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This study deals with adsorption of water from the vapour phase on till sam-
ples at 25°C. The dry weights were determined after drying the samples in an oven
at 105°C. Complete adsorption isotherms were measured for 41 tills with a ‘‘desic-
cator method’’ using saturated salt solutions as humidity standards. In addition,
partial isotherms were determined for about 40 other samples. The isotherms were
BET types I and II. The surface areas computed with the BET equation from water
adsorption are considerably larger than the nitrogen adsorption areas of the same
samples. In order to compare the isotherms with each other they have been pre-
sented as film thicknesses against relative humidity. All curves can then be satisfac-
torily represented by four model isotherms, which reflect the interactions of water
molecules and the adsorbent surfaces. To a certain extent the model isotherms cor-
relate with the mineral composition of the samples. Free energies of adsorption were
calculated. Their negative values indicate that adsorption is highly exothermic at
low humidities, or the samples are hygroscopic.
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Introduction

Till is a sediment stemming from glacial ice.
It consists of non-sorted particles of different
sizes and of various minerals, and it has more
variations in its properties than any other sedi-
ment (Goldthwait 1971). Tills are the most com-
mon soils in Northern Europe, which was cov-
ered by vast glaciers during the most recent ice
ages.

In their natural environments tills interact
closely with water. Depending on the amount of
water and the kind of till, different soil-water sys-
tems are formed (Barshad 1955) ranging from
fairly dry soils to very wet sols or fluid-like

pastes. The properties of such systems are impor-
tant both in intact nature and when the soil is
used for agricultural or civil engineering pur-
poses. In this work we studied the adsorption of
water from the gas phase on dried, unpurified
till samples. The study is part of a more exten-
sive research project concerning the properties of
Finnish tills.

Materials and methods
Complete adsorption experiments were done

for 41 till samples in different states of weather-
ing. Faster measurements with fewer experi-
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Fig. 1. SEM photographs of two silty sandy tills. Sample « has a type A isotherm and sample b a type B isotherm. Samples

a and b had the following properties, respectively: Clay content (<2 um) 6.0 % and 8.0 %, uptake of water 33.3 g/kg and
14.6 g/kg, water BET area 25,000 m*/kg and 15,000 m*/kg, nitrogen BET area 7,950 m?/kg and 5,500 m?/kg. In Fig. 1
b the X marks a typical particle covered with organic matter.

mental points were conducted on about 40 other
tills. The samples comprised typical Finnish ab-
lation and lodgement tills and related materials.
Figure 1 shows examples of their textures. For
reference and comparison, some samples of silts,
clays and clay minerals were also included in the
experiments. The materials used were not puri-
fied in any way. Thus, any humus and iron com-
pounds were preserved. As adsorption experi-
ments require homogeneous samples with suffi-
ciently large surface areas, the soils were sieved
and fine fractions under 74 ym, amounting to 13
to 68 % of the total mass of the starting mate-
rials, were used in the measurements. All chemi-
cals, such as the salts for the humidity standards,
were of analytical grade and were used as re-
ceived.

The air-dried samples were spread out in thin
layers (0.5 to 6 g) on tared Petri dishes (2 40 mm).
They were kept in the oven overnight at 98°C.
The temperature was then raised to 105°C for 30
minutes. The hot samples were weighed quickly
on an analytical balance and inserted into hu-

midistats that, in most experiments, were ordi-
nary desiccators. Some of the experimental runs
were, however, carried out in a special humidi-
stat, where the air can be circulated with a
magnet-operated paddle stirrer (Kelloméki 1978).
The proper relative humidities in the range of 7
to 100 % were obtained with nine saturated salt
solutions (Stokes and Robinson 1949; Kellomé-
ki 1978) and with pure water. At the relative
humidity of 100 % there was a risk of water con-
densing inside the lids of the humidistats and
causing drops to fall on the samples. This was
avoided by inserting the humidistats into a larger
thermostated vessel.

The samples were weighed quickly and the
weights recorded. Care was taken to disturb the
atmosphere of the humidistats as little as possible
when opening them. At a given relative humidi-
ty, the samples gained constant weights in 2 to
7 days. The salt solution was then replaced with
another giving a higher humidity. Some prelimi-
nary desorption trials were also conducted, but
this simple method is not suitable for such
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studies, and the hysteresis loops remained open
even at the relative humidity of 33 %.

The nitrogen BET areas of the samples (Brun-
auer, Emmett and Teller 1938) were measured
with a Micromeritics Surface Area Analyzer
MIC-2200. JEOL X-ray Diffractometer JDX-7S
was used in the X-ray diffraction analyses. The
scanning electron micrographs were taken with
a JEOL JSM3 SEM instrument, with which mi-
croanalysis is also feasible.

Results and discussion

Details of the experimental data have been
published in the report of Tampere University of
Technology, Department of Civil Engineering
(Nieminen and Kelloméki 1982a). As a summary
some typical properties of the tills with complete
isotherms are given in Table 1 grouped according
to the four model isotherms (see below). The
most important findings and the conclusions
drawn from them are discussed in the following.

Dry weights

We found that the ‘‘dry weight’’ of soil is a
somewhat arbitrary concept. Drying in vacuo or
over concentrated sulphuric acid resulted in ex-
cessively high dry weights. On the other hand,
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results of drying at 105°C depend on the drying
time: with prolonged heating it is evidently pos-
sible to remove from many samples water that
surely ought to be included in the dry weights.
Some such samples were found to denaturate
(Orchiston 1953), that is, their weights in the first
half of the isotherm remained a little below those
of the more gently dried samples of the same
soils. In such cases it was difficult to correct
erroneous observation points afterwards with
new experiments. Excessively low dry weights
were detected by very high or even negative BET
C parameters. More consistent dry weights were
then estimated with the aid of analogous iso-
therms. The gentler mode of drying at 105°C
described in the ‘method’ section was found to
give reliable dry weights for most samples.

Adsorption isotherms and application
of the BET theory

The adsorption isotherms obtained for till
samples in this study resemble those for soils and
clay minerals in the literature (Orchiston 1953,
1954, and 1955). Three typical examples are
shown in Fig. 2. Some of the isotherms first rise
steeply before remaining at a plateau like the BET
type I isotherms (Brunauer et al. 1938). Most
curves are sigmoidal like the BET type II iso-
therms of multilayer physical adsorption. Two

Table 1. Some properties of the fine fractions of Finnish tills. The samples have been grouped according to the four model

isotherms.

Model isotherms

Mean values and standard deviations of the properties

group BET parameters —AG number of percentages uptake of BET areas
eq. (2) J samples of fine grades water at m?/kg
100 % R.H.
C z 74 pym 2 pm g/kg H,0 N,

A 75 2.8 14,000 16 40 5 15 13,900 5,400
+11 +2 +10 +8,900 +3,600

B 10 4.5 9,600 2 18 4 30 21,000 11,000
(x6) (%3) (£11) (£19,000) (£6,100)

(& 35 4.5 12,900 20 41 8 27 18,500 10,200
+10 +5 +13 +9,400 +6,000

D 90 9 18,000 3 35 10 34 14,000 9,700
+19 +7 +3 +2,300 +7,500
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g HZO/kg sample

Fig. 2. Three actual adsorption isotherms.

suspected BET type IV isotherms were encoun-
tered, but desorption experiments to establish
their true nature failed. The isotherms are fairly
regular at lower relative humidities, but the var-
iance is wider at relative humiditive above 75 %.
Some isotherms tend to rise nearly vertically
when the saturation humidity is approached, and
it was difficult to establish the correct values of
the total uptake of water. For the till samples,
it ranged from 4 to 57 g of H,O per kg of dry
soil. For weathering materials and clays, values
as high as 100 to 200 g/kg were measured.
The two parameter BET isotherm (Brunauer
et al. 1938; Adamson 1976) was found to repre-
sent the observations fairly well at low humidi-
ties. This isotherm is given by equation
) a .1= 1 (C—1Da
l—a n C-n, Cen
a = p/p, = activity of water or relative hu-
midity
n amount of adsorbed water (here mol/kg)
n, = amount of water required to form a mono-
layer
C = parameter reflecting the magnitude of heat
of adsorption.

,where

m

li

For most samples, straight lines a/(1 — a)n
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Fig. 3. The four model isotherms. For clarity the zero level
of each curve B—D has been lifted.

against a were obtained in the range of a = 0.07
to 0.33. The parameters C and n,, were deter-
mined by the method of least squares. The values
of parameter C were in the range of 15 to 150.
The specific surface areas computed from n,, by
assigning a cross-sectional area of 0.106 nm? for
a water molecule (Gregg and Sing 1967) were
3,500 to 45,000 m?/kg. They are several times
larger than the nitrogen BET areas (Table 1).
The thickness of the adsorbed water film can
be presented by plotting n/n, against p/p,.
When this was done for the present data, a
variety of curves was naturally obtained; how-
ever, over 90 % of them can be represented quite
satisfactorily by the four model isotherms (Fig.
3). They are denoted by letters A to D in the order
of increasing film thickness in the middle of the
isotherm. The model isotherms first rise like the
general BET isotherms (Eq. (1)), but at higher
humidities they stay below them. Such behaviour
can be explained by assuming that adsorption is
restricted, say, to z molecule layers. The resulting
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adsorption isotherm is presented by the three pa-
rameter BET equation (Adamson 1976)
o B Cra 1—@EZz+ D-a? 4 z-a¥!

n l—a 1+ (C—1)ra—C-a?*!

m

where z is the maximum number of adsorbate
layers, and the other quantities are the same as
in Eq. (1).

Equation (2) was successfully applied to the
model isotherms A to D. Two hours of trials with
a personal computer yielded combinations of the
parameters that gave close fits of the computed
curves with the experimental ones up to the rela-
tive humidity of 80 %. These parameters are
given in Table 1, and thus the lower parts of the
isotherms A to D in Fig. 3 have been computed.
The parts of the isotherms with R.H. above 80 %
were drawn as average of the actual curves. Most
till samples have isotherms of types A and C.
Only montmorillonite and two till samples have
isotherm B. Isotherm D is also rather rare. The
isotherms of clays are of types C and D. The re-
striction of adsortion to 2 to 5 water molecule
layers must not be taken too literally. According
to porosity measurements of the same samples
(Nieminen and Kelloméki 1982b), they contain
abundant mesopores and macropores larger than
tens of water molecule diameters. Thus, the
success of Eq. (2) reflects the range of the ad-
sorption forces rather than the true geometric
dimensions of the pores. When approaching
saturation humidity, the nature of adsorption
seems to change, probably because of interlayer
expansion (Barshad 1955).

Relationship of the adsorption isotherms and
the properties of the samples

The mineral composition of the samples could
be expected to be an important factor in the form
of the adsorption isotherms. According to the
literature, A-type isotherms with a steep rise at
low humidities are obtained if soils contain ex-
changeable cations, such as Ca?* or Mg+, with
high heats of hydration (Orchiston 1955). Simi-

lar isotherms may also result from adsorption on
microporous samples or from chemical adsorp-
tion (Gregg and Sing 1967). In this study, elec-
tron micrographs showed amorphous iron com-
pounds in many samples with isotherm A. Such
compounds are hygroscopic, and the adsorption
of the water removed may be partly of chemical
nature, already taking place at low humidities.
With respect to the amounts of organic matter,
there were no significant differences between
samples of different isotherm types. The isotherms
are clearly correlated with neither the hydraulic
conductivities nor the sieve curves of the samples,
although particle size distribution is generally be-
lieved to be a major factor in many properties
of powdered materials. The till samples with A
isotherms have, however, smaller average clay
contents and a smaller total uptake of water than
the other samples. Specific surface areas com-
puted from water adsorption are approximately
similar for all isotherm classes, and they are con-
siderably higher than the areas computed from
nitrogen adsorption. The differences between the
two areas are particularly big in the case of the
A isotherm where water is strongly bound.

Free energies of adsorption

The spontaneity of the adsorption can be con-
cluded from the Gibbs energy change taking place
during it. AG,,, was calculated using the fol-
lowing equation (Gregor et al. 1952; Barshad
1960; Kellomiaki 1978):

(3) AG, - —RT | ® da.
04a

Here n is the number of water molecules ad-
sorbed at water activity a, R is the gas constant,
and T the absolute temperature. The integral is
best evaluated with graphic integration by plot-
ting n/a against a. This can already be started
at the lower limit, as, according to the BET equa-
tion (1), Llil(} n/a is equal to Cn, (Kellomiki

1978). The calculations were done using Simp-
son’s equation. The amounts of water adsorbed
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Fig. 4. Free energies of adsorption for the model isotherms
referring to adsorption of n/n, moles of water on soil.

at successive activity intervals of 0.05 were taken
from isotherms drawn on a large scale.

The Gibbs energies for the model A to D iso-
therms referring to the adsorption of n/n,
moles of water on soil are presented in Fig. 4 and
Table 1. These values depend heavily on the BET
C parameter or on the heat of adsorption; a large
portion of the free energy is due to the steep ini-
tial rise at which the sample is hygroscopic. The
actual Gibbs energies of adsorption, including the
effect of different surface areas, were —1070 to
—7340 J/kg in 21 till samples. The variance is
caused by the differences in water adsorption, not
by the isotherm types.

The nature of the water monolayer
The sorption of polar water molecules on clay
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