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Abstract

Adhesion forces generated at a contact point between spherical and plate specimens
of potassium halides, commercial soda-lime glass and Pyrex glass were estimated by
using an electrobalance, and adsorption isotherms of water vapor and methyl alcohol
on these samples were also measured. The thickness of a liquid bridge and the pres-
sure at which a capillary condensation occurs for the first time have been investigated
using porous glasses each of which has a monodispersed pore radius. The following
conclusions have been deduced from the comprehensive comparison of the obtained
results. The adhesion forces under low and high water vapor pressures are suggested to
be ascribed to hydrogen bond and liquid bridge, respectively. A marked increase of
adhesion force observed in the pressure range 0.6 < P/P, < 0.85 is due to a trans-
formation from hydrogen bond to liquid bridge and due to a change in the physical
property of condensed liquid. The thickness of the liquid bridge at P/P, = 0.6 is pre-
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sumed to be 29-37A4

1. Introduction

The powder characteristics, i.e. angle of re-
pose, properties of packing and friction, and
fluidity, are largely influenced by adhesion
forces generated among powder particles.
Therefore, during storage, flow and handling
of powders, the adhesion forces very often
cause severe problems. As a rule, these ad-
hesion forces are classified into five major
groups such as solid bridges, adhesion and co-
hesion forces in not freely movable binders,
interfacial forces and capillary pressure at free-
ly movable liquid surfaces, attraction forces
between solid particles, and interlocking
bondsV, In cases of hydrophilic powders the
adhesion force due to water vapor adsorption
is generally regarded to be larger than the van
der Waals force, and becomes an origine of
troublesome matters in handling powders
under atmosphere. The force produced by
water adsorption also closely relates to the
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physical property of water layer, and its prop-
erty varies with the thickness of water layer
formed on a solid surface. However, the in-
formations concerning the following three
points, 1) the relationship between the thick-
ness of water film formed on a solid surface
and humidity of atmosphere around the sample,
2) the changes in physical properties of the
water film with its thickness, 3) the thickness
of a liquid bridge formed at the neighborhood of
a contact point between two sample particles,
are scarecely obtained. The purpose of the
present study is to clarify the generation mech-
anism of the adhesion force due to water vapor
adsorption, by discussing the above obscure
points.

2. Experimental

2. 1 Materials

The samples used were alkali halides (i.e.
KCl and KBr), commercial soda-lime glass beads
(7-20 mesh), Pyrex glass and porous glass.
Alkali halides were purified by two times re-
crystallization in their aqueous solutions.

KONA No.2 (1984)



The samples for adhesion force measurement

A spherical sample of the alkali halide was
prepared by covering a glass bead with the
alkali halide itself as follows. A glass bead with
2-3mm in diameter was dipped for a moment
in a melted alkali halide under an atmosphere
of nitrogen. In case of Pyrex glass, a spherical
sample was obtained by fusing an end of its
fibriform glass using a gas burner. The commer-
cial soda-lime glass bead was used without any
treatment. On the other hand, a sheet specimen
of an alkali halide was made by pressing the
powder sample. In case of Pyrex glass, a com-
mercially available glass sheet was used. The
commercial soda-lime glass was melted and
made in a sheet-form.

The samples for adsorption measurement

A solution, 100 mg 20-30 wt%, of a purified
alkali halide sample was poured in five-fold
volume of ethyl alcohol cooled to —80 ~
—90°C with stirring. A precipitate obtained
was filtered, washed four times with absolute
ethyl alcohol, and then evacuated under a re-
duced pressure of 10-® mmHg. The specific
surface areas of KCl and KBr ‘samples were
found to be 1.04 and 0.71 m? /g, respectively.
For Pyrex glass, the powder samples which had
large surface areas (0.2-0.4 m?/g) were pre-
pared by grinding hollow Pyrex capillaries and
slender Pyrex rods. The porous glass sample
(Thirsty Glass Corning Code 7930, 200 m?/g)
having a monodispersed pore radius of 20A
was treated with 0.1% HF aqueous solution for
a proper duration to widen the pore radius.
The resulted pore radii were calculated to be
27, 30 and 33A from nitrogen adsorption
measurements.

2. 2 Adhesion force measurement

Adhesion forces generated at a contact point
between spherical and sheet specimens made of
the same material were measured by using an
electrobalance under various water vapor pres-
sures. In cases of alkali halides, a caking due to
water vapor adsorption occurred at high water
vapor pressure, and the adhesion force sudden-
ly increased with the strength of the caking.
However, the effect of the caking on the ad-
hesion force was unrecognized within 20 min-
utes since the two specimens were in contact

KONA No.2(1984)

@,

with each other. Therefore, the adhesion force
was measured after the lapse of 5-15 minutes
and 5-10 times measurements were carried out
for accuracy.

2. 3 Adsorption isotherms

The adsorption isotherms of nitrogen, water
and methyl alcohol vapor on the samples were
determined volumetrically by using an adsorp-
tion apparatus. When the vapor pressure of an
adsorbate unchanged for 15 minutes, adsorp-
tion equilibrium was regarded to be establish-
ed. The equilibrium pressures of water and
methyl alcohol were measured using a mercury
manometer and a reading magnifier having a
resolution of 10~2 mmHg. The effects of a tube
radius of the manometer and a shape of its
meniscus on the measured pressure were con-
sidered and the equilibrium pressures were
corrected.

3. Results and discussion

3. 1 Adhesion force

Generally, in cases of the powder particles
whose surfaces have a hydrophilic property, it
is known that the adhesion force due to water
vapor adsorption increases abruptly above the
pressure of about 60%rH and has a maximum
value in a high pressure region of 70-90%rH?.
However, no detailed informations concerning

Vapor pressure of P/P,=0.8

F [dyn]

Fig. 1 Relationship between adhesion force and particle
size at water vapor pressure of P/Py =0.8
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Fig. 2 Changes in adhesion forces of potassium halides
at a contact point with water vapor pressure

the mechanism of such adhesion force change
are obtained. According to theoretical calcula-
tions, the adhesion force generated by a liquid
bridge which is formed in a gap of the sepa-
rated two spherical particles® or made at a
contact point between a projection of conical
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Fig. 3 Changes in adhesion forces of glass bead, and
KBr with methyl alcohol vapor pressure

shape and a sheet or spherical specimen?, in-
creases with the amount of absorbed water. As
for the former mechanism, a maximum value
of the adhesion force arises in further adsorp-
tion, but in the latter case it is not observed.
The effect of particle size on the adhesion
force is shown in Fig. 19. The adhesion force
increased linearly with the radius of a spherical
particle. Hereafter, a spherical sample with a
proper size was used. In Fig. 2 changes in the
adhesion force with increase of water vapor
pressure are given®. For KBr sample, the ad-
hesion force was detected above the pressure of
P/P, = 0.20, and was roughly constant in the
range of 0.2 < P/P, < 0.55. At the pressure
larger than P/P, = 0.6 the force increased sud-
denly, and then decreased markedly with in-
crease of the pressure in the range above P/P, =
0.66. As for KCl sample, a similar phenomenon
was observed. The water vapor pressure at
which the adhesion force began to appear was
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slightly higher than that of KBr. In cases of the
glass beads, the same type of adhesion force
curves were observed. From these results, the
effect of varying the samples on the character-
istics of the adhesion curve seems to be small.
In Fig.3 changes in adhesion force with in-
crease of methyl alcohol vapor pressure are
shown” . The force was recognized only above
the pressure of P/P, =0.8 and it disappeared in
the lower pressure region. On the other hand,
in case of water adsorption the adhesion force
appeared even in the low pressure region. Such
discrepancy in shape of the adhesion force
curve is explained in terms of the adhesion
force generated by hydrogen bond. In case of
water adsorption, three dimensional hydrogen
bond formation will be possible, whereas it will
be difficult in case of methy! alcohol adsorp-
tion on account of the difference of molecular
structure between the two molecules. A de-
tailed discussion concerning the hydrogen bond
formation will be made in the following section.

3. 2 Adsorption isotherms

Adsorption isotherms of water vapor and
methyl alcohol on various samples are shown in
Fig.4® . In the vicinity of P/P, =0.2 at which
the adhesion force was measured for the first
time, the coverage 8§ =Sy, /Sy, of KBr surface
with water molecules was found to be 0.58, as-
suming the cross-sectional area of 10.5 A? for
a water molecule, where S, and Sy, are sur-
face areas determined from water vapor and
nitrogen adsorptions, respectively. For KCI
sample, the coverage § =0.50 estimated at the
appearance of the force was slightly smaller
than that of KBr. On the other hand, regarding
the glass samples the coverages necessary for
generating the force were obtained to be § <
1.5. In these cases the accurate coverages were
not obtained on account of the presence of
micropores or migration of water molecules
into the glass samples. As for the alkali halides,
the adhesion force was generated in spite of the
small amount of adsorbed water. Moreover, the
capillary condensation is considered to be dif-
ficult at a contact point since about 40-50% of
the alkali halides surfaces are bare. Therefore,
the formation of a liquid bridge is concluded
to be impossible. From these results the other
generation mechanism of adhesion force such
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Fig. 4 Adsorption isotherms of H, O and CH; OH on
alkali halides

as hydrogen bond must be proposed. For KCl
sample, changes in adhesion force with the
amounts of water and methyl alcohol are given
in Fig. 57. In case of the water adsorption the
force was detected at low coverages 0.5 < 9 <
1.5, while the force was undetected at the same
coverages in methyl alcohol adsorption. Con-
sidering these results, the difficulty of the three
dimensional hydrogen bond formation will be
reasonable in methyl alcohol adsorption.

The isosteric heats of methyl alcohol adsorp-
tion on KCl, NaCl and KBr are given in Fig. 6.
In cases of KCl and NaCl samples, clear auto-
phobic adsorptions were inferred since the iso-
steric heats of adsorption decreased markedly
after the completions of their monolayer ad-
sorptions. The similar phenomena are ob-
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Fig. 6 Isosteric heats of adsorption of methyl alcohol
on alkali halides

served for the other adsorbates®. These facts
imply that a polar group in a methyl alcohol
molecule is located under its methyl group,
and an interaction between a methyl alcohol
molecule and the polar groups in formerly ad-
sorbed molecules is difficult.
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3. 3 Thickness of a liquid bridge

Detailed informations about the following
two points, 1) the water vapor pressure at
which a capillary condensation can occur and
form a liquid bridge at a contact point for the
first time and 2) the thickness of the liquid
bridge, are not obtained yet. The adsorption
isotherms of water vapor on Pyrex glass parti-
cles prepared by grinding hollow Pyrex cap-
illaries and slender Pyrex rods are given in
Fig.79. The former sample is supposed to con-
tain a great number of micropores having vari-
ous pore radii. The adsorptive properties of
these two samples are necessarily equal each
other as the samples consist of the same com-
ponents. Therefore, if the adsorbed amounts of
water vapor per unit surface area estimated
from nitrogen adsorption are plotted against
the pressure, the two adsorption isotherms will
coincide. In a pressure range 0 < P/P, < 0.6,
the expected coincidence was recognized. How-
ever, a discrepancy between the two isotherms
were observed above the pressure of P/P, =0.6.
As the adsorbed amounts of water vapor for
the sample prepared by grinding hollow Pyrex
capillaries are greater than those for the an-
other sample, a capillary condensation is con-
sidered to occur at the pressure of P/P, =0.6
for the first time in some scale. Hence, a liquid
bridge which generates the adhesion force is
supposed to be formed by capillary condensa-
tion at the pressure above P/P, =0.6. Using the
Kelvin equation (1) and assuming the cylindri-
cal pore shape, the pore radius (v, ) of the cap-
illary is calculated to be 37A. This value is ob-
tained by adding a value of multilayer thick-
ness (¢) to the Kelvin radius (ry).

_ 2Vy cosa
" =7 RTIn PJP, M
r, =ttty (2)

Where P and P, values are vapor pressures of
adsorption equilibrium and bulk liquid at
measurement temperature, respectively, and
a represents a contact angle of liquid film. The
values ¥V and y are molar volume and surface
tension of the liquid condensed in a micropore.
The shape of a liquid bridge formed at a con-
tact point between the two sampies is regarded
approximately as a thin disk. From these re-
sults, the thickness of the liquid bridge is con-
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Fig. 7 Adsorption isotherms of water vapor on
Pyrex glass particles at 20°C

cluded to be 37A.

In order to obtain some further informations
about the thickness of a liquid bridge, the
porous glass with a monodispersed pore radius
distribution (20A) was used and the capillary
condensation phenomenon was studied varying
its pore radius distribution. The adsorption and
desorption isotherms of nitrogen, water vapor
and methyl alcohol on porous glass sample
(20A) are shown in Fig.8%. The pore radius
distributions estimated from these desorption
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isotherms are also illustrated in Fig.89. A
monodispersed distribution was obtained for
each adsorbate. However, the discrepancy in
the peak value of the distribution was recog-
nized in spite of using the same sample. As the
thickness (¢) of multilayer is evaluated accu-
rately from an adsorption isotherm, such dis-
crepancy will be ascribed to the Kelvin radius
(ry). The r, value is calculated based on the
following three assumptions, 1) the contact
angle (a) of the liquid film formed on a solid
surface is zero, 2) the molar volume (V) of
condensed liquid in a micropore is equal to
that of bulk liquid, and 3) the surface tension
(v) of the liquid film is the same as that of bulk
liquid. In a desorption process, the actual con-
tact angle of the liquid film is considered to
be zero since the angle is regarded as a receding
contact angle. Moreover the molar volume of
condensed liquid in a micropore is presumed
to be approximately equal to that of bulk
liquid'®. From these results, the discrepancy
in the pore radius estimation will be mainly
due to the change in the surface tension of the
liquid condensed in a micropore. The surface
tension of the condensed liquid can be deter-
mined so as to obtain the correct pore radius
distribution calculated from nitrogen desorp-
tion. The influence of the pore radius on the
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Fig. 8 Adsorption and desorption isotherms of N,,
H, O and CH; OH on porous glass, and pore

size distributions calculated from their de-

sorption isotherms
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Fig. 9 Effect of solid surface on surface tension of
condensed liquid

surface tension of the condensed liquid are
shown in Fig. 97. The surface tension became
large with increase of the pore radius and then
equalled that of bulk liquid. The greatest
change in the surface tension was observed in
water vapor adsorption. This phenomenon is
explained that the influence of a solid surface
on the liquid structure of water layer extends
to further distance comparing the other ad-
sorbates on account of the ability of three di-
mensional hydrogen bond formation. As for
water molecules, such affected region is pre-
sumed to be about 40A. Considering the
change in surface tension of the condensed
liquid, the thickness of a liquid bridge is re-
valuated to be about 294 at P/P, = 0.6. Hence,
the thickness of a liquid bridge is concluded to
be in the range from 294 to 374 at the pres-
sure of P/P,=0.6.

3. 4 Phase transition temperature

It is shown in the above section that the
physical properties of the liquid condensed in
a micropore are different from those of bulk
liquid. In this section, these physical property
changes are discussed again from a different
angle such as variation of phase transition tem-
perature. The relationship between measure-
ment temperatures and water vapor pressures
in adsorption equilibrium, i.e. the Clausius-
Clapeyron plot, is given in Fig.10. An inter-
section of two linear lines was observed. The
isosteric heat of water vapor adsorption can be
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Fig. 10 Clausius-Clapeyron plots of water vapor
adsorption on porous glass

estimated from an incline of the linear line.
The value determined from the linear part of
the high temperature region equalled approxi-
mately the liquefaction heat of water vapor.
On the other hand, the heat evaluated from the
low temperature region corresponded to the
sublimation heat of bulk ice. Therefore, the
temperature at the intersection is considered to
represent a phase transition temperature of the
adsorbed water layer. The obtained tempera-
ture is lower than the melting point of bulk ice
since the liquid structure of the water layer is
different from that of bulk water. The changes
in the transition temperature with the adsorbed
amount of water are given in Fig.117. The
temperature variation tendency with the ad-
sorbed amount was slightly different each
other. However, the abrupt increase of the
transition temperature was recognized in the
adsorbed range about 2 < V/V, < 3, where
V,, represents a monolayer capacity and V is
the adsorbed amount. This experimental result
shows that the liquid structure of the water
layer changes markedly in the same range. On
the other hand, a completion of 2-3V,, ad-
sorption was observed at the pressure of 0.6 <
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formed on solid surfaces

P/P, < 0.8. In the same pressure range, the
capillary condensation occurred in a micro
space and the adhesion force due to the forma-
tion of a liquid bridge arose. From these re-
sults it is concluded that the abrupt increase of
the adhesion force is due to the change in the
generation mechanism of the force, such as
from hydrogen bond to liquid bridge, and due
to the variation of the surface tension of a
liquid bridge.

For KCIl sample no phase transition was ob-
served at adsorbed amount below 0.18 mg
STP/m? corresponding to the coverage of 0.54.
The obtained result indicates that water
molecules are adsorbed in a dispersed state and
do not form a cluster which causes a phase
transition. However, the adhesion force was de-
tected in such a condition. Therefore, the force
generated in low pressure region is considered
to be ascribed to the formation of hydrogen
bond. This conclusion is in accord with the de-
scription in the foregoing section.

4. Conclusion

Adhesion forces generated at a contact point
between spherical and plate specimens of vari-
ous samples were measured by using an electro-
balance, and adsorption isohterms of water
vapor and methyl alcohol for those samples
were also determined. Moreover, capillary con-
densation phenomena have been investigated in
order to clarify the physical property changes
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of the water layer formed on a solid surface.
The following results have been obtained.

1) The adhesion force generated at water
vapor pressure bellow P/P, =0.6 is pre-
sumed to be ascribed to the formation of
hydrogen bonds. As the physical properties
of water layer are different from those of
bulk water, a capillary condensation which
forms a liquid bridge is difficult.

2) A marked increase of adhesion force in
high pressure region 0.6 < P/P, < 0.8-0.9 is
explained in terms of the change in adhe-
sion mechanism from hydrogen bond to
liquid bridge, and in the same range the
physical properties, i.e. surface tension and
phase transition temperature, of condensed
liquid vary with the thickness of water
layer.

3) The surface tension of the water condensed
in a micropore (pore radius 20A) at the pres-
sure of P/P, =0.6 was estimated to be
about 68% of bulk water.

4) A capillary condensation occurs only above
the pressure of P/P, =0.6 and the thickness
of the liquid bridge at P/P, =0.6 is con-
sidered to be 29-37A.
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