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I. IKRTRODUCTION

The primary purpose of this project was to devise a method for
cbtaining data on the adsorption of vapors on a mercury surface. One
of the complicating factors that makes the formation of a gquantitative
theory of adsorption difficult is the supposed heterogeneity of the
surfaces of the adsorbent used, If an adsorbent with a uniform,
homogeneous, and reproducible surface could be used to study adsorp-
tion, this difficulty would be removed.

For this reason mercury was chosen as the adsorbent since it
should have a homogeneous, reproducible surface. Other advantages
of mercury as an adsorbent are (a) it has a high surface tension and
thus should approximate a solid surface with respect to adsorption;
{b) adsorption on the mercury surface can be followed by means of
surface tension measurements, the adsorption being calculated by means
of the Gibbs adsorption equation; (c) although meroury is difficult to
purify completely and to keep pure (as are all aﬁmcfbents), its purity
can be determined by the same mpurface tension measurements used to
measure adsorption; (d) it is readily available and can be distilled
under vacuum with little difficulty.

There are several méthads available for the determination of
surface tension., For this work it was desirable to choose a method
which was static in nature, suitable for use in vacuum, and of a high
degree of precision and accuracy. It was felt that the recently

developed pendent drop method best met these requirements.
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The purposes of this research, then, were as follows:

1. To design and build an apparatus that could be used to deter-
mine the surface tension of mercury in high vacuum under conditions
of maximum purity, and to demonstrate the practicality of the apparatus.

2. To measure the surface tension of pure mercury and compare
the value obtained with the presently accepted value,

3. To obtain adsorption isotherms for n~heptane and ethanol,
both singly and from mixtures of the two vapors, by observing the
dependence of the surface tension lowering of mercury on the partial
pressures of these vapors.

4, To find a theoretical expression which would represent the

data s¢o obtained.



II. LITERATURE
A. Surface Tension of Mercury

Many workers have tried to determine the value of the surface
tension of mercury. One of the earliest determinations was made in
1831 by Poisson (32) who obtained a value of 442 dynmes/cm using a
drop method. Since that time values ranging from 430 to 515 dynes/
¢m have been found by vardous workers using a variety of methods such
as drop weight, bubble pressure, capillary rise, and sessile drop.

In an article published in 1936, Puls (33) included a table of 25
values for the surface teunsion of mercury together with the method
used and a reference to the original article in each case. Since
several ¢ritical discugsions of theae various and varying values are
available (1, 13, 23), a detailed discussion will not be given here.
In general, the discrepancies were atiributed to contamination of the
mercury, although in some cases the application of the particular
méthod used cast doubt on the accuracy of the results.

In 1932, Burdon (13) reported a value of 488 dynes/cm in vacuum
by the method of the large sessile drop. He also presented a good
eritical discussion of the data teo that time., In 1938, Bosworth (10)
reported 484 dynes/om at 200 € in purified and dried air using the
maximum bubble pressure method. By observation of mercury sealed in

a tube, Bate (9) obtained a value of 490 dynes/cm at 20° ¢ in vacuum.
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Probably the best and most careful determination reported to date
was that of Kemball (23). Using the method of the sessile drop, he
obtained a value of 484 4 1.5 dynes/cm at 250 C in vacuum. Kemball
used carefully purified mercury and analyzed all possible sources of
error due to the apparatus used. He also reviewed values found by
other workers and discussed in particular the higher values that have
been obtained. (Three values higher than 488 dynes/cm have been
reported since 1900 (11, 15, 35).) He felt that the error in two of
these cases may have been caused by the window used in the sessile
drop apparatus, In the third case (35), the theory of the method
(stationary waves on a vertical jet) could not be regarded as accurate.

In a book published in 1949, Burdon (1Lk) discussed the surface
tension of mergury and the discordance in values and concluded that
the value for the surface tension of mercury lay within 1 percent of
485 dynes/cm. He included a list of some of the more recent values
for the gurface tension of mercury in vacuum and in various gases.
Adam (1) listed the value of the surface tension of mercury as
485 + 5 dynes/om.

It appears, then, that the surface tension of pure mercury is
probably very close to the value found by Kemball, i.e., 484 dynes/cm.
This value can be attained only with great difficulty, however. The
mercury must be very pure since even amall amounts of impurities can
lower the surface tension considerably. While it is a relatively
simple matter to obtain mercury of reasonably high purity, the purity
demanded for surface tension work seems to require rather elaborate

purification procedures, In addition, all surfaces with which the



5

mercury comes into contact must be scrupulously clean and completely
inert with respect té the mercury. Although there were differences
of opinion about the actual value of the surface tension of mercury,
there was general agreement that the temperature coefficient of the

surface tension is 0.20-0.23 dynes/cm/degree.

B. Adsorption of Vapors on Mercury

Although a number of papers have been published over a period
of years on adsorption of various vapors on mergury, the results
reported are subject to the same criticisms as are those for the
surface tension of mercury since adsorption on a liquid surface was
moat often determined by lewering of surface tension., Contamination
of the mercury surface and errors in measurements made the results of
only gualitative value. Same‘af these results were discussed by Adam
{1) and also by Kemball and Rideal (24). There was considerable
lowering of the surface tension of mercury (as determined by each
worker) by organic vapors in all cases. This additional lowering of
the surface tension indicated that these vapors may have displaced the
layer of contamination originally present., Adam concluded that one
could not say much more from the results found except that the
adsorbed films of organic vapors on mercury are usually gaseous and
that there may be more lateral adhesion in the films of short chain
polar substances than in films of hydrocarbons.

Probably the most reliable data on the adaorption of vapors on
mercury were obtained by Kemball and Rideal (24) and by Kemball (25),

(26)., Adsorption of both polar and non-polar vapors was studled. In
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the case of non-polar vapors, reversible results were obtained for
the adsorption of benzene, toluene, and n~heptane. The films were
found to be gaseous and to obey the Volmer equation for a gaseous
gurface film,
N (A-b) = kT where (1)
U = spreading pressure

A = area per molecule

b = co-area.

Experimental co-areas at low pressures for both benzene and toluene
indicated that in each case monolayers were formed with the molecules
lying flat on the surface, In the case of n-heptane, experimental
resulte indicated that the molecules were partially curled up with

4 or 5 carbon atoms in contact with the mercury surface. The reversi-
bility of adsorption and the magnitude of the heat of adsorption in
all these cases indicated that only van der Waals interactions were
present. At higher pressures further adsorption of n~heptane occurred
with either the formation of a second layer or two-dimensional conden-
sation in the first layer. Results for toluene indicated two phase
changes; the first involving a change from adsorption flat om the
surface to end-on adsorption and the second prebadbly representing the
formation of a second layer.

Reversible adsorption was also found for the polar substances,
water, acetone, and the normal alcohols from methyl to hexyl. All
these substances except water formed gaseous films at low pressures.
The Volmer equation was applied in every case with satisfactory

results., (However, see Discussion, p. 59). The Langmuir equation,
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which is based on the assumption of adsorption to fixed sites, was
applied to the data for water giving slightly better results than did
the Volmer equation. The large entropy of adsorption for water indi-
cated that the molecules might be immobile on the surface. This high
entropy also strongly indicated the association of water on the sur-
face of the mercury. There was probably some association of methyl
alcohwl, also. N-Butyl, n-amyl, and n-~hexyl alcohols formed gaéeous
films with the molecules flat on the surface. End-on adsorption
probably occurred in the case of acetone, Methyl and ethyl alcohols
formed second layers while the higher alcohols formed condensed films.
Propyl alcohol exhibited behavior betwesn the two. Water showed no

inclination to form a second layer.

C. Perdent Drop Method

Since the pendent drop method of measuring surface tension is
relatively new and as yet is not widely used, a discussion of the
method, of some of its uses, and of its development to the present
time seems appropriate,

The pendent drop method in its present form was developed by
Andreas, Hauser, and Tucker and reported in 1938 (3). The background
of the method is adequately discussed in their paper. Andreas et al.
designed an apparatus in which a amall drop of liquid could be suspended
from the end of a vertical tube and them photographed. They further
developed a method for calculating surface tension from the size and

shape of the drop., A discussion of this method follows.



L. Th@ or z

The mathematical treatment of a pendent drop is based on two
fundamental equations, The first states that the pressure caused by
curvature of a surface is equal to the product of the surface tension
and the mean curvature.

p=d(E+3) (2)
The second states that when the drop ies in equilibrium, the vertical
forces acting across any horizontal plane are balanced,
2‘[l'x<fainﬁ==vc"g +‘n'x2 P (3)
P = pressure due to curvature of the surface

R and R' = two principal radii of curvature

34

x

@

V = volume of fiuid hanging from plane

horizontal distance to axis of drop

angle between normal and axis

#

0 = differencein density

¥ = surface tension

g = acceleration of gravity {see Figure 1).

These equations may be combined in various ways to obtain a
differential equation of the drop and a method of determining the
surface tension. Andreas, Hauser and Tucker rejected the method of
the plane of inflection, which had previously been tried, because
finding thé exact location of the true plame of inflection presented
a difficult graphical problem and because it was necegsary to compute
the volume of the drop from its profile, again a tedious and difficult

procedure. They developed instead the method of the selected plane.



9
In order to do this, they first determined the differential equation

of the drop by eliminating R + R' and combining equations 1 and 2.
dz 2 21 3/2
2, 5 daX] _r2 - & g2 gz | .
s Lz {1@]- (574210 - )
ax

z = vertical coordinate measured away from the origin, taken at
the bottom of the drop (where the axis of rotation cuts the
surface of the drop).

b = radius of curvature at the origin.

The size of the drop is most conveniently determined by measuring
the diameter at the equator (i.e., the greatest horizontal diameter),
and the shape is described by giving the ratio of diameters measured
at two different horizontal planes. The two planes chosen were the
plane of the equator, giving the equatorial diameter, de‘ and the
plane a distance from the tip of the drop equal to the diameter at
the equator, giving the diameter, da’ (See Figure 1) The shape
was then described as 8 = fg_.

By making appropriate aubs%ftutiona, the authors arrived finally at

the equation
2
J =80 () (5)

where H is & function of § and can be determined from the differential
equation of the drop, With a table of H as a function of 8, the
surface tension can be determined. Andreas et al. stated that the
aquatiaﬁ is exact and convenient and that the precision depends only
upon the accuracy with which the linear measurements can be made and
upon the tables of H vs S.

These workers felt that although it was theoretically possible
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to evaluate the function (H) mathematically, the calculations would
be very laborious and unsatisfactory. Therefore, they established
an empirical table from measurements on photographs of various sized
drops of conductivity water of known surface tension., They felt that
if linear dimensions could be measured with a probable error of not
more than + O.1 percent, the surface tension could be measured with
an uncertainty of about & 0.5 percent.

A sketch of the apparatus used by Andreas, Hauser, and Tucker is
shown in Figure 2. Drop forming tips were made of 2 mm pyrex tubing
and sealed onto 1.5 cc hypodermic syringes. The drop was formed
ingide a glass cuvette which wae enclomsed in a water thermostat. The
light source consisted of a mercury arc¢ lamp and a condensing le#s.
The camera was fitted with a microscope objective and telecentric
stop.

Surface tensions of l0-second-old surfaces of benzene, ethanol,
methanol, and toluene were determined. The agreement with literature
was good. Interfacial tensions of mercury~benzene, mercury-water,
water~benzene, water-carbon tetrachloride, and water~toluene systems
were also determined. In these cases the sgreement with literature was
not quite so good as was the case with surface tensions, The authors
stated that published values of interfacial tensions were frequently
of low precision., Also, all of their measurements were on 1lQO-second-
0ld surfaces whereas the age of surfaces for the previously published
values was unknown. They believed their errors for interfacial tensionse
to be within + 1 percent., They found that results were independent of

whether the drop was pendent up or pendent down. (A drop hanging
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downward from a'drop forming tip is referred to as "pendent dowa".

In gome

cases, it may be desirable to form the drop upward from a

drop-forming tip, or “pendent up".) While they claimed an accuracy

of + 0.5 percent for surface tensions, they believed that the method

was capable of an accuracy of + 0.05 percent,

Andreas, Hauser, and Tucker listed the outstanding advantages

of the pendent drop method as

1)
2)

3)

L)
5)

6)
7)

8)
9)
10)

complete mathematical analysis

results independent of contact angle between the fluid inter-
face and the apparatus

method is statie and therefore not influenced by viscosity
effects

measurements are made lnstantanecusly

successive measurements of a given surface can be made without
disturbing it

boundary tengions of any magnitude can be cobserved

glther surface tension or interfaclal tension can be measured
in any system in which at least one of the fluids is trans-
parent and the fluide are not of equal density

only small samples are required

adapted to simple temperature control

photographs on which measurements are made may serve as a

permanent record.

2. Development of apparatus

Naturally, the original pendent drop apparatus was improved as

it was used. For the most part these improvements consisted not of



iz2

drastic changes but of improvement of various sections of the appara-
tus. Mack, Davie, and Bartell (27) placed the tip im a pyrex cell
with optically flat windows, &Smith (36) used a better lens and a
camera arrangement which gave constant magnification., He also
mounted a glass myringe with special drop-forming tip on a micro-
scope mechanical stage. Drops were expelled with the aid of a screw
which acted upon the plunger and pictures were measured with the aid
of a special microascope mechanical stage fitted with vernier which
could be read directly to 0.05 mm. This apparatus gave higher
precision and greater convenience and speed of operation than those
uged before. The merc¢ury arec lamp originally used as the light source
gave way to the recently developed concentrated arc light scurce (12)
(Hauser and Michaels (22) and Bartell and Bard (5)).

In 1948, Hauser and Michaels reported a pendent drop apparatus
for liguid-liquid systems in the temperature range, 20°-200° ¢ and
a pressure range of 0-10,000 pounds/square inch. Measurements were
made with an eagraved rule and hand magnifler to 0.1 mm. Magnifi-~

cation was determined from the known diameter of the drop-forming tip.

3. Extension of theory

In 1944, Smith (36) had mentioned the need for the refinement
of the H-S tables.

The first set of theoretical tables for H as a function of §
was published in 1948 by Fordham (18), A short time later a similar
table was published by Niederhauser and Bartell (31l), The two tables

checked one another very closely. Both sets of tables gave 1/H as a
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function of 8. The accuracy of Fordham's tables was given as

8 = 0,60 - 0,68 max. error + 0,00003 = + 0.003%
8 = 0.68 - 0.98 1 " 4 0,00001 = + 0.001% ~ 0.003%
8 = 0.98 - 1.00 " "+ 0,00003 = + 0.01%.

Fordham consldered the agreement between these tables and the experi-
mental tables of Andreas, Hauser, and Tucker to be matisfactory. He
believed the method should be capable of giving results as reliable
as those for capillary elevations. However, the Hattainment of such
accuracy would entall very stringent demands upon experimental tech-
niques’, The errors in the Niederhauser and Bartell table of 1/H vs
8 were claimed to ba not greater than one unit in the fifth decimal
place for § less than 0,985 and not more than three units for § =
0,985 - 1,002, These authors stated that "as a result of this
evaluation the pendent drop method is probably the most accurate of
known methods, as well as an absolute method, for measuring boundary

tensions®,

4, Applications

Smith and Sorg {37) and Smith (36) used the pendent drop method
to determine the surface tensions of organic liguide. Smith and Sorg

measured surface tensions of alcobols ranging from C, to C,.,. They

1 12
attributed values that were higher than literature values to purer
liguids. The surfaces which they photographed were 10 seconds old.
8mith determined surface tensions of 15 highly purified hydrocarbons
in the range 35 to ﬁg. He felt that his precision was that of the
enpirical H-8 tables then avallable.

Several workers applied the method to interfacial tensions.
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Bartell and Davie (6) studied the interfacial tensions of water-air,
water-n~heptane, water-benzene, and water-methyl n-amyl ketone systems,
Bartell and Niederhauser (8) used the pendent drop method to measure
interfacial tensions of crude petroleum oils with water, Using an
aluminum mirror and a ruled glass plate, they could make measurements
directly to 0,2 mm in about one minute. For greater accuracy, they
employed the photographic method which took about 20 minutes and was
agcurate to about 1 percent, Bartell and Bard (5) studied mercury-
water and mercury-organic liguid systems in the presence of various
atmospheric gases., They claimed an absolute accuraey of 0.2 percent.

Mathews (28) utilized the pendent drop method to study oil in
glue interfacial tensions. In this case the method was chosen, not
because any great accuracy was desired, but because this method could
be umed for the system under study whereas other methods could not be
80 used.

A study of the interfacial tensions of sodium laurate golutions
against heptane and against air was made by Bartell and Davis (7).

Addison and Hutchinson (2) applied a modification of the pendent
drop method along with other methods to a study of the surfaces of
aqueous decyl alcohol solutions. They formed a drop of known volume
on an orifice, illuminated it from behind, and observed its length
with a microscope carrying an eyepiece scale. A calibration curve for
drop length and surface tension was obtained from a series of solutions
ﬁf known surface tensions. Thus time-surface tension curves could be

obtained directly from the movement of the drop perimeter over the
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eyeplece scale, Values so obtained agreed with those obtained by a
drop weight method but were higher than those obtained from a verti-
cal plate method. The authors felt that the vertical plate method
gave the true surface tension values and that the hanging drop gave
apparent surface tension values due to a "bag'" formed around the drop
by lateral adhesion in an adsorbed film which acted as an additional
upward force on the drop. This appears to be a rather unusual
explanation since the nature of surface tension as usuvally concelived
does not permit lateral adhesion of molecules to be congidered inde-
pendently. The reason for these discrepancies in surface tension
measurenents is not clear. However, the vertical plate method is not
completely a static method whereas the pendent drop method is, The
explanation may lie in this difference.

In 15&1, Mack, Davis, and Bartell (27) reported the use of the
pendent drop method to determine the surface tension of gallium.
Dxygen and water vapor were excluded and the surface tension measured
>undar an atmosphere of hydrogen and of carbon dioxide. The value which
they found for the surface tension of gallium near its melting point
(30° €) was 735 + 29 dymes/em. Richards and Boyer (34) had much
earlier (1921) reported a value of 358.2 dynes/cm for the surface
tension of gallium at 300 C. These latter authors obtained a value
of 432 dynes/cm for the surface tension of mercury using the same
method, the method of the large drop. One nmight well expect the
surface tension of gallium to be higher than that of mercury and that

gallium would be even more difficult to obtain im a pure state., It
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would not be surprising, then, if early values for the surface tension
of gallium as for the surface tension of mercury were quite low. The
value found by Mack, Davis, and Bartell may be near the correct
value.

Davis and Bartell (16) applied the pendent drop method to molten
materials. In arder to apply their method, they assumed that the
shape of the molten drop did not change upon ceooling although the
volume and density did change. This assumption appeared to be justi-
fied in the case of isotropic substances. Their procedure was to
heat a small amount of solid or viscous material until it melted or
flowed sufficiently to form a pendent drop. The drop was then allowed
to solidify, and its linear dimensions were measured at room tempera-
ture. The drop itself served as a permanent record. Egquation 5
was revised to fit this case. Be’ Ds' and /, are the measured room
temperature values corresponding to de‘ da' and Q¢ . For isotropic
substances, the third power of the linear diameter is proportional

to the volume; the density is inversely proportional to the volume.

Therefore
(5 - =
e a

The eguation then becomes

g D

1 (6)
e H

Thies method was used for glasses, waxes, polystyrene, electrolytic
iron, lead oxide, antimony trioxide, and lead chloride. The glasses

and waxes gave values which agreed with the literature wvalues. The
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value found for slectrolytic iron was 840 dynes/cm. The literature
value given for the surface teunsion of gray cast iron is 880 dynes/cm
(1). It is quite possible that these values are both much lower than
the true value of the surface tension of iron. The limite of accuracy
of this method for molten materials can be determined only by further
study.

In 1951, Michaels and Hauser (30) reported some results obtained
from their high pressure apparatus which is described on page 12 .
They studied the benzene-water and n-decane-water aystems over a
pressure range of 700 atmospheres and at temperatures ranging from
RO°~lEO° ¢, Before caleulating surface tension values, they rewrote

equation (5) as ) = doa of which dea was obtained experimentally.
¢q E H

This value was then plotted as a function of pressure and tempera-

ture and the data "smoothed out" before the additional inaccuraciles

of density values given in the literature were introduced.

To summarize, the mndent drop method has been used to study both
surface and interfacial tensionss It has been applied to materials
ranging from organic liguids to molten iron, While most of the work
has been carried out at normal temperatures and pressures, the method
has been applied over a pressure range of 700 atmospheres and at
temperatures as high as 130” C. With the exception of Addison and
Hutchinson, those who have worked with the pendent drop method seem to

agree that it is an exact, accurate method for the determination of

boundary tension. Some, such as Douglas (17), have urged its wider
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uge as a convenient, accurate, and fundamental method for the evalu~-
ation of boundary tensions and of related phenomena. The advantages
claimed for the method by those who developed it seem justified.

It is to be noted, however, that none of the reports so far
publighed mentioned a use of the method in vacuum., It seemed that
it should be posmsible to adapt the method to vacuum and thus
increase its usefulness even further by making it possible to deter-

mine surface tensions under optimum conditions,
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III. APPARATUS

The apparatus for the pendent drop method as carried out in
this study can conveniently be divided into (1) the optical systenm,
(2) the vacuum system, (3) the vapor inlet system, (4) vibration
support and mounting, (5) temperature control, and (6) measuring

machine, Each of these will be discussed in detail.,
A. Optical System

The optical aystem for the pendent drop apparatus is essentially
a system for profile projection. The necessary elements for such a
syaten are
1., an illuminating system, i.e., a light source and a con-
densing lens,
2. a sultable fixture to carry the object to be projected,
3. a projection lens, and

4, a screen and/or photographic plate to receive the image.

1. Equipment

In profile projection light from the source illuminates the
object, passes through the projection lens, and casts an image of the
object upon the screen or photographic plate. This image should be a
sharp, faithful and undistorted reproduction of the object.

The illuminating system used in this work was a "zirconarc"

lamp which utilized the "concentrated arc" light source (12). The
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concentrated are buld (40 watt) produced a high intensity light
source in the form of a ¢ircular spot 0,037 inches in diameter. It
therefore approached a point source., The condenser system of the
Yzirconare™ lamp was reportedly well corrected for spherical aber-
ration, coma, and coleor. The exact meaning of "well corrected" could
not be determined. The eguivalent focal length was 16.5 mm,

The shutter far the sysbtem was placed on the lamp rather than
on the camera, This arrangement decreased vibration and prevented
excessive heating of the object by the light source. A multilayer
merdury green light filter was obtained to provide monochromatic light.
It was found, however, that there was not sufficient difference in
definition of the image with the use of this filter to counteract the
disadvantage of the longer exposure time necessary. Yor this reason
the filter was not used.

A 35 mm/f/2.3 Baltar lens was used as a projection lens. 4 32
mm micro-tessar lens was also tried but the Baltar was found to be
mnore satisfactory from the standpoint of aperture, magnification, and
frecdom from distortion,

The Baltar lenses were reported to "have extreme flatness of
field, high resolving power, andf}o bé]well corrected for all aber-
ratians."l Once again it was impossible to obtain information about
how well the lens was corrected.

The object whose image was to be projected was a drop of mercury

1L0tter from Frank Hawkins, Photographic Sales Dept., Bausch %
Lomb, 1950.
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hanging from a glass tip within a cell bounded by two parallel, opti-
cally flat windows (Figure 3). The outside diameter of the drop-
forming tip was about 4 mm while the inslide diameter was about 2 mm.
The maximum diameter of the mercury drop was about 3 mm. The nature
of the drop w#a such as to offer mo particular difficulties in its
projection, An absorption cell of the following specifications was
used as the cell within which the drop was formed.

Parallelism of liquid~glass interfaces 0,01 hm

Flatness of windows 6 wavelengths

Parsllelisnm of faces of each window within 5 minutes.

The camera aﬁaigne& for use with this system consisted of lens,
focusing device, bellows, and a holder for a ground glass screen and
the photographic plates. The image was first focused on the ground
glass plate., Before a photograph was taken, this plate was removed
and a loaded plate holder was inserted in the same position. A plumb
line congisting of a lead drop attached to a nylon thread was fastened
to the camera in front of the photographic plate so that its shadow
was cast on the exposed plate where it served as a reference line for
alignment of the photograph on the measuring machine.

The camers, as buill, was not completely satisfactory. It was
not sufficiently rigid and neither the lénﬁ nor the plate receiver
was propsrly squared te the optical axis. Consequently, alignment
with the light source and with the cell was difficult and frequent re-

alignment was necessary.
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FIGURE 3. CELL AND DROP FORMING TIP, ABOVE, SIDE VIEW,
BELOW, END VIEW.
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Both. the camera and the light source were fitted with rollers
which rode upon a sturdy optical bench. The light source could be
moved to any desired positlon while the camera cgould be moved as a
unit or the fromt rollers could be glamped into position and only
the back rollers moved to provide extension or compression of the
bellows. The optical bench could be raised, lowered, and leveled
by means of screws attached to each of the four feet.

Kodak spectroscopic M plates, 649-GH plates, and 548-GH plates
(later called High Resolution Plates) were all used from tine to
time. The M plates, while very fast, had low resolving power and
were unsultable for this work. The highest resolving power (1000
lines per millimeter) was obtained with the 649-GH plates. These
plates also required the longest exposure time, about 45 seconds with-
out a filter at the magnification used., The High Resolution Plates
reguired about 10 seconds exposure without the filter. Resolving
‘pewer of these latter plates seemed quite satisfactory, inasmuch as
a well~focused image appeared sharp and c¢lear under the traveling
miecroscope of the measuring machine. These plates, therefore, were
finally adopted for use in this study.

The camera, c¢ell, and light source were aligned as well as possi~-
ble in the following manner. The camera and light source were aligned
by adjusting them so that the light from the light source entered the
center of the projection lens and formed a c¢ircular spot on a ground
glass screen at the back of the camera, This eircular spot became
uniformly smaller and larger as the apertures of the projection and

condensing lenses were closed and opened if alignment was good. The
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optical bench was then adjusted so that light from the light source
fell on the c¢ell window and was reflected back to the center of the
light source lens while, at the same time, the image of the drop-

forming tip fell in the proper position on the ground glass plate.

2, _Sources of error

Possible sources of error from this optical system included dise
tortion caused by the projection lens, any optical imperfections in
the cell windows, non-alignment of the variocus components of the
system, and uncertainties caused by the nature of light and of the
phaﬁagraphic proceas, Sources of error such as improper focusing and
vibration of the drop were, of course, immediately obvious on the
photograph.

About the only way to determine the extent of distortion of the
lens was to photograph an object of known size and to determine the
extent of any distortion in the image of this object. Several pic-
tures of micrometer discs taped to the window nearer the projection
lens were taken, One of the micrometer discs was ruled in Bsquares
0.25 mm in area; the other disc was linear, 5 mm long with rulings
eagh 0.1 mm. Meagurement of these photographs indicated a rather
significant pin-cushion distortion. However, comparison of a drop
photograph with the squared micrometer disc photographs indicated that
the corrections were such as almost to cancel one another, Both the
tip dismeter and do as measured on the photograph were too large due
to the distortion effect, but about the same correction would have been
applied to both values so that the actual value of dea (de mneasured X

actual tip diameter/tip diameter measured) remained unaltered (See
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Figure 4). The distance from the tip of the drop to the plane of d_
was similarly too large, since the measgured de was too large and the
drop was somewhat extended in this region due to the distortion efiect.
This gave an apparent low value for dB. However, if ds had been
measured in the corrected plane (dotted line in Figure &) and corrected
for horizontal distortion, approximately the measured value would have
been obtained., Hence the two ¢orrections on ds approximately cancelled
one another. The value of da/dﬁy on the other hand, was still too
smell since the measured de was too large by a greater fraction than
that of dﬁ. This might have led to a high value for the surface
tension, The resultant error, though, was probably no greater than
the uncertainty in measurement, i.e., error in surface tension caused
by this effect was probably of the order of 1 dyne/cm or less.

Considering the discussion of Kemball (23), the specifications
of the cells used, and the size of the object, any error due to the
cell windows should have been negligible.

Uncertainties caused by non-alignment of the various components
of the optical system c¢ould have been serious. If the parts were not
aligned as well as they should have been, it was impossible to focus
the image properly. Part or all of the photograph then had a fuzzy
appearance and it was often difficult or impossible to decide where
the measurements should be taken. This effect could cause a difference
in surface tension values of 2s much as 2 dynes/em or 0,4-0.5 percent.

In profile projection there might be some undertainty as to which
part of the object the image corresponds, That is, the light might

image a plane other than the rlane of maximum diameter if the object
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FIGURE 4. DROP PHOTOGRAPH AS RELATED TO POSSIBLE

LENS DISTORTION. DOTTED LINES INDICATE PROBABLE

IMAGE OF DROP (GREATLY EXAGGERATED) IF NO DISTORTION
WERE PRESENT.
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is on the optical axis, If the object is off the optical axis, the
image would be distorted (See Figure 5a). These difficulties are
removed when collimated light is used as shown in Figure 5b (See
Habell and Cex (21)). The illumination used in these measurements was
nearly parallel. The angle © (Figure 5a) was 2 arc sin .47/16.5
(diameter of light smource = .94 mm; focal length = 16,5 mm), and the
8/f ratio was aprroximately that recommended by Habell and Cox (8 =
source diameter; £ = focal length).

The diffraction of light is another effect which causes uncer-
tainty when measurements to a high degree of precision are desired,
The theory for diffraction about & surface seems to be not at all
worked out and so it is difficult to predict the magnitude of this
effect. When this system was aligned well and properly focused and
exposed, a very sharp photograph with no evidence of diffraction
lines waa‘ebtained. If these conditions were met, and it was all
too obvicus when they were not, it was felt that the uncertainty due
to this diffraction effect was very small, especially since no abso-
lute measurements of the drop, but only ratios of measurements, were
used. |

Measurements of the dropping tip by direct measurement and by
the photographic method indicated that the optical system as described
did not produce large errors., The dropving tip was measured directly
with the measuring machine before being sealed into the system. The
value obtained from 40 measurements was 3.825 + 0,006 mm (absolute
deviation), Later, Mr. Lyle Nesbitt measured the same tip by inser-

ting calibrated steel balls into the cell just below the tip,
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FIGURE 5a. EFFECT OF CONVERGENT LIGHT ON PROJECTION
OF SPHERICAL OBJECT. ABOVE, AN OPTICAL AXIS;, BELOW,

OFF OPTICAL AXIS
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FIGURE 5b. EFFECT OF COLLIMATED LIGHT ON PROJECTION
OF SPHERICAL OBJECT
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photographing the tip and ball, and determining the tip diameter
from measurements of the photographs. He obtained a value of 3.829

mm, This represents a difference of only about 0.1 percent.

B, Vacuum System

Any vacuum system for adsorption of vapors on mercury by a pen-
dent drop method must include (1) vacuum pumps and gages, (2) a
method of introducing pure mercury lnto the system, preferably by
distillation, (3) a method of controlling the flow of mercury and
of controlling the size of the mercury drop, (4) a cell with dropping
tip, (5) a vapor inlet system, and (6) a method of measuring the
pressure of the wvapor.

Several problems presented themselves when a design for a vacuum
system such as this was considered. One of the most fundamental
problems which made the solution of other problems more difficult
was the necessity of using no material in the vicinity of the mercury
which had any significant vapor pressure. Kemball (23) found that
stopcock grease, even though it had very low vapor pressure, could
not be used because of slow diffusion and subseguent adsorption on
the mercury surface. Consequently, it was necessary to find substi-
tutes for the usual grease-lubricated stopcoecks., This was not a simple
task. This problem was important in the drop control system, amd in
the vapor inlet system, as well as in making connections between the
cell area and the manifold. Solutions to this problem will be indie

cated under the various sections.
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1, YVacuum pumps and gages

A Welch Duo~geal forepump was used in connection with an H, 8,
Martin and Company single stage diffusion pump. With these two pumps,
it was possible to obtain pressures as low as 16‘5 mm Hg readily and

hat x 10"'6

mnm Hg under optimum conditions. Fressures were indicated
by a National Research Corporation vacuum thermocouple gage and an ion
gage,

2, Mercury distillation and mercury reservoir

Mercury was introduced intec the system through a still with a
vertical water condenser as indicated in Figure 6. At first this
mercury ran from the still directly to a mercury reservoir and thence
to the drop control and the cell, Mercury obtained in this manner
appeared to be insufficiently pure, Cyclic distillation is generally
believed to improve the purity of substances. Hence provision for
eyclic distillation was made. A second still was introduced in such
a manner that mercury passed from the cell to this secondary still
from which it could be redistilled into a tube leading to the mercury
reservolr, thus permitting the distillation to be continued as long
as desired. S8till later this section was modified so that the mercury
from the firet still ran directly into the secondary still from which
it was distilled into the mercury reservoir (Figure 6). Any impurities
that might possibly have entered the system from the first still were
thus trapped in the second still and could not reach the drop control,
This arrangement appeared to be guite satisfactory. It was also possi-

ble with this arrangement to seal off the first still after a sufficient
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amount of mercury had been distilled into the second still, if
desired.

The purpose of the mercury reservoir was to store pure mercury
ready for use in the drop control., The reservoir consisted simply
of a pie#e of glass tubing of large diameter. This was first con-
nected to the vacuum system threough an ordinary vacuum stopcock and
a liguid air trap to remove any vapors from the stopcock grease.
Later it was completely disconnected from the vacuum manifold in
order to eliminate the stopcock and the trap. This part of the
system could then be evacuated through the cell but only if the
connecting tubes were not sealed with mercury. This proved to be
guite unsatisfactory, especially when adsorption studies were made,
Finally, the reservoir was connec¢ted to the vacuum manifold directly

without the use of a stopcock of any kind (Figure 11).

5« Drop control

Barly attempts ta_aantral the flow of mercury involved the use
of a teflon plug ground to fit the barrel of a glass stopcock, in the
bope that this might be self-lubricating and vacuum tight. Although
several euch stopcocks were ground, none of them could be made vacuum
tight, even with mercury seals. Accordingly, this procedure was
abandoned, A design which could centrol the flow of mercury and at
the same time conitrol the size of the drop was adopted. This conesisted
of a plunger which fit fairly snugly within a barrel to which a side
arm was attached (Figure 7). When the plunger was above the side

arm, mercury could flow from thie side arm into the barrel; when the
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plunger was a short distance below the side arm the flow of mercury
was stopped., As the plunger was further lowered, mercury was forced
from the barrel into a tube connecting the drop control to the drop
tip. Thus mercury could be foreced to the tip and a drop of desired
size formed.

Various methods of operating the plunger were attempted and
various materials were used to form the plunger. The first method
attempted utilized a ground glass plunger operated by a stainless
steel bellows. Both the plunger and the barrel were attached to the
bellows through Kovar-glass seals. The bellows was operated by
means of a screw. This system worked fairly well, but it was rather
fragile, difficult to clean and keep clean, not too easily outgassed,
and its use resulted in guite a bit of vibration in the system.
Repairs were difficult and time-consuming. It was then decided to
try a metal plunger and to operate it with a magnet, Although an
electromagnet arrangement was tried, it was discarded because careful
control was not pomsible. Instead, a permanent magnet which was
operated manually was used. A bar alnico magnet was attached to the
top of the plunger, This magnet was rotated by horseshoe magnets on

the outside. As it rotated the threaded upper part of the plunger
turned inside a nut, thus raising and lowering the plunger as desired.
This system worked very smoothly and permitted excellent control of
the drop.

A stainless steel screw-plunger and nut were first used. This
worked quite well for a while, but after some time, the "stainless"

steel appeared rusted, became stuck frequently, and seemed to
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contaminate the mercury~-although this may not have been the case.
Also, there was some difficulty involved in balancing the nut and
seguring it into position without breaking the glass. Several other
materials such as teflon, nickel, lucite, copper, fiberglass, and
garbon were considered, All except copper and carbon were ruled out
by consideration of machineability, durability, reaction to heat, or
maghetism, The use of copper was questionable both from the stand-
point of freedom of motion and from the standpeint of possible
reaction with mercury wvapor. A carbon screw-plunger and a carbon nut
were made:. The plunger was covered with a glass sleeve which was
ground to fit a glass barrel. The carbon system was self-lubrigating
and turned freely., However, small particles of carbon apparently
worked loose and found their way into the barrel of the drop control.
Here, they caused the plunger to "stick!" and contaminated the mercury.
Nevertheless, this system was used for the first measurements. Two
horseshoe magnets were used to operate the plunger.

Since the carbon screw did cause the difficulties mentioned
above, it was decided that something else should be tried. Finally
a ptalnless steel screw and nut were ggain tried, but a glass plunger
was attached to the steel serew. Mr. Wayne Jones, with patience and

ingenuity, fashioned a drop control of this description which worked

beautifully.
k, Cell

The optical properties of the cell have already been described

{p. 21 ). The drop tip was sealed into the cell near one end inm order
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that it might be focused with the lens used. The drop tip was a 2 mm,
i, d., glass tube which was polisghed until the end appeared straight
and flat under a small magnifier. It had to be sealed into the cell
parallel to the window and in such a way that the mercury drop would
appear aprroximately in the center of the window. The tip was not
completely circular (having a variation in diameter of perhaps 1-2
percent), nor was the inside edge completely free from tiny nicks.

It was felt, however, that these small irregularities would not affect
the shape of the drop (See Andreas, Hauser & Tucker (3)). The diameter
of the drop tip was determined after the tip wes sealed into the cell,
Thus the diameter measured was the same diameter that was photographed,
It was measured on the measuring machine (p. 43) using the "zirconarc"
lamp as the illuminating source., This tip diameter was the standard
of magnification. It was not so easy to measure the diameter of the
photographed tip as it would have been if the tip had been completely
flat, but no great difficulty was involved and measurements taken at

- various points indicated that any error involved was within the limits

of the measurements.

5. Other

A tungsten wire was inserted into the tube between the drop
control and the cell in order to ground the mercury column since
Kemball (23) reported that mercury can pick up an electrical charge
during distillation. A series of measurements at one time indicated
that there might be a difference in the value of the gurface tensions

with the column grounded and ungrounded. However, more recent
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measurenents yielded no difference, The guestion remained unresoclved.

A liquid air trap was placed between the cell area and the
nearest stopcock in order to prevent any diffusion of stopcock
grease vapor to the mercury.

The part of the system so far described was gufficlient for the
determination of the surface tension of mercury. In order to study
adgorption of vapors, it was necessary to have a vapor inlet systen
of some gort in amddition to the sections already described. This

system is described in the following section.

C. Vapor Inlet System

The vapor inlet system must congist of reservoirs for the
liquids whose vapors are to be adsorbed, some method of introducing
these vapors into the system, and a method of determining the pres-
sures of the vapors. The first vapor inlet asystem designed and built
is shown in Figure 8., @ and G' were the liguid reservoirs., These
were separated from the rest of the system by a mercury seal on a
sintered glass plate, This arrangement held a pressure difference of
5«10 mm of mercury. 'At low temperatures, which were obtained with
liguid alr or dry ice traps, no vapor escaped from the reservoirs.

E and H' were vapor reservoirs from which the vapor could be forced

by raising the mercury level in the reservoirs. These reservoirs

also were separated from the system by mercury seals on fine pore
sintered glass. K, K', and J were mercury manometers. X and XK'
measured the pressure in the vapor raservoirs{ J measured the pressure

of the system and also was used to change the pressure of the vapor
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in the system by raising or lowering the mercury level. Mercury in
the U~tube F was frozen with liquid air to prevent vapors from moving
beyond the call;

This design, built to the proper dimensions,was satlafactory
although a bit unwieldy. It could have been simplified by eliminating
the vapor reservoirs since data cbtained by using them was not essen-
tial in adsorption studies, This method of introducing vapors was
replaced, however, by a simplified system which consisted of liguid
reservoirs separated from the asystem by Fulton valves (Figure 9). A
manometer constructed of precision bore 5/8% tubing measured the pres-
sure of the vaper in the system. This method eliminated the mercury
reservoirs and also permitted the liguids to be stored in their respec-
tive reservolrs without ﬁhe aid of cold traps to prevent the escape
of vapors.

In the final arrangement fine bore porous plates with mercury
seals were placed between the valves and the cells. The porous plate-
mercury seal arrangement made it easier to control the flow of vapor,
indicated when and how fast vapor was flowing, indicated any leaks
through the wvalves, and prevented back diffusion of vapor into the
reservolirs.

A sketch of the complete vacuum system isg shown in Figure 10. 4
repreasents the primery merecury stilli, B the secondary mercury still,

C the mercury reservoir, D the drop comtrol, and E the cell., F repre-
sents the U tube in which mercury was frozen when adsorption studies

were made, The manometer J was connected to the manifold and the
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system through splash bulbs L. These bulbas were used to prevent loss
of mercury when the manometer was outgasgsed., G and G* represent the
ligquid reservoirs from which vapor passed through the valves H and

B' and the mercury seals K and K' to the system, M represents the
trap which separated the area containing stopcocks from the rest of
the vacuum system. N represents the trap to which the gages were
attached, Liquid air was always used to cool trap N, but dry ice
was usually used for trap M. P represgents the vacuum manifeld. C,
P, and J were all attached to the top of the manifold in order to
prevent any mercury which may have reached the manifold through out-
gassing or accident from entering these sections. The connections
between E and the valve HZ were designed to prevent mercury from
reaching the copper tube connected te the valve, H2 connected the
c¢ell area to the vacuum manifold. It was closed during adsorption on

measurements and opened to remove vapors or to ocutgas the system,

D. Vibration Bupport and Mounting

The system had to be protected from vibration if a sharp image
of an eguilibrium drop was to be obtained. First attempts to eliminate
vibration involved mounting the vacuum rack on rods bolted through the
wall and supporting it by bolting the vertical rods to a board
separated from the desk top by a layer of sponge rubber., This arrange~-
ment proved to be unsatisfactory., Separating the rods from the wall
by rubber sleeves and rubber pads helped, but not enough. Even with

every source of large vibration, such as fans, hoods, etc., within the
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building turned off, fairly satisfactory freedom from vibration could
he obtained only between the hours of 1:00 and 3:00 a.m., Since this
was inconvenient, a better method of eliminating vibration was sought.
It was decided to mount the system on a box-like rack whieh would be
bolted to a soapstone slab, The rack was constructed of an angle
iron frame and aluminum cross bars placed at intervals of approxi-
mately 6" (Pigure 11)., It was unusually sturdy, This was mounted on
a three inch thick slab of soapstone which rested with one end
supported by hard rubber and the other end supported by an inflated
inner tube (size 4.00~8). This arrangement dampened vibratiom
remarkably well, partieularly if the inner tube was sufficiently
inflated., It was also desirable to exclude insects from the work
area inasmuch as 1t was rather annoying to have a moth or other insect
fly 4into the apparatus, thereby imparting violent motion to the

mercury drop, just as the photograph was about to be taken,

E. Measuring Machine

A Cambridge Universal Measuring Machine (Cambridge Instrument
Company, Ltd., London), which permitted measurement of distances in
both the x and y directions with a repreducibility of 0.002 mm was
used., The photograph was placed between two glass plates mounted on
a carriage., For transverse measurements the table was moved and
positions were observed on the transverse scale through a filar micro-
scope. A screw adjustment of the table permitted careful alignment

of the object to be measured.
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F. Temperature Control

8ince the temperature goefiicient of mercury is only about 0.22
dynes per degree, it might be expected that small temperature changes
would have little effect upon the surface tension measurements. How~
ever, the vapor pressures of both ethanol and heptane change rapidly
in the viecinity of 30“ ¢ at which temperature these measurements were
made. For this reason temperature really should have been controlled
within 0.1%, if possible, for best results,

Buch a temperature conirol for this apparatus was not realigzed,
4 structure which would completely enclose the apparatus and all
parts was begun but not finished. The measurements discussed in this
paper were made during a warm part of summer when the temperature
varied only a few degrees from 300 €. The apparatus was enclosed on
all sides ewcept one by the aforementioned structure. Under these
conditions three types of tenperature conirol were used.

1. On some days room temperature remained constant within

- 0.2% of 30° ¢,

2. If room temperature was below 50° € two infrared lamps were
arranged so that a fan blowing past them blew warm air
toward the cell.

3. 1If room temperature was above 39° C, cooling coils through
which cold water was passed were placed so that cooled air
was blown toward the cell.

By these methods temperature could be maintained within a 0.2°

range over & period of several hours, The temperature was measured
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with a 0.1° thermometer placed directly above, and close to, the

cell, The temperature was recorded at the time of each photograph.
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IV, BEXPERIMENTAL

A, Materials

1. Mercury

The first mercury used was simply triply-distilled mercury from
the Goldsmith Bros. Smelting and Refining Company., This mercury was
distilled into the wvacuum system where it was then distilled continu-
ously for several hours., The highest value for the surface tension
obtained for this gample of mercury was about 464 dynes/cm. A later
sample of mercury was aerated with dry, filtered oxygen for 22 hours
before being distilled into the system, The surface tension of this
mercury was no higher than was that for the previous sample.

A nmore careful purification of the mercury seemed in order, A
modification of s method of mergury purification desgribed by Bartell
and Bard (5) was used. The mercury was caused to fall repeatedly in
fine droplets through a column filled with 18 percent nitric acid
after which it was washed sgeveral times with distilled water and
filtered, The filtered mercury was air distilled twice, filtered
again, and distilled under vacuum. At this point it was considered
ready to be distilled into the system., Values obtained for the
surface tension of this mercury sample were still only about 460
dynes/cm.

A somewhat different procedure was followed for thé final sample
of mercury used. The mercury was first shaken with concentrated

nitric acid, then caused to fall through the nitric acid column,
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waahed; and filtered, It was then stirred with sulfuric acid and air
distilled three times being filtered after each distillation. The
final step was vacuum distillation after which it was ready to be
distilled into the mystem. The surface tension found for this mercury
sample was likewise 460 dynes/cm. The latter two purification pro-
cedures were carried out by Lyle Nesbitt of the Physiecsl and Inor-

ganic Group.

2+ Heptane
The heptane used in this study was purified by Don Hickson of

the Physical and Incorganic Group according to the method of fractional
melting deseribed by Aston and Mastrangele (4). It was reported as

at least 99.3 percent pure.

3. 3tmn61
The ethanol used had previously been purified by Lyle Nesbitt.

The boiling point was given as 78.?2°~78,?5° C corrected.

B. Procedures

1. _Surface tension of mercury

Determination of the surface tension of mercury with this appara-
tus wap relatively simple. Mercury was distilled into the system only
after a fairly good vacuum, 10”2 mm of mercury or less, had been ob-
tained. Sufficient mercury was distilled into the secondary still to
allow for continuous distilliation plus a supply of mercury in the drop

control and in the mercury reservolr, The mercury was then distilled



kg

continuously for several days or until photographs taken on succeeding
days showed no increase in surface tension. When it was desired to
photograph a drop of mercury, the plunger of the drop control was
lowered enough to stop the inward flow of mercury. Distillation was
continued until there was a supply of mercury in the mercury reser=-
volir, The plunger of the drop control was further lowered to form a
drop of the proper size on the tip. The photograph was then taken,
and the plate developed.

In order to obtain a motionless drop, the secondary still was
turned off sc that mercury had gtopped distilling when the photo-
graph was taken. The forepump, but not the diffusion pump, was also
atopped to prevent vibration. Usually about 30 seconds were allowed
to elapse between the time the shield of the plate holder was pulled
out and the time the pleture was taken. This permitted the damping
of vibrations caused by putting the plate holder in the camera and
pulling out the shield.

In measuring the photographs, the plates were first lined up on
the measuring machine by lining up the shadow of the plumb line on
the photograpbh with the ¢ross halrs of the traveling microscope. The
maximum diameter was then found and measured after which the second
diameter could be found and measured. Since the drop forming tip
was not exactly vertical, being perhaps 1°.2° off, it was necessary
to realign the plate in order to measure the diameter of the drop-
forming tip to determine magnification. The surface tension was calcu-
lated from equation (5) taking g = 980.3 cm/sec (value at Chicago) and
® = 13.522 g/om’ at 30° C.
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2. Adsorption of single vapors

For the determination of adsorption of vapors, additional steps
{beyond those described above) included (1) sealing off the cell area
from the reast of the system to confine the vapors to this area,

(2) allowing vapor to enter the cell area in desired increments,

(3) determining the pressure at the time of each measurement, and

(&) allowing sufficient time for equilibrium to be established before
taking the photograph. In all cases the liquids had been outgassed
by alternate freezing and melting wuntil no bubbles were observed upon
melting. This required 4-6 freezings usually. Vapors were confined
to the cell area by freezing the mereury in the U-tube between the
cell and the secondary still (P in Figure 8), It was necessary that
nercury extend for some distance above the U-tube to prevent qonden-
sation of vapors on the cold mercury surface. The methods of intro-
ducing vapor to the system and of determining pressure were different
for the original and final systems used., Both of these will be dis-
cussed,

a. Original method. The original system is that shown in

Figure 8. The following procedure was developed using this system.
Mercury was raised in the manometer of the liquid concerned (G or G').
Mercury was raised only a short distance in J. The cold trap was then
removed from the liquid reservolir, and vapor was allowed to bubble in
until the pressure in the system (as determined by J) was at the

lowest value to be measured. The system was glven a chance to come
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to equilibrium; the photograph was taken, and the pressure was read
from the manometer and recorded. The mercury in the manometer J was
then raised enough to change the pressure the desired amount and the
process was repeated, After the mercury had been raised to the top

of the manometer, it could be lowered again, additional vapor admitted
until the pressure of the vapor in the system was just above the high-
g8t pressure obtained before, The complete process desceribed above
could then be repeated.

b, Final method, The data reported here were obtained with the

apparatue as shown in Figure 10, The cell ares was isolated from the
rest of the system by freezing mercury in the U-tube as described
before (the mercury was frozen elther with liquid nitrogen or dry ice
and acetone and was kept frozen over a period of time with dry ice
and acetone) and by closing the valve (H2) to the manifold. The
vapor in question was then introduced by opening the proper valve
slightly and letting vapor bubble through the mercury seal until the
desired pressure was reached, The pressure was read immediately
after the photograph had been taken. A cathetometer was used to
read the pressure to O,1 mm, Temperature was also recorded after
each photograph, In order to obtaln the higher pressures it was
necessary to warm the liquid in the reservoirs aslightly (heat from
the hand was sufficient). The vapor could be pumped out in prepara-
tion for measuring the effect of the other vapor by opening the valve

to the vacuum manifold,
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3. _Adsorption of mixed vapors

Mixed vapor adsorption measurements were carried out as single
vapor measurements were except that two vapors were now admitted and
the pressure of each was desgired.

a. Qriginal method. Mercury was raised in both manometers G

and G'., The mercury level in the vapor reservoirs H and H' was ad-
justed to the top of the capillary tubing., Vapor from one of the
liguid reservoirs was allowed to bubble into the vapor reservoir,
but not enough to bubble out of this reservoir. The pressure of this
vapor was recorded, The mercury in the vapor reservoir was then
raigsed to the 300 ml mark. After vapor had stopped bubbling out,
the pressure was recorded. The mercury was again lowered to the top
of the capllliary and the pressure of the remaining vapor read and
recorded. The pressure of the system as measured on manometer J was
recorded. This process was repeated with the two vapors until the
degired mixture was obtained. Assuming Daltont's law of partial
pressures, the pressure of one of the vapers could be read from the
manometer J and the pressure of the second determined from the
difference between this value and the final total pressure., If

this apparatus had been simplified by the removal of the vapor
reservolrs as indicated on page 39 , the vapor could have been
bubbled directly into the system from the liquid reservoirs, adding
first one vapor, then the other, until the desired pressures were
reached,

In order to pump off vapors before making a second series of
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measurements, the mercury in the U-tube was allowed to melt. The
vapors were then pumped out through this tube until the pressure was
low enough that the mercury could be lowered out of J.

b. Final method. The valuesg for mixed adsorption of ethanol

and heptane here presented were obtained in the following manner.
After the cell ares had been isolated as previously described, ethanol
vapor was introduced until the desired pressure was reached. This
pressure was read and recorded. Heptane was then admitted in deasired
increments. FPholtographs were taken after one hour had elapsed. Ore
hour was rather arbitrarily chosen as the time to permit equilibrium
to be reached. A couple of series of photographs did indicate that
this was more than an adequate amount of time. Pressure and tempera-
ture were recorded immediately after each photograph. When one geries
of photographs had been taken, the vapors were pumped out, Ethanol
was then admitted until another desired pressure was obtained and a
new series of messurements was made, Usually one mercury drop was

used for esch series of nmeasurements,

C. Regults

Values obtained for the surface tension of mercury have already
been indicated. Measurements were made over a period of about two
years., During this time three different dropping tips and three
different drop controls were used., Mercury samples which had under-
gone four different types of treatment were measured. In all cases

the surface tension obtained was within 1 percent of 460 dynes/cm.
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The mercury column was grounded by means of a tungsten wire sealed
through the glass, Values obtained with the grounded and ungrounded
mercury were not noticeably different during the most recent studies,
However, results on this were not concslusive.

Particularly before the apparatus was assembled the last time
all the glass was carefully cleaned with nitric acid or cleaning
solution or both. It was then rinsed with distilled water., The
syastem was also outgassed b&fore mercury was distilled in, The
cold trap N in front of the last stopcock was kept filled to prevent
diffusion of any vapor from stopcock grease. The average of four
photographa taken before and during the studies with adsorption of the
vapors gave a value of 46l dynes/cm. This latter value was used in
determining surface tension lowering.

The valueg obtained for surface itension lowering for the single
vapors are shown in Tablee 1 and 2 and graphically in Figures 12 and
13. Values obtained for the same vapors a year earlier using the
first method described (page 50 ) are in fairly good agreement with
these latier ones, The heptane data agree well with those of Kemball
and Rideal (24), The curve for ethanol falls considerably below that
obtained by Kemball (26).

The wvalues obtained for mixed adsorption are given in Table

3 and are shown graphilcally in Figures 12 and 13.
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Table 1. Surface Tension Logering cf Mercury
by n~Heptane at 307 €

Surface tension mercury = 461 dynes/cm

p(mm Hg) T (dynes/cm)
1.0 30
h,2 36

13,1 LTS
16.6 L6
17.7 k9
275 5k
32.7 56
Lo,z 61
L7 b 63
52.5 65

Table 2. Surface Tension %ewering of Mercury
by Ethanol at 30 C

Surface tension mercury = 461 dynem/cm

plmm He) T (dynes/cm)
1.7 9
2.2 1l
6.7 22
9.4 26
16.9 33
25.9 43
35.1 47
45,0 49
51.5 54
58.9 53
60.8 56
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Table 3., S8Surface Tension Lowari%g of Mercury by n-~Heptane-
Bthanol Mixtures at 30 €

Surface tension mercury = 461 dynes/cm

Py = 11.5 mm Py = 27.5 mm
py{mnig) T (dynes/cm) py(mufg) T (dynes/cm)
L, b 4,4 48
9.2 b5 14,6 53
16.8 50 25.5 56
29.3 57 b1.7 61
3445 59 51.6 66
ki 6 65
574 69
Pp = 41,2 mm
pﬁ(mmﬁg) T (dynes/cm)
4,1 54
10.2 59
19.4 63
25.5 | 63

LO.1 65
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V. DISCUSSION
A, Apparatus

The design of a pendent drop apparatus for the stﬁdy of surface
tenslion of mercury in vaguwum was fraught with several preblems, It
is felt that most of these were satisfactorily solved., The focal
point of the apparatus waes the cell which housed the drop~forming tip.
The cell usged was an absorption cell with optiscally flat windows of
specifications already given., The drop~forming tip was made from a
plece of small bore tubing which was cut and ground to a flat surface,
A few small nicke did remain on the inside surface (since mercury
does not wet glass, this is the important surface) and the tip was
probably not completely cirgular, However, it is felt that these
small imperfections did not affect the shape of the drop (see Andreas,
Hauser, and Tucker (3)). The tip was measured after it was sealed
in the tube go that the side measured was the one which was later
rhotographed to serve as magnifiaétion standard.

Devising a method of controlling the drop size within a vacuum
system was one of the most difficult problems. In counnection with
this the flow of mercury to the drop control apparatus had to be
controlled. In addition this had to be accomplished without the use
of any stopcocks which would involve the use of stopcock grease. These
problems were molved simultaneously with the drop control system pre-

viously described. This consisted of a magnetically operated plunger



60

which controlled both the flow of mercury and the size of the drop.
Considerable difficulty was involved in the consgtruction of this drop
control because the tolerances were asmall and aligament was critical.
After it was properly constructed, however, it worked very smoothly
and was quite satisfactory.

Stopcocks were used on either side of the diffusion pump and a
stopcock air inlet was attached to the vacuum manifold. A trap was
placed between this last stopcock and the system so that so long as
liquid nitrogen or dry ice surrounded this trap no stopcock grease
ghould have been able to reach the system,

The introduction of vapor to the system was accomplished with the
use of metal valves in connection with mercury seals on porous plates.
Some difficulty was experienced in obtainingvvalvea that did not leak.
The valves on this apparatus were not used for a very long period of
time, but they worked guite well during the course of these measure-~
ments.,

A vacuum of 10~5 mm of mercury could be readily obtained in this
system. After the pumps had been operating for a few hours the
pressure fell ta'& or 5 X 10'6 mn. These pressures are, of course,
exclusive of mercury vapor or any other vapor that would be condensed
out by liguid nitrogen.

Temperature control should be improved so that temperature can be
held constant to 0.1°% or better, if possible. Throughout the mixed
adsorption measurements the temperature was 30° 1.0.20. During the
course of single vapor measurements, the temperature varied as much as

O.§ﬁ. Any error due to this much temperature variation, however, was
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probably within experimental error. If the apparatus were completely
enclosed and an adequate blower used, it should be possible to control
the temperature automatically within desired limits. (The temperature
control method used in this work was arranged manually and changed as
necessary to maintain the temperature desired.) The use of a constant
temperature jacket around the cell was considered, but no satisfactory
arrangement was found, This method was complicated by the necessity
for keeping the cell windows free and by the tubes attached to the

cell.

B. Optical System

The optical system used in this work was not entirely satis-
factory. Apparently not much is known about the theory of profile
projection, At any rate, it was difficult to find information on the
subject, The concentrated arc light source is the nearest thing to
a point source that has been developed and should be the best type
of light source for this work. The housing of the lamp used in this
work could be moved in various directions. It was important then that
the proper pesition be found and the housing firmly fastened in this
position. The lens, while not perfect, seemed to be satisfactory
(see page 20 ). The measurements with calibrated steel balls
{page 27 ) indicated that its performance was adequate. The camera,
on the other hand, was not completely satisfactory and should be
built more rigidly with special attention being paid to see that both
the back and front plates are exactly and rigidly perpendicular to the

optical axis. This should not be too difficult to accomplish. The
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mercury drop was magnified about 15 times on the photographic plate.
This seems to be a workable magnification, and so it would seenm
desirable to build e camera that could give this much magnification.

The photographic plates adopted were completely satisfactory as
was the measuring machine,

Possible sources of error due to the optical system have already
been discussed (page 24). It was felt that if the component parts of
the optical system were properly Qligned and the image was properly
focused, the uncertainty of the surface tension would have been within
one dyne/cm or 0.25 percent, Unfortunately the above requirements
were not met for all the photographs used in this study. For this
reason, c¢alculations were made using measurements to only 0.0l mm.

The uncertainty was therefore somewhat more than 1 dyne/cm, and in

some cases it was near 2 dynes/cm due to improper alignment and improper
focusing which led to uncertainty as to where measurements should be
made. Values here given are thus to be taken as + 2 dynes/cm. The

pregsures are probably accurate within 0.2 nmm,

¢+ Results

In attempiing to explain the value obtained for the surface tension
of mercury, it is necessary to consider the consistency of the results
under different circumstances and the results of adsorption of single
vapors as compared with those obtained by Kemball whose value for the
aurfacg tension of mercury was 23 dynes/cm or about 5 percent higher
than that obtained in this work., The adsorption of heptane obtained

on this mercury was in agreement with that obtained by Kemball while
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the adsorption of ethanol obtained was considerably less than that
obtained by Kemball, One explanation of these results would be that
the mercury, all of which came from the same source, contained a
difficult~to~remove impurity which lowered the surface tension by
approximately 23 dynes/cm, The adsorption of heptane then seemed to
be independent of the presence of this impurity while the ethanol
adgorption was hindered by its presence.

It might be interesting to measure the surface temsion of mercury
prepared by a different company. Also an even gore careful purifi-
cation procedure might be tried., No change in the surface tension of
mercury samples used was noted after continuous distillation for a
period of three or four days, but distillation for a longer period of
time might be tried.

In order to interpret the adsorption data, it was deemed desirable
to find a theoretical equation which would give results in agreement
with the experimental results. BSince the vapors adsorbed in this
work were adsorbed on a liguld surface which was presumed to be homo~-
geneous, it seemed reasonable te assume a mobile monolayer obeying a
gaseous film equation of state. If a satisfactory expression for the
adsorption of smingle components c¢ould be found, it wag felt that this
could pessibly be extended to the case of two components adsorbed on
the pame adsorbent.

The adsgorption of both ethanol and heptane has been studied by
Kemball and Rideal as indicated previously. In order to explain
their results these workers applied the Volmer eguation for gaseous

films
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T (A-a) = KT where (7

37 = lowering of surface tension,

A = area per molecule,

a = cgo-areas of molecules, and

K and T have their usual significance
and felt that their data were satisfactorily interpreted with the aid
of this eguation. Accordingly the first attempt to explain the data
obtained in the present work was an application of the Volmer egua-

tion., The equation as written above was combined with the Gibbs

adsorption equation | = _1 d4W where | = molecules adsorbed
KT dlnp

per cma and the relationship A = 1
F

to give an equation of the form 1n %%m = lnp - %%L + ¢ (8)
- aTr '

or - % where a, ¢, and C are constants. (9)

T = Cpe
Constants for this expression were evaluated in the more conwvenient
form M= elplO 1 + The best values for heptane gave

T = 119 p0 0 0T (10)
while the best values for ethanol gave

il W
T = 6.92 pglo0+O13% (11)

where Py represents the pressure of heptane and Py represents
the pressure of ethanol.
Comparisons of calculated and experimental values for T vs. p are
shown in Figures 14 and 15. It can be seen that agreement is good

except for the high pressure range of heptane.
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In order to apply the treatment to two components, the expressions

a1y + 8,0

(A - LE. aa)wKT
Vi+TV2

d

-;K-g = \'ldlnpl + delnpa

A= m.}m... (The subseripts refer to each of two

i *t0 components. )

were combined to give

X=c.p.e W 4 cpe ~22W (r2)
1¥1 T 272 X7

where single component isotherms are special cases. Values calculated
from this equation are compared with experimental values in Figure 16,
The agreement ls not teo bad, but one might wish to do better,

A simple interpretation of the Volmer equation would lead one to
believe that a correction for deviation from ideal behavior is made
for the area of the molecules only. It might well be expected that
an interaction existed between the molecules, especially at the higher
pressures, and that the introduction of a term accounting for this
interaction would lead to an equation more in accord with the results.

Such a term was introduced by writing

- 2
T= cpe“d“ + AT , where o and 3 are constants, (13)
for single components and
‘ 2
= elpla"dlv Ry, czpze”d2w + /32-“2 (14)

for two components.

The constants for these expressions were determined by rewriting
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the equation for a single component in the form

log -%z‘: log ¢ - alf + bT\'Z . (15)

Log :% was plotted against TWand the slopes at several pointas were
determined. These slopes were then plotted against T and the best
stralght line was drawn through the points., The slopeof this line

was 2b and the intercept was ~-a. Log I could then be plotted

P
against (-a® + b ). The intercept of the straight line obtained
from thie plot was a constant corresponding to log ¢. ( Equation 15
is of the form yma~ax+bx2. Hence y, = ~a + 2bx, After the con~
stants a and b have been determined, the equation can be written in

the form y = ¢ + % in order to determine the final constant.) Best

values obtained for heptane gave
I 1577 2 ,
log o 3.42 - 0,091V + 0,00615T (16)
while best values obtained for ethanol gave
log J% = 1.12 - 0.030T + 0.00018T 2 (17)

The equations c¢ould be written in the original form as

-0.210% + 0.00142Tx%

W= 2630 pge (18)

- 2
M= 13.2 %;0.069“' + 0.00041T (19)

Comparisons of values calculated from these equations are shown in
Figures 17 and 18. Agreement in both cases is seen to be good.
Values obtained for the two-component systems are shown in Figure 19.
Agreement with experimental dats is fairly good for the system of

lowest ethanol pressure, is not bad for the system of highést ethanol
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pressure at low heptane pressure, but fails to account for any part
of the lIntermediate system,

Adsorved gaseous films are generally treated as two~dimensional
analogues of three dimensional gases, Hence surface analogues of
eguations for perfect and imperfect gases can be derived., The general
equation of state known as the virial equation of state may be expressed

in its simpler forms as oV = A + %_* gé .
v

or : pv = A + Bp + Cpa 4 +...y where A, B, and

C are constants.
A statistical derivation of the virial equation for 3 dimensional
gases is given by Fowler and Guggenheim (19) and alsc by Mayer and
Mayer (29). These resulis may be extended to the two dimensional case
giving an equation of the form

TA

LA .1 .mm s CT% 4 ... (20)

The surface analogue of the van der Waals equation

(W+25) (a-2)=k&T (21)
A

may be rewritten im the virial form as

i 2
lﬁ%gl*“(bﬁ-%)+1\'a(2at’ 2

q e kO

If equation 22 is compared with eguation 20 it can be seen that the

) (22)

second and third virial coefficients can be equated to (%E'a —5~§ )
S
2ab 8
and (<5~y = ~g~3 ) respectively. If only the first two terms
2 PP
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are considered, the expression can be rewritten as (A -~k ) = KT
where o = b ~-K% . This equation is formally egquivalent to the Volmer
eguation, Now, if the van der Waals constant a is assumed to depend
upon interaction of the molecules and the constant b to be a function
of the area of the molecules, the constant of the Volmer type equation
contains an interaction term as well as an area correctiom term, 1In
that case the use of this constant to caloulate molecular co-areas
is open to scome guestion,.

In order to determine the equation of state implied by equations

13 and 14 the expressions for single components

2
T = cpe"d“’ + A
r= 1
A
dT = KTV dlnp
S— 2
on. E 4. . g AT | oo~ "W AT ™
were written. Hence dlnpmmr and ap ce
2
ar AWy - %W + AT
(o&dp--zﬁlr ap ) epe .

The latter equation was rearranged to give

&

arr __Lce
dp "1 + (o~ 2BW) cpe”
where z = (AW 4 /31'\'2) whence

aw epe”
P yo= ;
dp 1 + (o ~ 23T )cpe

BwKTrs‘_IS_T__.
A

This latter expression in turn can be rearranged to give

A
A~ (o ~2@T) KT

1+ (d -2pMT =
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whence MA =K + (A -« 23W) KT X

TA

or KT

ﬁ1+eur~a(31r2 (23)

from which it is seen that the constants o and 8 are related to the
second and third virial coefficients. A comparison of this equation

with equation 22 shows that ol can be set equal to ( LI —%—-2- ) and

KT KT
1,28 &
B can be set equal to —5( 5 33 ) in terms of the van der Waals
P Kr

constants.
For two componments the expressions

2 2
T = clple'dl-“ * AW, capae" IPLE P

4 = TIKlenpl«e- \_2 d:l..up2

were written., Thesge equations can be combined in a manner analogous

to that given above to give
P+ To=me (2= (o, ~ 28 kel = (X, - 28 MxrT.]
1l 2 KT 1 1l 1 2 2 2] .
Substitution of

T2 ' ra'axagand 1 = A

= X, 3
M+l 27 T+t T+ 72

gives

‘ A

which ¢an be rewritten in the form

™
ﬁj&u 1+ (etlxl + o 2:»t;?.)'ﬂ' - 2((31::1 + /32{2)-\'(2 (24)
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Egquations 1% and 14 thus correspond to an eguation of state
involving the first three terms of the virial equation in which the
second and third virial coefficients are arithmetic means of the
constants for the single components. The van der Waals constants
for a mixture are often taken as

a = a.x 2 + 2a X, + &A% &
n - 1% 12%1%2 * 2%,

2 2
bm = blxl + Bblaxlxz + b2x2

where a,., = 4 B8, blZ = (bl + ba}/a and the subscript

m denotes mixture (See Glasstone (20))., The value of & thus defined
woul?/closely approximate the arithmetic mean if a, and 2, did not
differ too widely. The discrepancy amounts to cnl& about 10 percent,
for example, if al/a2 = &, Similar remarks apply to the coefficient
bm'

Adsorption values were calculated from the Gibbs adsorption
egquation for single components and for each component from the
mixtures. These values are given in Tables 4 and 5 and in Figures
20 and 21, Theoretical adsorptien isotherms can be calculated from
the theoretical equations, Since KT =171 2] for single component

dp
adsorption and KT fl = pl% in the came of mixed adsorption, an
1

expression for the derivatives may be found from the experimental
equations and equated to KTV . The adsorption can then be calculated
by substituting values for ¥ , the constants, and the calculated p

values, Thus from equation 1k
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Table 4. Adsorption of n-Heptane on Mercury at 30° c

Pg = s} ) Pg = 11,5 mm
pa(mmﬁg3 YB%molecules/bm“) p%?mmﬁg) Vk(molecules/cmd)

4,2 1.5 x 10t 9.2 1.8 x 10t*
6.3 1.8 16,8 2.3

10.0 2.3 29.3 3.3

13.1 2.5 34,5 3.8

15.9 2.6 b, 6 4.8

17.7 2.7 57 o 6.7

20.0 2.8

25.1 3.1

2745 3.3

32.7 3.6

4o,2 L,6

47.b 5.5

Pg = 27,5 mm P = 1.2 mm
py(nnig) TK(moleculea/amz) py{mubg) rn(meleculea/cma)

5.0 1.1 x 10M* 6.0 1.1 x 10t*
7.5 1.1 75 1.3

10.0 1.2 10,0 1.6

14.6 1.2 12.5 1.7

20.0 1.3 15.0 1.7

25,5 1.6 20,0 1.2

30.0 2.3 25.0 0.8

35.0 2.7 30.0 0.6

b1.7 3.6 35,0 R

45,0 h,2

50.0 5.2
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Table 5, Adsorption of Ethanol on Mercury at 30° c

PK = 0 PH =10 mm
pﬁ(mmﬁg) [’E{mal@cules/cma) pE(mmHg) y’E(moleculea/cma)

2.2 2.1 x’1014 11.5 0.4 x 1014
6.7 2.5 20,0 1.1

9.4 &7 27 .5 2.3
1236 3-1 35-0 5'1
16.9 3.4 275 6.2
25,1 3.8 39.8 7.5
31:6 4‘2
k5,0 543
5@-1 5'7
60,8 6.5

Py=20mm Py = 4O mm
pm(mmﬁgE "E(maleculaa/cma) pE(mmﬁg} {'E(moleculea/cma)

11.5 Ok x lﬁlh 11.5 Q.1 x 101#
20.0 0.9 20,0 0.1

275 241 275 0.3

35.0 5.1 31.6 1.3

37.5 6.3 35,0 2.6

39.8 7.2 375 3,7

39.8 4,8
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2
-a, W+ b
KT, = e, p;107°1 1

2 2
-8, + bi“' -8, + b T

1+ clpl(-(l-a A )10 + capa(qaoa@zn)lo 2
(= 2,303a; A= 2.303 b), Three theoretical adsorption curves are
given in Figure 22, Curve I was calculated for pure heptane from

the above eguation. It agrees well with the experimental adsorption
isotherm in Pigure 20. Curve II was also calculated from the above
equation., It represents the adsorption of heptane from the mixture

in which the pressure of ethanol was 11l.5 mm, This theoretical

curve agrees well with the experimental valueg at low pressures, but
not so well at the higher pressures. Since the surface pressure-
pressure curve deviates from the experimental values at high pres-
sures this is to be expected. Curve III was calculated from eguation
12. It represente theoretical adsorption of heptane from the mixture
in which the ethanol pressure was 41.2 mm, It seems likely that this
represents the adsorption better than that calculated from the experi-
mental data. It was difficult to decide how a curve should be drawn
through the experimental points in this case and it certainly seems
more likely that beyvond a pressure of 15 mm the adsorption of heptane
remains constant or increases only slightly with increasing pressure
than that the adsorption decreases as lndicated from the experimental
results. Comparisons of Figures 14 and 17, of 15 and 18, and of 16
and 19 indicate the following: (1) the equation containing the inter-
action term represents heptane adsorption better than the one which
does not contain this term, (2) the two equations fit the ethanol data

about egqually well, and (3) while the interaction eguation fits the
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mixture composed of the least amount of ethanol somewhat better than
does the other eguation, this non-interaction eguation fits the data
for the other two mixed systems consideraWbly better than does the
interaction equation.

One could feel much more confident about all of these results
if the mercury had been pure., Since the ethanol adsorption was
apparently hindered by the presence of whatever impurity was present,
this unknown guantity undoubtedly had some effect upon the course of
adsorption from mixed vapors. Another factor which may complicate
the mixture is the possibility of condensed films or multimolecular
adsorption. Kemball and Rideal (24) found that above a pressure of
about 20 mm heptane formed either a condensed film or a second layer,
If one assumesg that the heptane molecules are partially curled up on
the surface with an ares of 30-35 Aa, then a monolayer would be com-
pleted at approximately this pressure according to the calculated
adsorption, If the molecules were standing on end with an area of
20 AZ, a monolayer would still be completed at a pressure of 45 mm
or less, Hence it appears likely that there is multimolecular adsorp=
tion of heptane at higher pressures. This could explain the failure
of the Volmer equation to explain heptane adsorption at the higher
pressures.

Kemball (26) also found that ethanol formed a second layer at a
surface pressure of 39 dynes/cm which corresponded to 5 or 6 mm vapor
pressure in his case. Adsorption calculations from these data indi-

cate completion of a monolayer at approximately the same surface
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pressure although the vapor pressure is considerably higher. Adsorp-
tion calculations for mixed adsorption indicata gimilar results except
for the case of the highest ethanol pressure (41,2 mm). In this
latter case the heptane monolayer seems to be incomplete but the
sthanol seems to be adsorbed to a greater extent than a monolayer,
perhaps a layer on top of a layer of heptane. It is not surprising
then that the interaction equation which seems to explain single
adsorption so well should fail to account adeguately for the mixed
adsorption case. The constants in this equation apparently can be
adjusted so as to fit a single adsorption isotherm even though multi-
molecular adsorption may be invelved. It may be that this causes an
overcorrection in the case of mixed adsorption. It may be fortuitous
that the Volmer type eguation explaing the mixed adsorption as well
ag 1t does or it may be that since it is good for only the monolayer
it explaina mized adsorption up to the point where multimolecular
adsorption sets in. The interasction eguation predicts greater
adsorption than is observed. Perhaps there is additional interaction
between the unlike molecules for which this equation fails to account.
Additional data must be obitained before much more c¢an be said about
the adsorption of these vapors on mercury.

The work that has been done with the apparatus indicates that
it can well be used to study the adsorption of various vapors and of
various mixtures of vapors on mercury. Additional efforts to further
purify the mercury need to be made first, of course.

With suitable modifications the usefulness of the apparatus can
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be extended, A study of the adsorption of permanent gases would be
one of the simplest extensions., The gas to be studied, after being
purified and dried, could be introduced into the system through the
valve as the vapor was in this work.

It should be possible without too much difficulty to freeze a
drop of mercury and photograph the frogen drop. This would indicate
the validity of the method of determining surface tension by measuring
solidified drops .of other metals (See page 16 ).

Interfacial tensions of liguids and mercury could be made if
sultable modifications were made to permit the introduction of
ligquid. It might also be possible to study adsorption from solution

with this method.
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VI. SUMMARY

1. A pendent drop apparatus for the measurement of surface
tension of mercury and similar substances in high vacuum under condi-
tions of maximum purity was designed, built, and demonstrated to be
practical, Provisions for the admission of one or more vapors of
high purity to desired partial pressures were incorporated. Sugges~
tions for improvement of the apparatus and for possible extensions of
its usefulness were made,

2+« The surface tension of purified mercury wase found to be
460 + 2 dynes/om at 30° ¢, This value was reproduced under a variety
of experimental conditions and purification procedures, The presently
accepted value is about 25 dynes/ecm higher than this. Since even
gmall amounts of impurities lower the surface tension of mercury,
the most probable explanation for this discrepancy is that, despite
the precautions exercised, the purity of the mercury used in this
work was not entirely satisfactory.

3. The dependence of surface tension lowering of mercury on
the partial vaper preamsure of n-heptane and of ethanol, both as pure
components and from mixtures of the two vapors, was experimentally
cbserved at 309 €. From these data adsorptian isotherms were inferred.

k, An equation of state of approximately virial form was found
to represent adsorption of the single components guite ﬁell. Such an
egquation of state represented adsorption from mixtures less well, The
gignificance of thegse resulis with respect to molecular inseractions

was discussed.
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