Carbolac-2 630 e —
Carbolac-1-Ca 00 (.32 1L.538
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Fi, 2. Sorption isotherms of nitrogen at 25°C

en Saran carbons {AY and Carbolae-1 {B). S(air-
63.8)HNO;: Iefore Ca-exchange ©, 120°C; after
Ca-exchange A, 120°C; [, 250°C. Carholac-1: before
Cu-exchange Q, 120°C; after Ca-exchange: v7, 120°C;
O, 180°C; 03, 280°C; A, 350°C. Solid points denote
desorption duta,

micropores of 5.5 to 6 A in width. Thus in the
case of unactivated Saran carbon, adsorption
of O, and N. occurs in & pore system of
molecutar dimensions so that interaction of the
adsorbed species with more than one pore wall
need be taken into account. Since the kinetic
dianmeter of N, is slightly larger than that of
Oy, stronger inleraction of Ny with the pore
walls is expected. This would lead to @ higher
uptake of Ny compared to that of Os This
explanation is supported by the fact that upon
activution of Saran carbon, the ratio Vx,/Vo,
decreases (Table 1}, Since activation would
enlarge the pore sizes, it would be expected o
resuit in @ preater decrease in interaction of Na
than Oy with two pore walls, This explanation
also receives support from the fact that in the
cuse of nonporous Graphon and Carbolac-1,
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which possesses micropores in the range
-1t A (11), uplake of both Ny and Q. are
equal (Table I}.

Adsorption of Oy and Na was next studied on
calcium  exchanged samples. Their calcium
conlents and surface arcas are given in Table
HI. Following oxidation with nitric acid, the
surfuce aren of the Saran sample decreases by
about 2097, Furthermore upon exchange with
sufcium lons, surface areas of Carbolac-1 and
the oxidized Saran carbon decrease by about
3 and 1Y%, respectively. Calcium-exchanged
Carbolae-1 has a lower conient of calcium per
unit area than does the calclum-exchanged
Saran sample. This is presumably because
treatment with nitric acid in the case ol the
Saran carbon is a more drastic oxidative treat-
ment, resufting in the formation of a higher
concentration of surface carboxylic acid groups,
than the air oxidative treatment undergone
by Carbolac-1 during its production.

Adsorption isotherms of Nu on the oxidized
Saran carbon as well as calcium-exchanged
samples are given in Fig. 2. Prior to adsorplion
runs, the Ca-exchanged samples were out-
gassed overnight at temperatures varying
from 120 to 350°C, Considering first the results
for the samples outgassed at 120°C, it is scen
that in ihe case of the Saran sample, exchange
with calcium ions does not cause any change
in the extent of N2 adsorption. However, the
uplake on Carbolue-1 decreases shightly upon
jion exchange. It is noteworthy that for both
the Ca-exchanged samples, uptake of Na in-
creases when samples are outgassed above
120°C. In the case of Carbolac-I outgassing
above 250°C has ne additional effect on N
uptake. Adsorption of Naon the Ca-exchanged
samples is reversible. it is significant that the
shape of the isotherms on the Ca-exchanged
saumples is modified following evicuation above
120°C. This indicates a change in the encrgetics
of the adsorption process.

Sorption isotherms of Oy plotted in Fig. 3
illustrate the effect of exchangeable caleium
ions on the extent of adsorption. It is seen that
when the carbon samples are heated above
120°C prior Lo adserption runs, the presence of
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TABLE TV

Filect of Exchangeable Calcium Tons on Adsorption of Oxygen and Nitrogen

Szmple Degassing Adserption at 253°C asd 60D Torr (cm/g)

1("!"'2‘;;J wwm"C,\'c[u i Cyele 11
Vxa i"ng 17e3a
S {air-03.8)HNO, 120 3.2 3.2 3.2 3.2
S(air-03.8)HNGO; 25 3.2 3.2 3.2 3.2
Sir-63.8)HNO;-Ca 12} 3.2 3.2 3.2 3.2
Sair-03.8)HNO-Ca 250 +.3 153 3.8 3.1
Carbolic-1 120 3.3 3.3 33 3.3
Carbolac-1 250 3.3 3.3 3.3 3.3
Carbolac-1-Ca 120 3.9 29 2.9 29
Curbolac-1-Ca 180 4.4 3.6 33 3.3
Carbolac-1-Ca 250 33 6.4 3.9 3.3

Carbolac-1-Ca 350 5

3.3 6.6 1.8 3.3

caleium ions significantly increases the extent
of O adgorption. For instance, [or the samples
oulgassed at 250°C, the presence of calcium
ions increases the uptake of Ow on the Saran
and Carbolac-1 samples, by factors of about
five and two, respectively, al an adsorption
pressure of 660 Torr. Furthermore, in the case
of the Ca-exchanged samples, a significant
amount of O is fixed irreversibly and cannot
be desorbed even after prolonged outgassing
al ambient temperature. The irreversible fixa-
Lion of O appears to be due to the presence of
caleium ions because the unexchanged samples
did not fix any O. under identical experimental
caonditions.

Nitragen and oxvgen isotherms were also
measured on th e Ca-exchanged samples follow-
ing irreversible fixation of Gu T..e amounts of
Na and Oy adsorbed are given in Table IV,
Adsorption in Cyele I refers to the uptake of
N followed by outgassing at room Lemperature
and subsequent adsorplien of Q. Adsorpiion
in Cycle It refers 1o Na and O» uplakes,
respectively, on the same sample containing
O retained irreversibly in Cycele 1. It is seen
{Table 1V) that on the Ca-exchanged samples
outgassed above 120°C, uptlake of both (s and
Nu in adsorption Cycle 11 are significantly less
than in Cyvele 1. The resulls for Cycle 1 also
show that whereas the uptake of Na on the
Ca-exchanged samples outgassed at 230°C
and 350°C is grealer than {hat on the un-

exchanged sampies, the amount of oxygen
adsorbed is the same in the two cases.

It has been noted carlier that the adsorption
of N: on Ca-exchanged samples is enhanced
only if the samples are outgassed above 120°C.
A possible explanation of this finding is the
screening eflect of water adsorbed on the ionic
sites. 1t s known (12) that the replacement of
surface hydrogen ions of carboxylic acid groups
by metal cations appreciably enhances the
moisture sorption  capacity of carbons. It
appears that adsorbed water held by electro-
static forces Lo the cations is not completely
desorbed at 120°C so that adsorbed water
prevents interaction between N; and calcium
ions. However, when adsorbed water molecules
are progressively removed on outgassing above
120°C, clectrostatic interaction belween the
N quadrupole moment and Lhe surface field
aradient can result in enhanced uptake of Na.

The quadrupole energy (¢) lor a linear
molecule possessing a quadrupole moment
[On, =— 132 X 107" esu A* (13)] in an
clectrostatic field gradient /2’ is given by

 =— 10F.

The value of the electrosiatic field gradient at
a distance r from an isolaled charge - ne is
given by E' = 2ue/r". In order to estimate
the energy of adsorplion, it is necessary lo
know the clectrostatic field and field gradient
in the vicinity of the adsorplion sites. Assuming
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¥16. 3. Sorption isotherms of oxygen af 25°C on Saran
carbons and Carbolae-1, S{uir-03.8)HNO;: before Ca-
exchange V7, 250°C; after Ca-exchange §, 250°C.
Carbolac-T: hefore Ca-exchange O, 230°C; after Ca-
exchange A, 180°C; O, 250°C. Solid points denote
desorption data,

thal the specific udsorplion sites are the cal-
cium ions, the exact position of the other atoms
and lons In the neighborhood of the calcium
ions, as well as the electrostatic charge distri-
bution, must be known. As discussed helow,
changes in the surface groups containing cal-
gium ions occur upon heating in such a manner
that it is not possible to estimate the electro-
stalic field gradient in the vicinity of the
calcium ions. However, the increase in amount
of N2 adsorbed per calcium fon gives inleresting
information on the energetics of surface inter-
actions. It is seen (Table V) that the increase
in Ny uptake is considerably different for ihe
two carbons. These results suggest that the
interaction between the Na molecule and the
field gradient is weaker for the Saran sample.

TABLE V

Increase in Nitrogen Adsorption on Calcium-Exchanged
Samples Outgassed at 250°C

Sample Nz adsorbed {(om3/g) AN AN
Before Afwer oot/ (mokes)
exchange exchange Ca
{(mole)
S(air-63. 8 HNOs 3.z 4.3 k1 (LUZO
Carbolac—1 3.2 5.3 2.t .17
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TABLYE VI

Oxygen FFixed on Calcium-Exchanged Carbons

Sample Oxygen 02
fixed (moles)
(em* /) 5
(mole)
S{air-63.8)HNG;-Ca 3 (.60
Carhnlue-1-Ca 3.1 0.53

The fact that Oy is irreversibly fixed on the
Ca-exchanged samples outgassed above 120°C
(Fig. 3) suggesls that during the heat treat-
ment, in addition to removal of adsorbed water
molecules, functional groups on the carbon
surface also undergo certain distinet chemical
changes. It has been reported (14) that strengly
acidic surface carboxylic acid groups decom-
pose above 130°C. It is known (15) that
decarboxylation proceeds more readily in the
case of a metal salt of a carboxylic acid than
for the acid itself. The mechanism of decom-
position of carboxylute groups depends on the
nature of the cation as well as the organic acid.
It is generally agreed (15} that decarboxylation
of a salt of a carboxylic acid in the presence of
water proceeds through the formation of a
carbanion; the case of the reaction increases
with increase in the stability of the produced
carbanion. In the present study the Ca-
exchanged carbons are thought Lo be associated
with significant amounts of water held by
electrostatic forces to the cationic species, It
is possible that following decarboxylation of
surface groups, the carbon ceystallite to which
a carboxylic acid group was attached acquires
a negative charge, that is, it behaves as a
carbanion. During the decarboxylation process,
there may be some surface rearrangement of
jonic species with the resuit that their exact
location is difficalt to ascertain. Therefore, it
would be difficult, as discussed earlier, to
determine the interaction energy of Na and
the adsorption sites.

Bohme and Young (16) have reported that
carbanions react with molecular O- at room
temperature vin a variety of steps including
electron transfer, hydride transfer and re-
arrangement. In particular they reported that

Journal of Colloid qnd Interfoce Science, Vol, 57, No. 2, November 1276



ADSORPTION ON

the following reaction takes place:
R- -+ Os— O+ R.

The Oz ion may further react with free
radicals giving new products and also with the
calcium ion giving calclum oxide. Such a
mechanism could explain the decrease in Na
adsorplion fellowing irreversible fixation of
oxygen, as explained below. Amounts of oxyvgen
fixed irreversibly on the two samples are given
in Table VI. It is noteworthy that the ratio of
oxveen fixed to the calcium content is similar
for both samples, indicating that about one
axygen atom is fived for {wo calcium cations.

The decrease in Ny uptake after oxygen hixa-
tion may be due to a decrease in the number of
cationic sites and/or te a weakening of the
electrostatic field gradient. Both these factors
could contribute to a decrease in specilic inter-
action of N2 with the surface.

The slight difference in Oy and N uptake in
adsorption Cycle IL (Table 1V} could be due
to the pore wall effect referred to earlier in this
paper and/or to the presence of the calcium
salt of surface carboxylic acid groups which are
not decarboxylated up to the maximum
degassing temperature used.
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