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Abstract-Sorption isotherms for four gases (N 2, A, Kr and CO2), commonly used in specific surface area 
and pore structure measurements, have been accurately determined on a number of clay mineral and oxide 
systems. 

Specific surface areas obtained by application of the BET theory to these isotherms illustrate the 
extent to which the apparent cross-sectional areas for these sorbed gases vary with surface structure. ex
changeable cation and microporosity. 

V -/I plots for nitrogen adsorption on these materials using nitrogen adsorption on crystalline materials 
oflarge crystal size as a standard isotherm provide appreciable ranges of linearity in each case. The specific 
surface areas obtained from these straight line plots agree well with the corresponding BET values. The 
linearity of these plots for illite clays indicates the absence of capillary condensation and that adsorption 
in slit-shaped pores takes place largely by the formation of physically adsorbed layers on the surfaces. 

Much larger BET specific surface areas were obtained from carbon dioxide sorption at 196 K on 
goethite, hematite and gibbsite than from nitrogen, argon and krypton sorption at 78"K. It is suggested 
that enhanced sorption of CO2 into microporous regions of the oxides, inaccessible to the other gases. 
occurs in a similar fashion to that frequently observed for coal and charcoal materials. V -/I plots for CO, 
sorption in these materials using that for an illite clay as a standard isotherm, support this conclusion. 

Considerably lower BET specific surface areas were obtained for CO2 sorption on kaolinite than were 
obtained for nitrogen, argon and krypton sorption. The shape of the V -/I plots for CO, sorption on kao
linite compared with illite suggest that an initial specific adsorption of CO2 on the kaolinite is followed 
by a change in state with the completion of this layer, allowing normal multilayer formation to proceed. 

INTRODUCTION 

The specific surface area and pore structure of a com
pacted clay system are undoubtedly two of its most im
portant characteristics in determining both its chemi
cal and physical interactions with its surroundings. 
Most chemical reactions in soils take place at the sur
face of the pores, and experimental studies of such 
reactions are almost invariably referred back to a unit 
area basis. Similarly the interpretation of physical 
properties such as swelling behavior, aggregate struc
ture formation, and permeability requires an accurate 
measurement of specific surface area and a knowledge 
of the pore structure. 

The most universally accepted method of determin
ing the surface area of finely divided and porous mater
ials is that of Brunauer, Emmett and Teller (1938), the 
BET method. A number of gases have been utilized 
in the application of this method to the physical 
adsorption of gases at low temperature. Since the 
method is accepted, sometimes without question, 
by numerous workers concerned with the properties 
of clays and clay minerals, it is important to establish 
the limits within which such acceptance can be 
sustained for the different gases in use. 

175 

When vapor adsorption methods were first devel
oped, Emmett and Brunauer (1937) advocated the use 
of nitrogen as adsorbate, and this gas has been gener
ally accepted as the most satisfactory. However, use of 
nitrogen as the primary standard has recently been 
questioned (Aristov and Kiselev, 1963; Pierce and 
Ewing, 1964), there being suggestions that the quadru
pole moment of nitrogen can interact with hydroxyl or 
other polar groups, leading to a change in the cross
sectional area of the adsorbed molecule. 

Argon adsorption at 78°K has been preferred by 
some workers, since this is a symmetrical non-polar 
atom which should be less subject to specific interac
tions affected by changes in the chemical nature of sur
faces. However argon is less strongly adsorbed than 
nitrogen, raising some doubts as to whether the BET 
procedure provides a satisfactory estimate of the 
monolayer capacity (C < 50). Also there are strong 
suggestions that the effective saturation vapor pressure 
(Po) for argon varies between that for solid argon above 
non-porous materials to that of the supercooled liquid 
within micro- « 20 A) and transitional (20--200 A) 
pores (Harris and Sing, 1967; Carruthers et al., 
1971). 
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Carbon dioxide adsorption at 196°K has been 
favored and extensively used in studies on carbon 
blacks, charcoals and similar materials (Anderson, 
Bayer and Hofer, 1965; Walker and Kini, 1965). The 
surface areas obtained using carbon dioxide on these 
materials frequently vastly exceed those obtained by 
nitrogen adsorption at 78°K, indicating the presence of 
large volumes of microporous regions inaccessible to 
the less energetic nitrogen adsorption. Similar effects 
have been noted with the expanding lattice alumino-
silicates such as montmorillonite and vermiculite 
(Thomas and Bohor, 1968; Aylmore, Sills and Quirk, 
1970). 

For the measurement of very small surface areas 
( < 1 m2 g- I) krypton sorption at 78°K has the advan
tage of providing a low saturation vapor pressure at 
the working temp. and hence a marked reduction in 
the volume of unadsorbed gas which has to be cor
rected for (Beebe, Beckwith and Honig, 1945; Sing and 
Swallow, 1960). Krypton adsorption also offers the 
benefit that its inertness makes it unlikely that it will 
interact specifically with the solid surface. 

Because krypton and carbon dioxide sorption at 78 
and 196°K respectively, like that of argon at 78°K, take 
place below the bulk triple point, the use of these two 
gases in specific surface area measurements is likewise 
subject to considerable uncertainty in the correct 
values for saturation vapour pressure to be used in the 
BET analysis. 

Uncertainties in the validity of the BET approach 
when micro- and transitional pores are present (Gregg 
and Sing, 1967) and in the absolute values of molecular 
areas and how these will vary with substrate, have led 
to the recent development of alternative methods for 
comparison of adsorption isotherms. Amongst these 
the t-method of Lippens and De Boer (1965) and simi
lar variations (Sing, 1968; Pierce, 1968) have attracted 
attention as a means of interpreting vapor adsorption 
isotherms and characterizing the porosity of solid 
adsorbents. These methods involve the use of 'reduced 
isotherms' in which the volume adsorbed V, is plotted 
against the corresponding statistical thickness (t) of the 
adsorbed layer on a non-porous reference solid 
(Lippens and de Boer, 1965), or alternatively against 
some arbitrarily chosen parameter Vs = V/ V X> where 
V x is the volume adsorbed at p/Po = 0·4 (Sing, 1968). 
Where adsorption results entirely from monolayer
multilayer formation straight line plots with slope pro
portional to the surface area of the sample will be 
obtained. The presence of complications such as speci
ficity in adsorption, micropore filling and capillary 
condensation will almost invariably result in charac
teristic deviations from linearity (Gregg and Sing, 
1967). Pierce (1968) has pointed out the advantage of 

V-n plots where n is the number of statistical layers on 
a reference standard, since these give directly the value 
of V m' while t values are themselves based on /1 values 
and involve an assumption about the thickness of an 
adsorbed layer. 

Considerable use has been made of V - /1 plots to exa
mine nitrogen sorption in a variety of materials. In the 
present work this approach has been used to illustrate 
features of both nitrogen and CO2 sorption in clay 
mineral and sesquioxide systems. 

MATERIALS AND METHODS 

The clay samples used were obtained from the fol
lowing natural deposits: 

Fithian illite-- From Ward's Natural Science Estab
lishment Inc., Illite No. 35 of the American Petroleum 
Institute Research Project No. 49 (1951). 

Willalooka illite- B horizon from a solonized 
solonetz : Hundred of Laffer, South Australia. 

A.P.I. No. 5 kaolinite-From Ward's Natural 
Science Establishment Inc., Kaolinite No. 5 of the 
American Petroleum Institute Research Project No. 49 
(1951). 

In general, samples of the clays were sodium satu
rated by repeated washing and centrifuging with molar 
sodium chloride during which the pH of the suspen
sion was adjusted to 3·0 using HC!. The samples were 
washed and dialysed against distilled water using Visk
ing cellulose casing, and the < 2 flm fractions obtained 
by accurate sedimentation. 

Samples saturated with cesium, calcium and lan
thanum were prepared from the Na saturated suspen
sions by repeated washing with the appropriate molar 
chloride solution and finally with distilled water using 
dialysis tubing. During this procedure extreme care 
was taken to ensure that no material was lost from 
the samples. 

The air-dried clays were gently ground to a powder, 
equilibrated with 0·75 relative water vapor pressure 
and compressed into 200 mg cores to facilitate sub
sequent handling. Previous studies have shown that 
this compaction into cores has little if any effect on the 
specific surface area or micropore structure of the 
clays. 

Gibbsite was prepared by adding 4 N sodium hyd
roxide to 1 M hydrated aluminum chloride until the 
pH remained constant at 4·6. The precipitate formed 
was heated for 2 hr at 40°C and then dialysed in cellu
lose bags against distilled water for 28 days. 

Goethite was prepared by dissolving 400 g ferric 
nitrate in 1800 ml water and adding approx 1500 ml of 
2·5 M sodium hydroxide solution at 60°C over a period 
of some 24 hr to raise the pH to 12. 
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To prepare hematite 100 g of ferric nitrate was 
placed in 400 ml of water and refluxed for 3 weeks. 

The materials were air dried and lightly compressed 
into 200 mg cores. In each case the preparations were 
verified by X-ray diffraction analysis. 

Sorption isotherms were determined using standard 
volumetric equipment based on that described by 
Emmett and Brunauer (1934) and including many of 
the refinements suggested by Harkins and Jura (1944) 
and Joyner (1949). In general the aluminosilicate clay 
minerals and hematite samples were outgassed over
night at 300c C and 10- 6 mm mercury pressure. The 
goethite and gibbsite samples were outgassed at 60°C 
to avoid decomposition of the samples. Provided the 
pressure in the system remained below 10- 3 mm mer
cury pressure after 20 min isolation from the pumps 
the sample was regarded as thoroughly outgassed. 

Nitrogen, argon and krypton adsorption isotherms 
were determined by the usual doser technique after im
mersing the sample bulb in a liquid nitrogen bath. Car
bon dioxide adsorption isotherms at 195°K were 
obtained by immersing the sample bulb in a gently 
stirred solid carbon dioxide--ethanol slush. In between 
individual isotherms the samples were outgassed over
night at room temp. Nitrogen, argon and carbon diox
ide pressures were measured using a wide bore 
manometer and cathetometer; krypton pressures by 
means of a McLeod gauge. Nitrogen, argon and car
bon dioxide adsorption isotherms were measured to 
the appropriate saturation pressures while only suffi
cient adsorption points to provide accurate specific 
surface area calculations were obtained for kryptQP. 

RESULTS AND DlSCUSsrON 

Isotherms 

The isotherms obtained for nitrogen, argon and car
bon dioxide adsorption on the various materials are 
shown in Figs. 1-4. For nitrogen and argon the satu
ration vapor pressures, measured on an appropriate 
vapor pressure thermometer with the bulb immersed 
in the bath alongside the sample bulb, have been used 
to calculate the relative pressure (p/Po). For carbon 
dioxide and krypton the extrapolated vapor pressures 
for the super-cooled liquids at the temperature of the 
bath have been used in calculating p/Po ' The validity 
of this latter procedure has been discussed by various 
authors (Beebe et ai., 1945; Gregg and Sing, 1967, pp. 
84 and 90). It is,used here since more linear plots were 
obtained in applying the BET theory than when the 
measured saturation vapor pressure was used. 

The values for specific surface areas obtained by ap
plication or the BET theory to the various adsorption 
isotherms using the molecular areas and saturation 
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Fig. I. Argon adsorption isotherms on homoionic Fithian 
illite and A.P.I.- 5 kaolinite ; x sodium, 0 caesium, 6. cal

cium, 'V lanthanum. 
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Fig. 2. Nitrogen adsorption isotherms on homoionic Willa
looka illite, Fithian illite and A.P.I.-5 kaolinite; x sodium, 

o caesium. 6. calcium, 'V lanthanum. 

https://doi.org/10.1346/CCMN.1974.0220205 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1974.0220205


178 L. A. G. A YlMORE 

<; ..., 
E 
" 

o 0 ·' 0·2 0·3 0 ·4 05 06 0 ·7 0·8 0·9 '·0 

P Ipo 

Fig. 3. (a) Argon adsorption isotherms and (b) Nitrogen 
adsorption isotherms on !'-. goethite. x hematite and 0 

Gibbsite. 

vapor pressures indicated are given in columns 2-5 of 
Table 1. 

Careful examination of the isotherms reveals a 
number of interesting features. At lower relative vapor 
pressures (plPo < approx. 0·6) the argon isotherms for 
the Fithian illite and A.P.I.- 5 kaolinite (Fig. 1) exhibit 
excellent reproducibility between the various ion 
exchanged forms of each clay. This reproducibility is 
reflected in the excellent agreement in specific surface 
a reas obtained b y application of the BET theory to 
these iso therms (column 3, Table I). However, at high 
relative vapor pressures there are marked divergences 
between the isotherms obtained on the different 
cation-exchanged forms of each clay. The nitrogen 
isotherms for the different samples of each clay (Fig. 2) 
show slightly less reproducibility at low relative vapor 
pressures (ef. BET areas, Table 1) than was obtained 
using argon, but within these limits essentially the 
same isotherm is obtained for the various samples of 
each clay over the full range of relative vapor pressure 
to satura tion. 

The divergence of the argon isotherms at relative 
vapor pressures above the onset of capillary condensa-
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Fig. 4. Carbon dioxide adsorption isotherms on (a) !'-. 
goethite, x hematite and 0 gibbsite (b) homoionic fith
ian illite and A.P.I.- 5 kaolinite; x sodium, 0 caesium, !'-. 

calcium, 'V lanthanum. 

tion would suggest the presence of different pore struc
tures for the different ion exchanged forms. However, 
this suggestion is contradicted by the reproducibility of 
the nitrogen isotherms on the identical samples. A 
more logical explanation would seem to lie in the sus
ceptibility of the argon sorption to changes in the effec
tive saturation vapor pressure within porous media 
(Harris and Sing, 1967). 

Comparison of the specific surface area results for 
the clay mineral samples saturated with various ex
changeable cations using nitrogen and argon gases 
(columns 2 and 3, Table 1) suggests that the nature of 
the exchangeable cations has little if any significant 
effect on the values obtained. For each gas the varia
tion in the specific surface areas obtained for a given 
clay mineral is within the limits of reproducibility nor
mally acceptable in such measurements. 

Nitrogen values are consistently higher on all mater
ials than the corresponding values obtained for argon. 
Therefore, if nitrogen is taken as the standard adsor
bate, larger molecular areas than 14·1 A2 are indicated 
for argon sorption on these materials. It is also evident 
that the relative molecular areas for nitrogen and 
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Table I. Specific surface areas obtained by application of BET theory and from slope of V- II 
plots for gas sorption on clay materials 

Gas N2 

Molecular area (AY 16'2 

Clay 

Sodium A.P.I.-S Kaolinite 23-1 
Caesium A.P.I.- S Kaolinite 22·7 
Calcium A.P.I.- S Kaolinite 18·9 
Lanthanum A.P.I.- S Kaolinite 20-7 

Sodium Fithian Illite 95·6 
Caesium Fithian Illite 97·2 
Calcium Fithian Illite 96·8 
Lanthanum Fithian Illite 87·2 
Sodium Willalooka Illite 185 
Goethite 39·2 
Hematite 18·0 
Gibbsite 35·2 

argon change significantly with the structure of the 
adsorbent surface. 

The most obvious discrepancies occur between the 
values obtained using CO2 and those obtained using 
the other gases under the present assumptions for 
molecular areas. This is particularly noticeable in the 
cases of the sodium, calcium and lanthanum saturated 
ka9linite clays for which the carbon dioxide values are 
considerably lower than the corresponding nitrogen 
and argon values. On the other hand, the carbon diox
ide areas obtained for the iron and aluminum oxides 
are considerably higher than the corresponding 
nitrogen and argon areas. In view of the larger quadru
pole moment and high polarizability of the COz, 
greater variation in the area occupied by I molecule 
with variation in the structure of the adsorbent surface 
would be expected than for the non-polar nitrogen and 
argon gases. Since the sorbed carbon dioxide could be 
removed by outgassing overnight at room temp., it is 
unlikely that chemisorption contributes significantly 
to the observed effects. The fact that much better 
agreement is obtained for the three gases on the Fith
ian illites than for the kaolinites would suggest that the 
presence of hydroxyl groups on one surface of the plate 
shaped kaolinite crystals might somehow result in a 
reduced adsorption of carbon dioxide. This suggestion 
appears to be contradicted by the considerably higher 
values obtained for carbon dioxide on gibbsite and 
goethite. Both materials possess hydroxyl groups on 
their surfaces. However, a considerably higher specific 
surface area is also observed with carbon dioxide than 
with nitrogen for the hematite sample with its oxygen 
surfaces. This result suggests strongly that an enhanced 

Surface area (m2 g- 1) 

BET (V-n) 
A CO2 Kr N2 CO2 

14·1 22'\ 19·5 16·2 22'1 

17-6 12' 1 22·2 25·3 20·8 
17·6 21·7 24·8 22·8 
16·9 13·5 21·6 18·1 
18·3 12·9 23-5 18· \ 

86·8 95·6 123 103 
87-4 104-4 107 94·6 
89·2 94·3 103 94·9 
87·7 86·4 101 92-5 

183 200 187 185 
35·9 56·3 42'0 43-8 30-4 
14-4 25·2 13-8 19'8 16·1 
29·5 40·9 39'3 42·0 21·7 

sorption of the more energetic CO 2 into microporous 
regions of the oxides, inaccessible to nitrogen and 
argon, is occurring in a fashion similar to but less dra
matic than that observed with carbon dioxide sorption 
on coal and charcoal materials (Anderson et al., 1965; 
Walker and Kini, 1965). Explanations fur this pheno
menon (seemingly anomalous on the basis of molecu
lar size) have been given in terms of activated diffusion 
of the two gases at their respective adsorption tempera
ture. If this is the case, it is clear that interpretation of 
the reactivities of these materials based on nitrogen 
specific surface areas may be . subject to some 
qualification. Just how the presence of hydroxyl groups 
would reduce so markedly the extent of physical 
adsorption on kaolinite is not clear. 

It is interesting to note from Fig. 4(b) that for both 
Fithian illite and A.P.I.-5 kaolinite the sorption of 
CO 2 is apparently significantly dependent on the 
nature of the exchangeable cation. following the 
sequence Cs + > Ca2+ '" Na + > La3

• for both 
materials. Since the isotherms were not obtained in 
any regular sequence it is unlikely that this order 
results from some experimental anomaly. The con
stancy of the differences between the isotherms with in
creasing relative vapor pressure indicates that they 
result from initial interactions with the exchangeable 
ions which displace the remainder of the isotherms 
with respect to each other. 

V- n plots 

Nitrogen adsorption on a large number of non
porous materials has been shown to produce essen
tially the same isotherm when plotted in the reduced 
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form n (= V/V m) vs p/Po (Shull, 1948; Harris and Sing, 
1959; Lippens and de Boer, 1965; Pierce, 1968). V-n 
plots for other materials using this 'universal nitrogen 
adsorption isotherm' enables deviations from simple 
monolayer-multilayer adsorption to be detected and 
the specific surface area of the sample to be calculated 
from the slop of the plot which yields V m' In Fig. 5, V-n 
plots have been constructed for nitrogen adsorption on 
a number of the materials used in this study using as 
a standard isotherm the data provided by Shull (1948) 
for nitrogen adsorption on crystalline materials of 
large crystal size. 

In each case an appreciable range of linearity of the 
curves is obtained and the specific surface areas 
obtained from these straight line regions, given in 
column 6, Table 1, agree well with the corresponding 
BET values. The linearity of these plots up to the 
point at which deviations occur indicates that over this 
region the .. hape of the isotherms is essentially the 
same as that obtained on the non-porous reference 
solids (Shull, 1948). That is, adsorption appears to have 
taken place entirely by the formation of physically 
adsorbed layers on the surface with no indication of 
capillary condensation. 

In the case of the illite clays where the pores between 
the plate-shaped crystals are likely to be slit-shaped, 

140 

/ .. "'----
120 ( 

l 
I 

I 
100 / 

I • 
80 / ./ • ./ • I • / ..... 

V , 111./ I 
60 • I /./ • I /.~ 

• 
40 • 1 .' o' 

•• .' 
20 

n 

Fig. 5. V -/1 plots for nitrogen adsorption on ... sodium Wil
lalooka illite, • sodium Fithian illite, 0 sodium A.P.I.-5 

kaolinite,£:' goethite, x hematite, 0 gibbsite. 

filling of the pores occurs when the physically 
adsorbed layers merge in the center of the pore. This 
filling results in a reduction of the surface area avail
able for subsequent adsorption. For the FithiaQ illite 
this point corresponds to the presence of about 2'1 
layers on each surface or parallel plate separations of 
roughly 16 A (taking the layer thickness as about 4 A). 
Similarly for the Willalooka illite, the filling of the 
smallest pores is completed with approx. 2-4 layers on 
each surface corresponding to parallel plate sepa
rations of some 19 A. For both materials this filling 
takes place at relative pressures above about 0·8. 

Subsequent desorption would then occur by capil
lary evaporation governed by the curvature of the 
semi-cylindrical menisci formed. Both the previous 
values agree well with the lowest pore sizes indicated 
by pore size distribution analyses obtained by appli
cation of the Kelvin equation, in the forin appropriate 
to semi-cylindrical menisci (Innes, 1957), to nitrogen 
desorption data on the same materials (Aylmore and 
Quirk, 1967; Aylmore, unpublished data). These pores 
are not emptied of capillary condensate until the rela
tive vapor pressure is reduced to about 0·35. Thus, the 
hysteresis which is almost invariably observed in 
adsorption-desorption isotherms carried to satu
ration, results at least partIy, for systems such as clay 
materials containing slit-shaped pores, from a delay in 
the formation ofa meniscus during the adsorption pro
cess. These observations are consistent with the 'open
pore' theory of the origin of hysteresis first outlined 
by Foster (1932). Thus the use of desorption iso
therms in pore size distribution analyses on such 
materials is more valid than the use of adsorption 
isotherms. 

In contrast to the plots for the illite clays, that for 
gibbsite curves upwards after the initial linear region . 
This behavior is characteristic of materials in which 
enhanced sorption, above that corresponding to multi
layer formation, occurs as a result of the onset of capil
lary condensation in transitional pores. The presence 
of such pores would explain the way in which the 
argon and ~itrogen isotherms in Fig. 3 cross over the 
corresponding isotherms for goethite at roughly 0·65 
relative vapor pressure and thereafter increase more 
rapidly. The V -n plots for both goethite and hematite 
remain linear to high n values indicating the absence 
of transitional pores. Pores in which such condensa
tion occurs are more likely to approximate a cylindri
cal shape and a relative vapor pressure of 0·65 indi
cates a pore radius of 30 A for the onset of condensa
tion. 

The apparent susceptibility to change in substrate of 
the molecular area for CO2 makes it less feasible to 
construct a 'universal isotherm' for this gas. However, 
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Fig. 6. V -n plots for carbon dioxide adsorption on 6, 
goethite, x hematite, 0 gibbsite, v sodium A.P.L-5 kao
linite, 0 caesium A.P.L-5 kaolinite, .. sodium Willalooka 

illite. 

an interesting comparison can be made between the 
various materials using the carbon dioxide isotherm 
on sodium Fithian illite as a standard. This isotherm 
was chosen because the carbon dioxide area agrees 
well with the nitrogen area under the present assump
tions. In addition, the adsorption of carbon dioxide on 
Fithian illite is completely reversible up to high rela
tive vapor pressures indicating the absence of capillary 
condensation. The V -n plot obtained in this way for 
carbon dioxide sorption on sodium Willalooka illite, 
shown in Fig. 6, yields a straight line passing through 
the origin. The specific surface area obtained from the 
slope agrees well with both the nitrogen and carbon 
dioxide BET values (Table 1). In contrast, similar V-
n plots for carbon dioxide sorption on goethite, hema
tite and gibbsite provide good straight lines with posi
tive intercepts on the volume axis. This behavior is 
characteristic of materials in which micropore filling has 
occurred and strongly supports the previous interpre
tation of the larger BET specific surface areas 
obtained with carbon dioxide than with nitrogen. A 
simple variation in molecular area with respect to that 
on the illite would alter the slope of the V -n plot for 
these materials but the plots would still pass through 
the origin. The specific surface areas obtained from the 
slopes of these lines (column 7, Table 1) are smaller 
than the nitrogen BET areas: however, this difference 
could be accounted for either by variations in molecu-

lar area or degree of accessibility to nitrogen and car
bon dioxide sorption in the different materials. 

The V -n plot for carbon dioxide sorption on sodium 
A.P.I.-5 kaolinite is equally interesting. The linear 
region of the plot gives a specific surface area close to 
that for the BET nitrogen value but intersects the 
abscissa. Below n ~ 0·9 there is little change in sorp
tion at least down to an n value of about 0·6. This sug
gests that the initial sorption of carbon dioxide on this 
material takes places with a considerably larger effec
tive cross-sectional area per molecule, presumably as 
a result of some specific interaction, than occurs with 
the illite-clay. With the completion of this layer a 
change in state for subsequent adsorption occurs 
allowing normal multilayer formation to proceed. 
Although not shown in Fig. 6, similar effects occur 
with both the calcium and lanthanum saturated kao
linites. However in the case of the cesium saturated 
kaolinite this effect is less evident and a more normal 
V-n plot is obtained (Fig. 6), providing a specific sur
face area in excellent agreement with both the nitrogen 
and carbon dioxide BET values. The structure break
ing properties of the large cesium ion thus appear to 
hinder the formation of a specifically adsorbed layer. 

It is possible that the development of this dilute 
layer arises from an interaction between the large per
manent quadrupole moment of the carbon dioxide 
molecule and the electric field gradient in the neigh
borhood of the exchangeable cations. Thus, the 
strength of the interaction would increase with increas
ing ionic charge and decrease with increasing ionic dia. 
Alternatively, it seems more likely that the develop
ment of a surface induced structure in the first layer of 
adsorbed molecules is disrupted to an extent deter
mined by the size and frequency of cations on the sur
face. Although the initial adsorption of carbon dioxide 
on both illite and kaolinite is subject to the nature of 
the exchangeable cation, the sorption on kaolinite is 
clearly much more inhibited, despite similar surface 
densities of charge for both materials. This behavior is 
at present under more detailed study. 

CONCLUSIONS 

It is clear that specific surface areas obtained by ap
plication of the BET theory to gas sorption isotherms 
on clay mineral systems are subject to significant vari
ations in apparent molecular areas with variations in 
surface structure, exchangeable cation and microporo
sity. Argon sorption appears the least subject to such 
variations at lower relative vapor pressure and is thus 
likely to provide the most reproducible areas by appli
cation of the BET theory. Uncertainties in the effec
tive saturation vapor pressure for argon sorption at 
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higher relative vapor pressures where capillary con
densation occurs, and the reproducibility of the 
nitrogen isotherms in this region, indicate that 
nitrogen is a better choice for pore size distribution 
analyses based on the Kelvin equation. 

The range of linearity of the V -n plots for nitrogen 
sorption on the clay minerals indicates that adsorption 
in the slit-shaped pores within these systems takes 
place largely by the formation of physically adsorbed 
multilayers on the surfaces. With the filling ofthe pores 
desorption would then be governed by the curvature 
of the semi-cylindrical meniscii formed. Hysteresis in 
such systems thus results at least partly from a delay 
in the formation of a meniscus during the adsorption 
process in accord with the 'open-pore' theory. 

The larger specific surface areas obtained by appli
cation of the BET theory and the positive intercepts 
on the volume axis in the V··n plots for carbon dioxide 
sorption at 196°K on goethite, hematite and gibbsite 
suggest the presence of micro pores in these oxides, in
accessible to nitrogen, argon and krypton sorption at 
78°K. Interpretations of the reactivities of these mater
ials based on nitrogen, argon or krypton sorption 
would not take such micropores into account. Thus for 
many purposes, particularly in comparisons between 
similar oxides, the greater penetration and absence of 
capillary condensation indicated by the V -/1 plots for 
carbon dioxide sorption at 196°K, may make this gas 
a more appropriate adsorbate than the conventional 
use of nitrogen and argon. 

The lower BET specific surface areas and the shape 
of V -/1 plots for carbon dioxide sorption on sodium, 
calcium and lanthanum saturated kaolinite suggest 
that an initial specific adsorption of carbon dioxide on 
these kaolinites is followed by a change in state for 
subsequent adsorption allowing normal multilayer for
mation to proceed. 
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Resume--Les isothermes de sorption de quatre gaz (N2' A, Kr et CO2 ) utilises couramment pour les 
mesures de surface specifique et de structure des pores, ont ete determinees avec precision sur un certain 
nombre de mineraux argileux et d'oxydes. . 

Les surfaces specifiques obtenues en appliquant la theorie de BET it ces isothermes montrent bien jus
qu'it que! point les surfaces projetees apparentes de ces gaz sorbes vadent avec la structure superficielle, 
Ie cation echangeable et la microporosite. 

Les courbes V -II pour l'adsorption d'azote sur les materiaux eludies, en considerant I'adsorption d'azote 
sur des materiaux cristallins de grande taille particulaire comme une isotherme de reference, ont des 
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domaines de linearite appreciables dans chaque cas. Les surfaces specifiques obtenues it partir de ces 
droites sont en accord avec les valeurs BET correspondantes. La linearite de ces diagrammes pour les 
illites indique qu'il n'y a pas de condensation capillaire et que I'adsorption dans les pores en forme de 
fente se fait, pour une grande part, par suite de la formation de couches adsorbees physiquement sur les 
surfaces. 

Des surfaces specifiques BET beaucoup plus grandes qu'avec la sorption it 78°K de I'azote, de l'argon 
et du krypton, ont ete obtenues avec la sorption du gaz carbonique it 196°K sur la goethite, l'hematite 
et la gibbsite. On fait l'hypothese que la sorption accrue du CO 2 dans la microporosite des oxydes inacces
sible aux autres gaz, releve d'un processus similaire it cclui que I'on observe frequemment sur les carbones 
et charbons de bois. Les courbes V~ll pour la sorption du CO 2 sur ces matcriaux etayent cctte conclusion 
si I'on utilise l'illite comme isotherme de reference. 

Sur la kaolinite, la sorption du gaz carbonique conduit it des surfaces specifiques BET considerablement 
plus basses que celles que l' on obtient avec la sorption de l'azote, de l'argon et du krypton. La forme des 
courbes V ~n pour la sorption du CO2 sur la kaolinite comparee it I'illite suggere qu'une adsorption spec i
fique initiale du CO2 sur la kaolinite est suivie par un changement d'etat de cettc couche adsorbee lorsqu' 
elle est complete. ce qui per met par la sUite la iormatlon d'un systeme normal ,\ plusieurs couches 
adsorbees. 

Kurzreferat-Sorptionsisothermen fUr 4 Gase (N2 , A, Kr, CO2 ), die gewiihnlich fUr Messungen der spezi
fischen OberfUiche und der Porenstruktur benutzt werden, wurden fUr eine Anzahl von Tonmineralen und 
Oxidsystemen genau bestimmt. Die spezifischen OberfIa.chen, die durch Anwendung der BET-Theorie auf 
diese Isothermen erhaIten wurden, illustrieren das AusmaB, in dem die scheinbaren Querschnittsflachen 
fUr diese Gase mit der Oberflachenstruktur, dem austauschbaren Kation und der Feinporositat 
schwanken. 

V -n-Diagramme fUr die Stickstoffadsorption an diesen Stoffen unter Verwendung der Stickstoffadsorp
tion an grobkristallinem Material als Standardisotherme liefern injedem Fall merkliche Linearitatsbere
iche. Die spezifischen Oberflachen, die von diesen linearen Bereichen der Diagramme erhalten wurden, 
stimmen gut mit den zugehiirigen BET-Werten iiberein. Die Linearitat dieser Kurven fUr Illittone zeigt, 
daB Kapillarkondensation fehlt und daB die Absorption in spaltfiirmigen Poren weitgehend durch Bil
dung physikalisch adsorbierter Schichten an den Oberflachen stattfindet. Viel griiBere spezifische BET
Oberflachen wurden aus der Kohlendioxidsorption bei 196°K an Goethit, Hamatit und Gibbsit erhaIten 
als aus der Sorption 'von Stick stoff, Argon und Krypton bei 78~K. Es wird angenommen, daB die 
verstarkte Sorption von CO 2 in die Mikroporenbereiche der Oxide. die fUr andere Gase unzuganglich 
sind. in ahnlicher Weise erfolgt, wie es haufig fUr Kohle und Holzkohle beobachtet wurde. V -n-Kurven 
fUr die COr Sorption an diesen Stoffen unter Verwendung der fUr Illitton erhaltenen als einer Standard
isotherme stlitzen diese SchluBfolgerung. Bedeutend geringere spezifische BET -Oberflachen wurden aus der 
COrSorption an Kaolinit erhalten als aus der Sorption von Stickstoff, Argon und Krypton. Die Form 
der V -11-Kurven flir die CO 2 -Sorption an Kaolinit im Vergleich zu Illit legt nahe, daB einer anfangs spezi
fischen CO 2-Sorption an Kaolinit cine Zustandsanderung mit der Vervollstandigung dieser Schicht folgt, 
die es gestattct. daB die Bildung einer normalen Vielschicht ahIauft. 

PellOMe -1130TepMhI COp6UHH '1eTblpex ra30B (N2' A, Kr H CO2), 06bI'IHO HCrrOJlb3yeMbIx ,lI.Jlll 
H3MepeHHll crreUH!\lH'IeCKHX rrJIow;a,lI.eil: rroBepXHocTH H CTPYKTypbl rrop, TO'lHO orrpe,lI.eJIlIJlH Ha pll,lI.e 
rJIHHHCTbIX MHHepaJIOB H cHCTeM OKHCJIOB. CrreUH!\lH'IeCKHe rrJIOw;a,lI.H rroBepXHoCTH, rrOJIY'IeHHbIe 
rrpHMeHeHHeM TeopHH B.E.T. K 3THM H30TepMaM, HJIJIIOCTPHpYIOT ,lI.O KaKoli' cTerreHH O'leBH,lI.Hble 
rrpo!\lHJIH 3THX COp6HpoBaHHbiX ralOB MeHlllOTcll B 3aBHcHMoCTH OT CTPYKTypbI rroBepXHoCTH, 
KaTilOH006MeHa H MHKporropHCToCTH . 

.D.JIll OIIpe,lI.eJIeHHlI a.nCOp6UHH a30Ta Ha 3THX MaTepHaJIaX IIOCTPOHJlH V-n-,lI.HarpaMMY, HCrrOJIb-
3YlI a,lI.COp6UHIO a30Ta Ha KpynHoKpHCTaJIJIH'leCKHX MaTepHaJlaX B Ka'leCTBe CTaH,lI.apTHoli' H30TepMbI 
H nOJlY'IHJIH 3aMeTHble 06JIaCTH JIHHeli'Horo H3MeHeHHlI B KalK,lI.OM cJIy'lae. CrreUH!\lH'IeCKHe rrJIOw;a,lI.H 
rroBepXHoCTH, rroJIy'leHHbIe nOCpe,lI.CTBOM 3THX rpa!\lHKoB rrpllMblX JIHHHli' nO'ITH rrOJlHOCTblO cooTBeT
CTBYIOT 3Ha'leHHllM B.E.T. JlHHeli'HocTb 3THX rpa!\lHKoB ,lI.JllI HJIJIHTOBOli' rJIHHbl, YKa3hIBaeT Ha 
OTCYTcTBHe KarrHJlJlllpHoli' KOH,lI.eHCaUHH H Ha a,lI.cOp6UHIO B w;eJIe06pa3HbIX nopax, rrpOHCXO,lI.llw;eil: 
60Jlbllleli' '1aCTblO BCJle,lI.cTBHe 06paloBaHHll Ha rroBepXHocTH !jJH3H'IeCKH a,lI.COp6HpOBaHHbIX CJIOeB. 

nOJIee KpyrrHble cneUH!\lH'IeCKHe IIJIOw;a,lI.H rrOBepXHOCTH B.E.T. 6blJIH nOJIY'IeHbI cop6uHei!: 
yrOJIbHOrO aHrH,lI.pH,lI.a rrpH TeMrrepaType 196°K Ha reTHTe, reMaTHTe H rH6cHTe, '1eM OT COp6UHH 
a30Ta, aprOHa H KpHrrToHa rrp!!, TeMrrepaType 78°K. TIpe,lI.rrOJlaraIOT, 'ITO YJlY'IllleHHall COp6UHll CO2 
B MHKponopbl OKHCJIOB, He,lI.OcTyrrHbIe ,lI.JlSI ,lI.pyrHx ralOB, npOHCXO,lI.HT TaKHM lKe 06pa30M, KaK 3TO 
Hepe,lI.KO Ha6JIIO,lI.aeTCSI C ymeM H ,lI.peBeCHbiM ymeM. V-n-,lI.HarpaMMa COp6UHH CO2 Ha 3THX MaTe
pHaJIaX, IIO,lI.TBeplK,lI.aeT 3T0i!: 3aKJIIO'IeHHe_ 

TIPH COp6UHH CO2 Ha KaOJlHHe rrOJIY'lHJIH 3Ha'lHTeJlbHO MeHblllHe cneUH!\lH'IeCKHe IIJIOW;a.nH 
IIOBepXHOCTH H.E.T., '1eM npH COp6UHH a30Ta, aprOHa H KpHnTOHa. <I>opMa V-n-,lI.HarpaMMbI 
COp6UHH CO2 Ha KaOJIHHe no cpaBHeHHIO c HJIJIHTOM HaBO,lI.HT Ha MbICJlb, 'ITO 3a Ha'laJIbHoi!: y,lI.eJlbHoi!: 
cop6UHei!: CO 2 Ha KaOJIHHe CJIe,lI.yeT H3MeHeHHe COCTOSlHHlI CJIOll, ,lI.OnYCKali npO,lI.OJIlKeHHe HOpMaJIh
Horo 06pa30BaHHlI CBHTbI rrJlaCTOB. 
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