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The surface areas of amorphous mixed oxides of silica with alumina, ferric oxide, and titania
have been measured by adsorption of ethylene glycol, water, and nitrogen. Surface areas from
ethylene glycol adsorption give improbably high values. Isotherms of water adsorption indicate
microporosity and estimates of the external surface area from water adsorption are similar to
areas from nitrogen adsorption. An estimate of surface areas from potentiometric titration curves
is made and compared to the areas from the other measurements. The area determined by titration
falls between the areas from water and nitrogen adsorption. It is concluded that the most meaning-
ful estimation of surface areas of hydrous amorphous oxides is obtained by considering an external
surface area measured by nitrogen adsorption and an internal pore volume obtained from analysis

of the water adsorption isotherm.

INTRODUCTION

Amorphous materials generally have
large surface areas in the range 50— 1000 m?/
g. have a considerable pore structure which
is frequently microporous (1-3), and con-
tain appreciable quantities of water which
are both adsorbed onto the surface and in-
corporated into the structure. These char-
acteristics make the meaning of the term
“surface area’ difficult to specify except
under well-defined conditions. Assignment
of a specific surface area to amorphous ma-
terials should be related to the purpose for
which the surface area is to be used and
will depend on the method used for the area
determination to a greater extent than for
crystalline minerals. There is a considerable
literature on the surface properties of amor-
phous oxides, but much of it considers the
surface area to be well defined, rather than
a major source of uncertainty (4-6). The
surface areas of synthetic amorphous oxides
have been measured by a variety of meth-
ods, including adsorption of water (7), nitro-
gen (4, 8), and polystyrene (9), and examina-
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tion by electron microscopy (10) and low-
angle X-ray diffraction (11, 12). Surface
areas estimated from electron microscopy
have generally provided little information,
both because of the lack of any identifiable
primary particles and the porous nature of
the material. These methods have also been
used on natural amorphous silico-aluminas
(13) that occur in soils, often termed "*allo-
phane’’; in addition, the adsorption of glyc-
erol, ethylene glycol, ethylene glycol mono-
ethyl ether (1, 14), and long chain organic
molecules (15) have been used. Often there
is little agreement between the different
methods.

A distinction can be drawn between sam-
ples that have been prepared entirely at low
temperature and those that have been sub-
jected to calcination. The former samples,
which usually include allophane, tend to be
microporous (1-3) and to show areas from
water adsorption that are greater than those
by nitrogen adsorption (3, 16). Calcined
samples on, the other hand, are rarely con-
sidered to be microporous (17), generally
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have large nitrogen surface areas (8, 17, 18),
and show evidence of hydrophobicity (7,
19) in that the area by water adsorption is
considerably less than that from nitrogen
adsorption. Little comparative data has
been published on the surface areas of amor-
phous materials prepared from sodium sili-
cate and the metal salts of Al, Fe, or Ti,
although this is both a common method of
preparation (11, 20, 21) and a closer approxi-
mation to the soil situation (21, 22) than co-
hydrolysis of the alkoxides. The BET N,
area of the natural amorphous silico-alum-
ina allophane has usually been found to be
less than the H,O area (14, 15) or the ethyl-
ene glycol area (1, 14).

The present study was carried out in con-
junction with potentiometric titration ex-
periments on binary amorphous oxides of
silicon with aluminium, iron, or titanium,
prepared at low temperature from sodium
silicate and the metal salt. The study was
aimed at determining the surface area that
is relevant to an analysis of the potentio-
metric titration curves of these oxides and
similar natural amorphous materials ob-
tained in aqueous suspension. It was
thought that the use of polar absorbates such
as H,O and ethylene glycol would give a
better estimate of the titratable surface area
than N, adsorption due to the porosity and
high water content of the material. The sur-
face areas obtained by these three methods
were compared to the surface area esti-
mated from titration curves on the assump-
tion that the maximum charge uptake at high
electrolyte concentration on these oxides
would be similar on an area basis to a ref-
erence amorphous oxide.

MATERIALS AND METHODS

Preparation of the Samples

Samples were precipitated from 1 M
Na,Si0; and 1 M AI(NO,),, 1 M Fe(NQ,),,
or TiCl,. Sodium silicate was prepared by
dissolving equivalent amounts of dry SiO,
(Merck, extra pure) in (A.R.) NaOH. Tita-
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nium tetrachloride was prepared from
(S.L.R.) TiCl, (1), redistilled six times, and
diluted to 1 M.

Five hundred milliliters of 1 M Na,SiO,
(aq) and 500 ml of the required concentra-
tion of metal salt were mixed simultaneously
using a two-channel constant flow Ismatec
pump flowing at 180 ml/hr into a 2-liter plas-
tic beaker initially containing 100 ml of de-
ionized water. The system was magnetically
stirred and held at a constant pH of 7
throughout the precipitation by the drop-
wise addition of NaOH or HNQ,. The reac-
tion was carried out at 20 = 2°C. After addi-
tion of the reagents, the mixture was stirred
for a further 0.5 hr, freeze dried to facili-
tate washing, then washed by centrifugation
to a supernatant specific conductivity of less
than 30 umho cm™', and freeze dried again.
These procedures were used to obtain a
homogeneous product which was noncrys-
talline. Both X-ray and electron diffraction
indicated that the products, including the
end members, were amorphous. The dry
weight of samples was considered to be the
weight after drying to a constant weight in
a dessicator over P,O; that had been evacu-
ated by water pump at 20°C.

Surface Area Determination

Unless specified otherwise, nitrogen ad-
sorption isotherms were determined using
a BET apparatus after outgassing at 80°C
and 107¢ Torr until no rise in pressure oc-
curred when the sample was isolated. This
usually took about 10 hr. Preliminary tests
indicated no change in measured surface
area whether the samples were outgassed
at 20 or 80°C. The surface area of the N,
molecule was taken to be 16.2 A2,

Water adsorption measurements were
carried out in duplicate on approximately
0.2 g of P,O; dried sample. The sample was
then placed in a dessicator over saturated
calcium bromide at 19% relative humidity,
evacuated in the same way, and allowed to
stand in a constant temperature room at 20
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+ 2°C until it reached constant weight,
when a monolayer was assumed to have
been formed (13). Adsorption and desorp-
tion isotherms were similarly obtained using
saturated solutions of ZnCl, (11%), CaBr,
(19%), MgCl, (33%), Ca (NO,), (56%), NaCl
(79%), and K,SO, (98%) (23).

Water adsorption isotherms were also ob-
tained by an adsorption apparatus built in
this department by Perry (24). The vapor
pressure was regulated by varying the tem-
perature of various salt solutions and was
measured with an oil manometer. The sam-
ples were pelleted and placed in aluminum
buckets hung on quartz spirals, the exten-
sion of the spiral as the samples adsorbed
more water being measured by a cathetom-
eter. The area of the H,O molecule was as-
sumed to be 10.8 A2,

Ethylene glycol adsorption was deter-
mined using the dynamic method of Rawson
(25) in which the surface area of the sample
is determined relative to an internal stand-
ard of known surface area. Wyoming ben-
tonite with a specific surface area of 775
m?/g was used as the internal standard, al-
though in a later experiment amorphous iron
oxide with an area of 250 m?%*g was used
as the standard. The surface area by equi-
librium desorption of ethylene glycol was
also measured using the method of Bower
and Goetzen (31).

Surface area by potentiometric titration.
One hundred milligrams of sample dried
over P,O; was dispersed ultrasonically in
25mlof1,0.1,0r0.01 N NaNO; and titrated
with 0.100 N NaOH or 0.100 N HNO, using
a Radiometer automatic titrator. The system
was flushed with CO,-free high purity nitro-
gen for 24 hr before titration and continu-
ously during the titration. The titration
speed used was 3 hr per pH unit. All titration
curves were done in duplicate. The slope
of the 1 N titration curve was measured at
pH 7 and compared to the slope of a refer-
ence material, which was chosen to be
amorphous iron oxide for reasons discussed
later.
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FiG. 1. Surface area of silico-aluminas by adsorp-
tion of nitrogen, water, and ethylene glycol as a func-
tion of composition. Triangulated points refer to the
ethylene glycol surface area using amorphous iron ox-
ide as the internal standard.

RESULTS AND DISCUSSION

The surface areas obtained by adsorption
of N, using the BET method, H,O at 19%
relative humidity, and ethylene glycol by
Rawson’s method are shown for mixed ox-
ides of SiAl, SiFe, and SiTi, in Figs. 1-3.
In every case the surface area from adsorp-
tion of glycol is considerably higher than
the area determined from H,O or N, adsorp-
tion and, with the exception of silica and
iron oxide, the H,O adsorption areas are
greater than those by N, adsorption. The
occurrence of H,O areas greater than N,
areas for low temperature amorphous solids
has previously been reported for Cr(OH),
(26), Al,O;—TiO, (17), SiO,—Al;O4 (16), and
the natural amorphous silico-alumina allo-
phane (1, 14). The smaller surface area of
H,0 compared to N, on silica has been fre-
quently reported (27, 28) and has been at-
tributed to the hydrophobicity of the silox-
ane bonds on the SiO, surface. Surface area
estimates based on the number of OH
groups on the SiO, surface (29, 30) give bet-
ter agreement with the N, surface area, and
it is likely that a reappraisal of the cross-
sectional area of the H,O molecule based
on the density of OH groups on the surface
would lead to agreement between the N,
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FiG. 2. Surface area of silico-ferric oxides by ad-
sorption of nitrogen, water, and ethylene glycol. Tri-
angulated points refer to the ethylene glycol surface
area using amorphous iron oxide as the internal
standard.

and H,O areas. Comparative ethylene gly-
col areas have been studied on allophane
only (1, 14) in which adsorption of glycol
gives areas similar to adsorption of other
polar molecules such as glycerol and water.

Glycol Surface Areas

Since it is unlikely that surface areas as
high as 1340 m?/g are true surface areas,
the glycol surface area method has been ex-
amined more closely. First, the use of ben-
tonite, a crystalline expanding lattice min-
eral, as an internal standard involves the
considerable assumption that the time re-
quired to form a monolayer on bentonite
is the same as on the amorphous oxides.
To examine this assumption, amorphous
iron oxide was used as the internal stand-
ard, it being assumed that the surface area
of 250 m?*g, given by both N, and H,O ad-
sorption, is correct. The results, shown as
triangles in Figs. 1 and 2, follow the same
trend that is observed with the bentonite
standard, but there was no evidence of
monolayer coverage from the pressure—
time plot of the adsorption (not shown), nor
was the reproducibility good. Although this
did not establish whether or not multilayer
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adsorption on the oxides results from the
use of the bentonite standard, glycol adsorp-
tion using the iron oxide standard did show
that distinct monolayer coverage of glycol
by this method does not occur on amor-
phous oxides. Second, the method uses
ethylene glycol at or near its saturation va-
por pressure. For many materials this ap-
pears unimportant as the method is a kinetic
not an equilibrium one, but for amorphous
oxides the fact that no definite monolayer
is detected means that a lower vapor pres-
sure should be used. This modification
would, however, undermine the principle
of the method.

A method using the lower vapor pressure
in an equilibrium situation has been devel-
oped by Bower and Goetzen (31) who used
an ethylene glycol—calcium chloride solvate
for desorbing glycol from a sample wet with
glycol. This method was applied to two sam-
ples, SiAl 90-10 and SiAl 50-50, the surface
areas being found to be 1040 and 88 m?g,
respectively. Although the area for SiAl 50-
50 is in good agreement with the H,O area,
the result for SiAl 90-10 is still so high as
to cast doubt on this method. It is probable
that although a still lower vapor pressure
may result in monolayer adsorption, both
Rawson and Bower and Goetzen’s method
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Fi1G. 3. Surface area of silico-titanias by adsorption
of nitrogen, water, and ethylene glycol as a function
of composition.
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should be used with caution on amorphous
materials.

N, and H,0 Surface Areas

It is well known that the effects of pump-
ing, heating, and grinding on amorphous ox-
ides prior to adsorption can seriously alter
the structure and surface area of the sample
(3, 8, 26). Consequently, two preliminary
experiments were conducted to examine the
effect of outgassing conditions on N, and
H,O adsorption. First, the BET N, surface
area of a typical sample was determined un-
der outgassing conditions varying from 5
min of pumping at 20°C up to 60 hr of pump-
ing during which the temperature was
slowly raised to 175°C. The N, surface area
remained unchanged throughout with a co-
efficient of variation of 10%. In a second
experiment the H,O surface area was meas-
ured on several samples after outgassing
over P,O; and a water pump in a dessicator.
The samples were then degassed at 20°C
for 30 hr at 10~ torr and the H,O area
was remeasured. The results again indicated
no change in area, although the reproduci-
bility was not as good as for N, adsorption.
The difference between the H,O and the N,
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F1G. 4. Water adsorption isotherms from adsorption
in a dessicator over saturated salt solution. (1) SiAl
100-0, (2) SiTi 0-100, (3) SiFe 0-100, (4) SiAl 50-50.
Isotherms (1), (2), and (3) were reversible.
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Fi1G. 5. Water adsorption isotherms at low pressure
using the continuous adsorption apparatus of Perry
(25).

areas is therefore not due to any change
in structure prior to adsorption, and some-
how nitrogen is being excluded from areas
accessible to water molecules. To examine
this difference in greater detail, water ad-
sorption at different relative humidities was
examined.

Water adsorption isotherms determined
by adsorption in a dessicator over saturated
solutions of constant relative humidity are
shown in Fig. 4. They indicate first that the
samples are probably microporous because
of the plateau in the mid-range of the iso-
therm (32), and second that there is either
activated or restricted entry into these mi-
cropores because of the sigmoidal shape of
the low pressure region of the isotherm. This
low pressure region of the adsorption iso-
therm was reexamined using the more ac-
curate water adsorption technique. The re-
sults, shown in Fig. 5, reinforce the con-
clusions from the more primitive isotherms
in Fig. 4 in that they reproduce both the
sigmoidal shape at low pressure and the pla-
teau in the mid-range of the isotherm. It
was noted that the adsorption of H,O on
SiAl 50-50 increased considerably between
the time of doing the isotherms shown in
Figs. 4 and 5 (approximately 12 months).
This effect did not occur for the other sam-
ples. The results of Fig. 5 have been replot-
ted as ¢ curves using the universal water
adsorption curve of Hagymassy et al. (36)
and are shown in Fig. 6. A nonmicroporous
absorbent would be expected to show a
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F1G. 6. t plots of the water adsorption isotherms
from Fig. 5. Slopes of the upper straight line section
of each graph expressed as surface area were: SiAl
90-10, 300 m¥g + 5%; SiAl 50-50, 87 m*g + 5%; SiAl
20-80, 100 m¥g + 25%; SiFe 50-50, 80 m*g + 25%.

straight line plot through the origin, the
slope of which is proportional to the sur-
face area. A microporous solid would nor-
mally be expected to show a steeply curved
portion at low pressure, then a straight line
whose intercept on the y axis is proportional
to the microporous area. The unusual be-
havior at low pressures suggests activated
adsorption which has been well documented
for CO, adsorption on coal (33-35) and has
been observed for water vapor adsorption
on Portland cement by Brunauer (28), but
this is not considered further here. The slope
of the straight line part of the ¢ plot is be-
lieved (32) to represent the external or non-
microporous area of the sample, and the
difference between this and the BET area
is the area occupied by micropores. How-
ever, the presence of microporosity in the
samples means that the assignment of a con-
stant cross-sectional area to the water mole-
cule is no longer valid, the surface areas
being overestimated when using the BET
theory.

To test the hypothesis that the N, mole-
cule is unable to penetrate the micropores,
the N, area can be compared to the external
area from H,O adsorption. The results, pre-
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sented in Table I, show that the two areas
are in broad agreement, and analysis of two
plots of complete nitrogen adsorption iso-
therms on SiAl 50-50 and SiFe 50-50 (not
shown) using the universal ¢ curve of Lip-
pens et al. (37) did not indicate any micro-
porosity. The inability of nitrogen to pene-
trate into most of the micropores accessible
to water molecules, although it is perhaps
capable of entering part of the microporous
region, is well known for expanding clay
minerals. Aomine (14), in reporting the same
effect for allophane samples, concludes that
aggregation of very fine particles produces
the regions that are inaccessible to N,. Our
results and other results obtained in this lab-
oratory from a microprobe examination of
these samples agree with Aomine’s conclu-
sion and would also suggest that these ag-
gregates persist in suspension (Pyman and
Posner, submitted for publication).

Surface Area from Titration

The estimation of the surface area from
titration curves was based on the assump-
tion that the slope of the curves at high elec-
trolyte concentration would be the same for
all amorphous oxides that are similar in
preparation and properties to some refer-
ence material. At high electrolyte concen-
tration the titration curve generally becomes
a straight line whose slope is proportional to
the electrical capacitance of the surface (38)
and thus also proportional to the surface
area. The capacitance is not thought to vary

TABLE 1

Comparison of External Surface Areas from Water
Adsorption Isotherms with Areas from BET Nitrogen
Adsorption

Total External Total

H,0 area H;O area N, area

Sample (m*g) (m¥/g) (m*/g)
SiAl 90-10 : 515 300 416
SiAl 50:50 230 87 54
SiAl 20:80 212 100 86
SiFe 50:50 222 80 94
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much among similar oxides. (39). However,
rather than estimate the capacitance from
first principles which involves making
assumptions about the surface, a reference
material has been used for calibrating the
uptake on amorphous oxide surfaces. The
reference material was chosen to be
amorphous iron oxide for several reasons.
First, the H,O and N, surface areas are the
same, suggesting that the surface is neither
hydrophobic nor microporous. Second,
titration of iron oxide is much simpler than
silica or alumina since there is no dissolution
of the surface, and third, another iron oxide
prepared by a different method with an N,
area of 138 m*/g and an H,O area of 350 m?/g
had exactly the same charge uptake as the
reference amorphous oxide, providing that
the H,O area was used. This latter fact was
considered to be evidence in favor both of
the use of iron oxide as a reference material
and of the preferred use of the H,O area for
titration curve analysis. The slopes of the ti-
tration curves of both the samples and the
reference iron oxide were measured at pH 7
and the area was calculated relative to the
250 m?*/g of the iron oxide. This pH repre-
sents a compromise between the slope near
the points of zero charge, which are all
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FiG. 7. Potentiometric titration curves of amorphous
ferric oxide, SiFe 0-100, in NaNO,. Units of charge
are microcoulombs per cm?®.
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Fi1G. 8. Potentiometric titration curves in IN NaNO,,.
The charge uptake has been arbitrarily set for each
curve.

known to be low, and the onset of
dissolution of Si and Al, which begins above
pH 8. For the reference iron oxide the slope
was linear over the whole of the titration
range.

This is an approximate procedure in esti-
mating surface area, for three reasons. First,
the slope of the titration curve is known
to vary with titration conditions and, in gen-
eral, is not fully reversible. Second, at the
higher pHs the slope becomes steeper due
to dissolution of the surface. Finally, the
assumption that the slope is similar for all
amorphous oxides similarly prepared is one
that will be judged by internal consistency
rather than from ‘‘a priori’’ reasoning. How-
ever, the use of a standardized technique
should increase the validity of this method
and provide the most direct estimation of
the titratable surface area.

The complete titration curves for the iron
oxide standard and the titration curves in
1 N NaNO, for four samples are shown in
Figs. 7 and 8, respectively. The surface
areas calculated from these slopes are com-
pared to the N, and H,O areas in Table II.
The errors from reproducibility and curva-
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TABLE II

Comparison of Titration Surface Areas with
N,, H,O Surface Areas

N, area H.O area Titration area

Sample (m*/g) (m#/g) (m*/g)*
SiFe 60-40 78 230 150
SiFe 20-80 277 290 223
SiAl 60-40 53 130 124
SiTi 0-100 299 358 340
SiFe 50-50 94 260 150
SiFe 40-60 91 290 145
SiAl 20-80 86 340 211

* The titration surface area refers to the slope of
the titration curve at pH 7.

ture on these slopes can reach +15%, de-
pending on the linearity of the slope. For
the two samples where N, and H,O areas
are similar, SiFe 20-80 and SiTi 0-100, the
titration areas are in broad agreement. This
is an indication of the assumption in this
method that the charge uptake of amor-
phous oxides at high electrolyte concentra-
tion is similar on an area basis and allows
further distinctions between N, and H,O
areas to be made with greater confidence.

For the samples that differ considerably
in their N, and H,O areas, the titration area
falls between the N, and H,O areas. In view
of the conclusion already reached that N,
measures only the external surface area, it is
expected that the titration area should ex-
ceed the N, area. However, it was also ex-
pected that the titration area would agree
with the H,O area. That this is not the case
except for one sample, SiAl 60-40, could
be due to two factors. First, as already men-
tioned, the presence of microporosity from
the water adsorption isotherms means that
it is not strictly valid to use a BET plot
to estimate surface area. Areas obtained in
this way are overestimated. Second, meas-
urement of the slopes of the titration curves
at pH 7 may give an underestimate of the
surface area. This is because the maximum
charge uptake on these oxides is developed
at pH values greater than 7 at which dis-
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solution of the surface is also occurring. For
this reason it is impossible to use the slope
of the titration curve for surface area esti-
mation at high pH values. Consequently,
although it could be said that the surface
area of the sample lies somewhere between
the titration and the H,O areas, such an area
is too imprecise to be used for interpreting
the titration curves and has very limited
meaning in view of the hydrated and micro-
porous nature of the sample. A better de-
scription of the surface area would be to
quote only the external surface area and to
express the remaining internal area as a pore
volume. Both areas can be obtained from a
plot of the water adsorption isotherms, and
the external area can also be measured by
the N, area. The expression of internal area
as pore volume is an accepted procedure in
detailed analysis of the surfaces of the mi-
croporous solids (32), although generally N,
adsorption is used. The use of water adsorp-
tion for such analyses is not as well estab-
lished as N, due to its more complex inter-
action with the surface and consequent dif-
ficulty in interpreting the isotherms (40). It
is used here because conventional adsorb-
ates such as N, and CO, (unpublished data)
do not indicate the full extent of the internal
surface area.

Division of the surface area into an exter-
nal area and a pore volume has conse-
quences for the theoretical treatment of ad-
sorption and titration data. Analysis of the
titration curves would have to be carried
out in two sections, adsorption onto the ex-
ternal surface of the sample where a full dif-
fuse double layer can develop and adsorp-
tion into the pore volume, where there
would be no room for any diffuse layer.

SUMMARY

The use of glycol adsorption for the sur-
face area of amorphous oxides is not satis-
factory for although it reveals trends in sur-
face areas that are also revealed by other
methods of surface area measurement, the
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point of monolayer adsorption is not distinct
and the values for the surface area obtained
are too high by up to 300%. The contrast
between this behavior of synthetic silico-
aluminas and the generally good agreement
between water and glycol adsorption on al-
lophanes indicates that there may be a dif-
ference in morphology between the syn-
thetic and the natural silico-aluminas.

The low value of the nitrogen area, the
reversible nitrogen isotherms, and analysis
of the isotherms by ¢ plots demonstrate that
nitrogen does not reveal any micropores.
The larger H,O areas might suggest either
multilayer adsorption of water, entry into
pores inaccessible to nitrogen either by vir-
tue of size or polarity, or some mechanism
such as activated entry that is specific to
water. The characteristics of the water iso-
therms have ruled out multilayer adsorp-
tion, but analysis of the isotherms by the
use of Brunauer’s universal t curve shows
up considerable microporosity. The extent
of the nonmicroporous area from water ad-
sorption agrees approximately with the ni-
trogen area, reinforcing the suggestion that
nitrogen measures the external surface only.
However, the presence of microporosity un-
dermines the assignment of a specific sur-
face area, as the water molecule will no
longer have a constant-cross sectional area.
The effect of this will be for the calculated
water area to be an overestimate of the true
water area. The possibility of an adsorption
mechanism specific to water such as has
been found on amorphous oxide gels (26)
is being further investigated.

The use of titration curves to estimate
the surface area in aqueous suspension has
shown itself to be internally consistent
against samples with similar water and nitro-
gen areas. This is to be expected if the elec-
trical capacitances of amorphous oxides dif-
fer little from each other. When applied to
samples whose water and nitrogen areas dif-
fer considerably, the titratable surface area
is less than the area from water adsorption,
but considerably greater than the nitrogen

surface area. Since the titration surface area
as mentioned here is likely to be an under-
estimate, due to the slope of the titration
curve being measured at too low a pH, and
the water area is likely to be an overestimate
due to microporosity, the surface area in
aqueous suspension should lie between
these two areas. However, the best descrip-
tion of the surface area should result from
expressing the total surface area in terms of
an external surface area, as measured by
N, adsorption, and a micropore volume, de-
termined from an analysis of the water ad-
sorption isotherms.
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