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Ozet: Bitiimli kaplamalardaki agregat: tegkil eden minerallerin soyul-
maya kargt mukavemetlerine gdre simflandinlmasi igin termodinamik bir me-
tod takib edilmigtir. Bu metod su buhari ve beuzen buharinin toz halindeki
minera!l tarafindan adsorpsiyonunun derel olarak incelenmesi ve bu suretle
elde edilen adsorpsiyon izotermlerinden mineralin su ve benzen tarafindan
islanma serbest enerjilerinin hesaplanmasina dayarmaktadir. Bu serbest ener-
jiler arasindaki fark mineralin soyulmaya kargt mukavemetini karakterize eder.

Kalsit-su ve kalsit-bepzen sistemleri bu metcdla incelenmig, 25°C. de
kalsitio su ile 1slanma serbest enerjisi — 261 + 8 erg. em.”? ve benzenle
1slanma serbest enerjisi — 155 + 4 erg. em.~2 bulunmustur.

Bu sonuglar literatiirde kuartz igin verilen degerlerle kargilagtinilinca
kuartzin soyulmaya kargt olan meylinin kalsitten gok daha: fazla oldugu
aplagiimaktadir.

1. Introduction

This is an introductory paper presenting the background and
first experimental results of our investigations undertaken to
throw some light onto the adhesion problem encountered in the
construction of bituminous roads.

The stability of a compacted bituminous road mixture dec-
reases appreciably when subjected to the action of water. The
extent of this decrease which is an important factor in road
engineering depends upon the type of aggregate used. For
instance, quartz is koown to be worse than limestone as an
aggregate. It is generally accepted that this is a result of strip-
ping ie. displacement of bitumen film by water at the aggregate
surface.

To asses the tendency of a given aggregate to stripping va-
rious laboratory tests have been suggested. Reviews of these
tests can be found in the recent publications of Highway Re-
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search Board['] and Permanent International Association of
Road Congressesi?]. In a large group of these tests the bitumi-
nous mixture is brought in contact with water under specified
conditions and either the apparent stripping er the decrease of
stability is measured, or some other properties which are consi-
dered to be related to the sensitivity of mixture to the action
of water are determined. However, there is no theoretical
justification to believe that the results of any oreof these tests

correctly represents the behaviour of the bituminous mixture
concerned in actual practice.

In a second group, the field conditions are immitated in the
laboratory and the mixtures are examined for adhesion failure[’]
or tested to determine the loss of tensile strengthl]. Although

the tests of this group give reliable information as to the beha-
viour of mixtures in the field, it would of course be desirable

to have a scientific basis to decide on the film retaining pro-
perties of aggregates. Such an approach would involve investi-
gating the fundamentals of stripping. In this way it would also

be possible to have a better understanding of the causes of
stripping and the steps to be taken for its prevention.

Some attempts of this kind in which interfacial tensions are
considered have already been made. For instance, Hallberg{’]

has treated the process of stripping taking place in the capil-
lary structure of the bituminous mixtures and shown that the

quantity called the adhesion tension v,, — v, where v, and
vs are solid-water and solid-binder interfacial tensions, respec-
tively, is the driving force of adhesion i.e. the reverse process
of stripping. This quantity has in fact a fundamental importance.
It is the free energy change accompanying stripping. Therefore,
it should measure the competition between water and binder for

covering the aggregate surface and define the state of equilib-
rium whenever attained. This free energy change corresponds

to the displacement of binder in the capillaries and its joining

the bulk of the binder.

Lee and Nicholas(3] virtually use a smaller free energy of the
form Y., Yes— Yws Where y,, is the water-binder interfacial ten-
sion, in similar treatments, This corresponds to an extreme case
of displacement of a thin binder film covered with water on
one side and formation of a drop of binder or its joining the
bulk of the binder. This may take place in the voids or at the
free surface of the pavements containing low viscosity binders.
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The other extreme is the case of displacement of binder
without changing its iritial shape, The free erergy change of
this type of stripping which is likely to take place in the case
of very stiff binders is even bigger than that used by Hallberg
and given by Y,,~ Y.+ Yus which is a form of Dupré expression.

Before going any further, we would like to make a remark
which follows from these considerations that the binders of high
viscosity should be more resistant to stripping than liquid bin-
ders. This is actually -what is observed in practice. The same

conclusion drawn from somewhat different considerations was
also stated by Hallbergl®l.

It must be noted that the quantity v,,~ 7, is the mean of
the two extreme values of the free energy change and, there-
fore, the best measure of the resistance to stripping in interme-
diate cases. Moreover, if a standard binder is chosen whatever
the type of stripping is, Y,.— Y. is the part of the free energy
change which characterizes the aggregate as far as stripping is
concerned.

On the experimental side, investigations bave also been made
to determine the so called adhesion tension. The measurements
of the angle of contact between the binder-water interface and
the aggregate surface,[?], [°], [°] and the determinations of the
capillary pressure of this interface in a column of powdered
aggregatel’] are among this kind of studies,

In the former case, it has been concluded that the contact
angle depends on the degree of polish of the solid surfacel’]
and the direction of movement of the binder-water interface on
this surfacel’] even in the case of highly polished surfaces and
fluid binders In other words, the angle of contact exhibits a
hysteresis presumably due to unknown friction forces which
upset the true equilibrium at the intersection of the interfaces.
It follows that such measurements are not likely to give any
reproducible results.

In the latter case, by modifying the technique used by Bar-
tell et all’]l, Hallbergl®] investigated the movement of binder-
water interface in a mass of powdered aggregate using liquid
binders and determined Yy,,~Y.; by measuring the minimum
hydrostatic pressure required to make this interface move. Ne-
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vertheless, Hallberg’s experimental results indicate that the ad-
hesion tension measured by this method also depends on the
direction of movement of the interface as in the contact angle
method. When water was the advancing liquid, he was able to
obtain some positive adhesion tension values characteristic for
each aggregate. When the movement was reversed, however, the
measured adhesion tensions were even negative and numerically
equal to — v, almost irrespective of the aggregate. For this
reason, the concepts of “passive’” and “active’” adhesion have
been introduced[’]. These results clearly show that the interface
could not be moved in the capillaries reversibly, in the thermo-
dynamical sense, in these experiments. Therefore, it is dcubtful
whether the results obtained, even when water was the advan-
cing liquid, correspond to true equilibrium states. On the other
hand, we believe that the aggregate-binder water system will in
fact ultimately come to a true equilibrium in the pavement un-
der the mechanical action of traffic in actual praciice. It follows,
therefore, that the prediction of field behaviour requires some
experimental results obtained on the systems which are in true
equilibrium. It is notjcertain whether Hallberg’s capillary pressure

method has a great advantage over the contact angle method
as far as this requirement is concerned.

We have found that the method of vapour adsorption used
by Boyd and Livingstonel®] and Harkins et al.[’],['] to estimate
the free energies of wetting of solids by liquids should meet
this requirement. Inleed, it has been observed that the physical
adsorption of vapours on solids is thermodynamically reversiblel'!].
The only complication is a hysteresis exhibited at the higher
pressures due to caipillary condensation if the adsorbent is highly

porous. However, it is expected that this would not be the case
with mineral aggregates to be investigated.

It will be shown below that y,,—Y. is equal to the diffe-
rence between the free energy of wetting of the aggregate by
water and that by the binder. Although the former can be esti-
mated by vapour adsorption, it is not possible to estimate the
latter by this method since the binders are not readily volatile.
Therefore, we attempted to make an alternative approach by
replacing the binder by a pure volatile hydrocarbon. Although
the binders contain not only hydrocarbons but also certain
amount of non-hydrocarbon constituents, we were justified in
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doing so since the main purpose of our investigations was to
obtain some relative data to classify the aggregates according
to their tendencies to stripping, rather than to classify the bin-
ders. The effect of these constituents, which are more polar or
polarizable than hydrocarbons, on y,, is by no means unimpor-
tant, When the absolute value of y,,—7,; is required it is also
necessary to have some other experimental data to evaluate
this effect, We intend to tackle this problem in the future.

Considering the fact that the technique of adsorption measu-
rements is highly elaborate, we realize that this method can
hardly be used as a routine test. For this reason we have direc-
ted our work to investigate the possibility of classification of
minerals which frequently occur in road aggregates according
to their t,,-v, values. Once these data are available, it would
also be possible to classify aggregates by mineralogical exami-
nation.

2. Theoretical

By Gibbsian methods of approch, it has been shown by
Bangham et al.[**], Inness et al.['®] and Boyd et al.[®] that the
free energy of immersion of a solid surface of unit area in the
saturated vapour is calculable from vapour adsorption data. The
formulae given by these authors are derivable from each other[’].
The equation for AG, the free energy of immersion, due to
Boyd and Livingstonel®] reads

RT (Po g
MZ P

0

AG = —

where ¢ is the mass of vapour adsorbed by the solid of unit
mass at pressure P; R, T,M ¥ and P, are the gas constant,
absolute temperature, molecular weight of the vapour, specific
surface of the solid and the saturation pressure, respectively.
Boyd et al.[®] and Harkins et al.[’],[°] determined the adsorption
of various vapours by various powdered solids at pressures from
0 to Py and calculated AG for each system by eqn. (1) or its
equivalent. ‘

Here, we would like to present an independent and simpler
derivation of eqn. (1) and to discuss its meaning more rigorously.



6 T. DEMIREL and B. V. ENUSTUN

The differential free energy change at constant temperature T
on transferring saturated vapour onto the solid surface of unit
area in equilibrium with the vapour at pressure P is

AG
_DT TS o Py rreerrerereee e (2)'

where AG is the free energy change, n is the number of moles
of vapour transferred, yu, is the chemical potential of the satu-
rated vapour and p is that of the vapour at pressure P. If the
vapour is an ideal gas, then

p=yp,+ RTInPPy vrveveenennn. 3).

Let n, be the number of moles of vapour adsorbed when P=P,.
From eqns. (2) and (3) we obtain the integral free energy change
on transferring saturated vapour onto the solid surface in vacuum
until the equilibrium pressure equals to the saturation pressure:

AG = RT f”" InP[Pydn «oovevreenne (4).

On the assumption, which has also been made by Boyd et al.
and other authors mentioned above, that the limit of n/P at
P=0 is finite, changing the integration variable we obtain
from eqn.(4)

G = —RT fp°£dp ................ ).

which leads to eqn. (1) and can be put into a more convenient
form as follows:

RT

AG = Mz P/P

d (p/po) ............ (6).

4G given by eqn.(1) is the free energy change accompanying
the above mentioned process which is terminated when the
equilibrium pressure equals to P;, When the adsorbent used is
a mass of non-porous fine powder, before this final stage is
reached, as a result of capillary condensation starting to take
place in the contact zones of particles, all the voids in it
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should theoretically be filled with the liquid if the solid is wet-
table by the latter. There are also experimental evidences for
this(**], [*°]. It follows, therefore, that in such cases

AG = Yo~ Yoo trrrrrereeeress ('])

where y,, is the solid liquid interfacial tension and 7,, is the
surface tension of the solid in vacuum: In other words, AG cal-
culated should be the free energy of immersion of a solid sur-
face of unit area in the bulk liquid, which we call the “free
energy of wetting”. This point of view was also put forward
by Bartell et al. in the case of porous solids[*] and recently
applied to compressed powders of a non-porous solid['’] in a
similar treatment. Its validity should not depend on the degree
of compression and equally be applicable to powders of non-
porous solids which are not compressed at all.

It appears that the adsorption isotherms bave not been ex-
tended experimentally to actual saturation in the works of
Boyd et al.l®l and Harkins et al.[’}, [**]. In spite of the fact that
the solids investigated are wettable, these authors assume that
“no capillary condensation takes place even at the highest expe-
rimental pressure and calculate AG by an extrapolation to satu-
ration pressure. Consequently, they identify AG with the free
energy of immersion in saturated vapour and make a correction
to obtain v,; — v,,. This correction ammounts to subtracting the
surface tension of the liquid from AG in the case of solids sho-
wing zero contact angles. The extrapolation is made over a short
pressure range. But the adsorption isotherms in this region are

very steep. In our opinion, the above mentioned assumption on
one hand and this extrapolation on the other introduce uncer-
tainties into the free energy of wetting determined in this way.
It has been shown by Carman and Raall’®] and Craig, Van
Voorhis and Bart ll['"] that by using a compressed powder as
adsorbent an adsorption isotherm of type IV is obtained instead
of usual type Il and, therefore, the isotherm can be extrapolated
to saturation with certainty. At the same time, however, a hys-
teresis is observed. For these reasons, using loose powders, we
paid particular attention to actually reach the saturation in our
work and calculate the free energy of wetting directly from

eqn.(6).
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If AG, and AG, are the free energies of wetting of the
same solid by water and hydrocarbon, respectively, determined
in this manner, it follows from eqn.(7) that the adhesion tension
is given by

3. Experimental

We have investigated the systems calcite water and calcite-
benzene at 25.0°C.

(a) Materials

The calcite mineral used was clear and colourless which
occurs in Selguk near Izmir. It was washed, dried crushed, ground
and sieved through a Tyler No. 325 sieve.

The water was twice distilled and boiled vigorously just
before introducing into the adsorption apparatus.

“Analar” benzene was purified by one fractional distillation
and five recrystallizations. After drying with P,O; its refractive
index was found to be 1.5010 at 20°C. against 1.5011 given by
Allen, Everett and Penny[*®]. It was stored over sodium wire
and used for adsorption experiments.

(b) Apparatus

The experimental method is similar to that used by Tompal®]
for measuring the vapour pressures of solutions. It differs, howe-
ver, from the latter in that a mercury manometer is used instead
of a Bourdon gauge and that all the vapour lines and the mano-
meter are immersed in the thermostat insteat of being heated
electrically to avoid condensation. The apparatus is shown in
Fig. 1. The bulb A which is attached to the apparatus by means
of a mercury sealed joint contains the adsorbend. B is a calib-
rated capillary tubing of 2 mm. bore which contains the liquid.
C is a mercury manometer. The right hand limb of the mano-
meter is provided with a fine glass needle bent downwards to
indicate a reference level. This part of the apparatus is separa-
ted from the rest by a mercury cut-off D and immersed in a
water thermostat at 25°C. The mercury in C and D can be
raised and lowered by means of reservoirs E; and E;, via air
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traps F,, F; and taps T, Ty, respectively. The bulbs G and H
and the P,O, tube form the distillation train. I is the vacuum
mains. ‘

The vacuum train consisted of a rotary pump, a P3O; tube,
a single stage Hickman type oil diffusicn pump operating with
silicone oil and a cold trap containing dry ice-acetone mixture.
All the glass parts were made of Pyrex. Hard rubber grease
was used for all taps and joints except that of bulb A. The

TMcLeod wu::e
|
I » D]
“ -4 g
hdl ‘ 7o high vacuur:
52
H
10 e,

Fig. 1. Adsorption Apparatus

thermostat was fitted with a glass window for observation. The
variation of thermostat temperature was not more than + 0.002°C.
over a period of several hours A cathetometer reading to 0.01
mm. was used for measuring the level of the liquid in B as well
as those of mercury in manometer C,

(c) Preliminaries

The dead space above the mercury in the left hand side of
the manometer was calibrated at 25°C. This was achieved as
follows : When A, B, and C were empty, the air trap F; was
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replaced by a capillary tubing dipping into a bowl of mercury.
The apparatus was evacuated and, by opening the tap T;, some
mercury was admitted into the mano aeter so that it just touched
the tip of the glass needle in the right hand side. Then the
bowl was weighed. Subsequently, admitting more and more
mercary and resetting the point by letting some air into the
right hand side of the manometer, and finally filling all the
dead space in this way, the bowl was reweighed and the mer-
cury level in the left hand side above that in the right was
measured each time, From these results it was possible to draw
a calibration curve relating the dead volume to the mercury
level in the left.

After thoroughly heating and evacuating down to 10~° mm.
as much of the apparatus as possible, the mercury in C was
raised and the purities of water and benzene used were checked
as follows: A sample of benzene was put into G and thoroughly
degassed and dried by successive freezing in dry ice-acetone
mixture, pumping and distilling to and from bulb H through
P,O5 and finally into B as described by Baxendale, Eniistiin and
Stern[*]. The mercury in D was raised and the vapour pressure
at 25°C. was measured on the manometer C. Then, a small frac-
tion of the benzene was distilled at this temperature into A by
lowering the mercury in C. After raising it again no difference
was observed between the vapour pressure of the fraction dis-
tiled and that of the residue. Thus the sample purified and
introduced into the apparatus in the manner described proved
to be pure enough not to fractionate. Similar experiments were
made with a sample of freshly boiled bidistilled water and the
same result was obtained. In the latter case bulb G was repla-
ced by a couple of bulbs and the sample was degassed by free-
zing, pumping and distilling from one bulb to the other several
times and finally distilled into B.

Moreover, the thermometer used was calibrated against the
vapour pressure of benzene measured in this manner using
Smith’s[??] empirical equation which is in perfect agreement with
the data of Baxendale et al.[!] at 25°C. Using this calibration,
an agreement was obtained between the vapour pressure of wa-
ter measured similarly and the data given in the literaturel®]
within the experimental errors, as further evidence for purity,

Experiments in the manner described below were also car-
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ried out without any adsorbent to see whether the vapours con-
cerned were adsorbed appreciably by the glass apparatus. We
found, in confirmity with the results of Lambert, Roberts, Ro-
binson and Wilkinson[?], that there was no adsorption in the
case of benzene. However, we observed appreciable adsorption
in the case of water and established the adsorpticn characteris-
tic experimentally at 25°C from zero to saturation pressure to
be used for corrections.

(d) Procedure

The procedure of actual adsorption experiments was as fol-
lows: 5 grams of powdered calcite sample were introduced into
A. By lowering the mercury in C and D, it was pumped down
to 10-5 mm. at 100°C. for several days. The mercury in C was
then raised and some benzene was distilled into B in the man-
ner described above. While the benzene was frozen by dry ice-
acetone mixture, the mercury in D was also raised. The ther-
mostat was filled with water and brought to 25°C. After the
attainment of thermal equilibrium, the mercury in the left hand
arm of D was set to the mark previously engraved on the glass
tubing. The mercury in the right band limb of C was also set
to the point accurately as described by one of us elsewherel®].
The liquid level in B was then measured. During this measure-
ment we had to be sure that there was no liquid anywhere out-
side the liquid column in B. However, in the course of the
time, condensation of vapour in other places was inevitable.
For this reason, before the measurement, a few milimeters be-
low the meniscus the capillary tubing B was cooled by a local
stream of cold water until all the condensates were collected
in B as indicated by a sudden rise of mercury in the right hand
limb of C. 45 minutes later actual measurement was taken. In
this way we were able to obtain reproducible results,

Then, by cooling the liquid meniscus in B as just described
to avoid condensation and lowering the mercury in C gradually,
some vapour was let into A by bubbling through the mercury.
The mercury in C was raised and reset to the point. The liquid
level in B was then measured again. From the difference bet-
ween the tw® readings we calculated the amount of vapour
transferred to the adsorption bulb A.
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After the attainment of equilibrium, which took less than 24
hours, the pressure difference was measured on the manometer
and the temperature recorded. Making the usuai corrections on
the pressure difference and subtracting it from the saturation
pressure P, previously measured, the equilibrium pressure P in
A was obtained.

By subtracting the amount of vapour in the dead space cal-
calated from the dead volume, the equilibrium pressure and the
equation of state of benzene vapour[*] from the amount of va-
pour transferred to A and dividing by the amount of adsorbent
taken we obtained ¢ i.e. the mass of vapour in grams adsorbed
by one gram of adsorbent. In this way, by transferring more
and more vapour to the adsorption bulb A we covered all the
pressure range almost up to saturation. Then, reversing the
process and condensing more and more vapour back into B,
we also obtained some desorption points,

The adsorbent was then renewed and similar experiments
were carried out with water. In this case the rate of equilibra-
tion was on the wh le much lower, It took several days to ob-
tain a constant pressure. Moreover, in the higher pressure range
pressure vs. time curves exhibited more or less prominent
minima before the equilibria were reached. The pressure range
explored in this case did in fact contain the saturation point.
In order to determine the minimum amount of vapour transfer-
red to give rise to an equilibrium pressure equal to P, we used
a different technique, in addition to pressure measurements,
which proved to be more accurate than the latter in the vici-
nity of saturation. Namely, we observed the disappearence of a
small amount of dew produced by cooling a small area on the
upper part of the left hand limb of C by pouring a few ccs.
of water at 23°C. through a pipette under same conditions. Just
before the saturation only a small increase in g could reduce
the rate of disappearence appreciably. By increasing ¢ in small
increments the time of disappearence gradually incressed to a
few minutes, then sharply to several hours indicating the attain-
ment of saturation. In this way, we were able to determine the
minimum g at saturation with an accuracy of + 0.6 percent.

The adsorption isotherms obtained in this manner are shown
in Fig. 2 by plotting ¢ against P/P,.
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(e) Errors.

In order to test the reproducibility in pressure measurements,
readings were taken with different amounts of mercury in the
manometer when both sides were under vacuum, Similar readings
were also taken while measuring the vapour pressures of water
and benzene as described above. The results agreed within each
three series of measurements within + 0.05 mm.. +0.02 mm. of
this maximum deviation was due to the cathetometer and the
remaining apparently due to optical disturbances. By repeated
readings at zero pressure difference when the mercury was set
to the point, we could estimate the contribution of these distur-
bances to correct the readings taken under similar conditions.
Thus, the accuracy of readings in the vicinity of zero pressure
difference could be made + 0.02 mm..

It can be shown that the error in P/P; is given by
+[(1 — P,;Py)? (3 Po/Py)? + (3 A P/Py)?]'™* where 8 P is the error
in Py and 5 AP is that in the pressure difference measured.
Therefore, it follows from the foregoing explanation that in the
case of water the maximum error involved in P/P; in the iater-
 mediate pressure range is o+ [4 X 1076 (1 — P/Pg)* + 4 X 10~°]13,
in the vicinity of P/P; =1 is +=[0 + 107°]'% and in the vicinity
of P/[P,=10is +=[107% 4+ 1073]'2, In the case of benzene the
corresponding errors are +[2-5 X 10=7(1— P[Py)? +2-5X10~7]'72,
+ [0 4+ 4 X 1078}!2 and = [4 X 107844 10—}/, respectively.
The first terms in these brackets are the systematic errors in P[P,
due to the determination of P, which are involved in all the
experimental points. The second terms are the errors due to the
measurements of pressure differences. The error of the latter kind
involved in an experimental point is independent of those in
other points.

The maximum experimental error in determining ¢ was due
to level measurements and similarly estimated to be -t 0-00003.

4. Discussion and Results.

It will be seen from Fig. 2 that the adsorption and desorp-
tion points in the higher pressure range fall in the same iso-
therms in both systems within the experimental errors. We can
conclude, therefore, that the systems investigated do not exhibit
hysteresis, However, an unusual kind of hysteresis is observed
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in the case of water. Namely, the desorption points tend to fall
below the adsorption isotherm as the pressure decreases. We
have also observed on a different sample that when adsorption
is extended as far as to saturation and followed by desorption
down to zero pressure, readsorption experiments give points
lying significantly below the adsorption isotherm obtained in the
first run. This behaviour as well as the negative hysteresis just
mentioned is perhaps a result of a decrease in the specific sur-
face of the adsorbent due to the growth of calcite crystals in
the presence of bulk water at saturation.

|40 L «00 4
CALCITE- WATER CALCITE -BENZENE 9
ADSORPTION & o)
Y DESORPTION .
Tg Y gxi0
30 L 300

L 200

L. 00

— P/B -
Yo oo 020 0300 0400 0500 0630 00 2620 090 2350 000)

Fig. 2. Adsorption Isotherms at 25.0°C.

As seen in Fig. 2, the isotherms are very steep near the sa-
turation and in the case of water adsorption the isotherm beco-
mes vertical at P/P; = 0-998. At this stage the appearence of
the adsorbent was decisively wet. Therefore, at least in this re-
gion, capillary condensation takes place. Similar conclusions were
also arrived at by Emmett et al.[**] and Higuti et al.['*] in the
case of other non-porous solids. The calculation of effective
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radius of pores being filled at this relative pressure from the
Kelvin equation gives 1.5 microns. As ¢ exceeds a value of
0-04096 +- 000026 the saturation pressure is reached abruptly.
When the volume of water collected as liquid on the adsorbent
at this stage was compared with that of the voids, determined
on another sample at the same state of compaction, we found
that only 5 percent of the voids was filled. These observations
lead us to conclude that although only a small fraction of the
voids is actually filled at this point, the largest pores to be filled
by capillary condensation is in 1.5 microns effective radius and
that the remaining empty ones are so much larger that practically
no capillary condansation takes place in them. This is equal to
the statement that the filling of these large pores with bulk
water does not contribute appreciably to the free energy. In
other words, these empty pores are so large in dimensions that
they constitute only a negligibly small fraction of the specific
surface. We can safely assume, therefore, that practically all the
solid surfaces are covered with bulk water at this point and
that AG to be calculated accordingly from eqn.(6) is in fact the
free energy of wetting as defined in Section 2.

In the case of benzene adsorption, the isotherm was not fol-
lowed experimentally up to actual saturation. However, it is
clear from the above discussion that the isotherm is expected
to have the same general characteristics as in the case of water
in the vicinity of saturation. On this assumption, we calculated
P/P, where the isotherm would be a vertical line from the Kel-
vin equation using the effective pore radius given above and
obtained a value of 0-996. This figure agrees very well with the
experimental point at the highest pressure and the general trend
of the isotherm in this region. We also calculated the minimum
g at saturation from that observed in the case of water, on the
assumption that the capillary volume to be filled with liquid
would be the same in both cases. Thus, we extrapolated the

experimental isotherm up to saturation by analogy to the water
adso:ption isotherm, as shown in Fig. 2.

The first step in the evaluation of free energies of wetting
from adsorption data is the estimation of specific surface 2. We
calculated £ from the experimental points in the low pressure
range up to P/Py=0-4 by B.E.T. method[*®). Using the data
of water and benzene adsorptions separately, we obtained the



16 T. DEMIREL and B. V. ENUSTON

best agreement between the two values so calculated by assu-
ming that the density of the adsorbed phase is equal to that of
the solid adsorbate at the same temperature in both cases By
taking into account the limits of experimental errors given in
Section 4, (e), thus we obtained 9200 + 810 cm2. g=! from
water adsorption and 9875 + 135 cm?. g~!. from benzene adsorp-
tion. We took the latter range as a basis for cur subsequent
calculations since it determines the specific surfzce more accu-
rately.

The free energies of wetting were then calculated from
eqn.(6) using the experimental points and the specific surface
estimated. These calculations were made in two steps. The integ-
ral in eqn.(6) was calculated between the limits 0 and 0-3 in
the first step. In this low pressure region the integral is rather
sensitive to the curvature of the isctherm. On the other band,
the curves were not well defined by the experimental points in
this region. We, therefore, integrated the multilayer adsorption
equation[?’] according to eqn.(6) between the limits 0 and 0-3
using the parameters which had already been obtaired in the
determination of specific surface by B.E T. method. In the second
step we calculated the integral between the limits 0-3 and 1
graphically. Thus AG’s were calcvlated. The results of these cal-
culations are given in Table 1 together with the maximum er-
rors estimated. The greatest fractions of these errors are due to

the determinations of ¢ in the low and intermediate pressure
ranges.

Table 1.

Free Energies of Wetting of Calcite at 25.0°C.
System AG, ergcm™2.
Calcite — Water — 264+ 8
Calcite — Benzene — 155-4-4

Since the vapours concerned are not ideal gases, eqn (6)
should more correctly be written in terms of fugasities instead
of -pressures and AG’s be calculated accordingly. However. the
fugasity corrections are negligible.

It follows from eqn.(8) and the figures in Table 1 that the
adhesion tension for calcite is v,, — ¥,, = — 109 erg. cm™2. at
25-C°C. Water-benzene interfacial tension at this temperature
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is Yup = 34-7 erg. cm™2[*] The free energy of displacement of
benzene defined by the Dupré type equation (see Sec 1) is,
therefore, negative: v, — v,, + Yo = — 74 erg. cm—2. This
implies that an actual contact between calcite and benzene is
unattainable in the presence of bulk water. Therelore, the experi- -
mental values of the contact angle observed on the same system
by Rehbinder et al[*] have no thermodynamical significance.

Boyd and Livingstonel®! have estimated the free energy of
wetting for the systems quartz-water from their own experimen-
tal data and vitreous silica-benzene from the data of Palmer
and Clark[”] and obtained — 316 and — 81 erg. cm~?, respec-
tively. If we can assume that the surface characteristics of vit-
reous silica are similar to those of crystalline quartz, the adhesion
tension in the case of quartz-water-benzene is found to be — 235
erg. cm~?% Comparing this figure with — 109 erg. cm~. obtained
for the system calcite-water-benzene, we come to the conclusion
that the tendency of quartz to stripping is twice as much as
that of calcite. A qualitative observation well known to road
engineers thus finds a scientific justification.

The results on some other minerals will be reported in due
course.

Our thanks are due to the Materials Department of the
General Directorate of Turkish Highways for its interest in this
work which was carried out in the laboratories of the latter
Department and to Dr. E. Dikman for supplying the purified
benzene. :

Summary

A thermodynamical method hasbeen used to classify minerals
which occur in aggregates used for bituminous pavements accor-
ding to their resistance to stripping. This comprises investiga-
ting experimentally the adsorptions of water vapour and benzene
vapour by the powdered mineral and calculating the free ener-
‘gies of wetting of the latter by water and benzene from the
adsorption isotherms so obtained. The difference between these
free energies is a measure of the resistance of mineral to
stripping.

The systems calcite-water and calcite-benzene were investi-
gated by this method. The free energies of wetting of calcite by
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water and benzene were found to be — 264 -+ 8 and — 155 + 4
erg. cm™?, respectively, at 25-0°C,

Comparing these figures with those given in the literature
for quartz, it can be concluded that the tendency of quartz to
stripping is much greater than that of calcite.
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