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INTRODUCTION

Lithography is a chemical method of printing (1) but
the many advances in chemical science since its discovery
have left it almost unaltered. (2) Probably the most im-
vortant princivple of lithographic processes is the ink,
water theory which states that ink and water will noi mix
or are revellant and that therefore their distribution on
a solid surface will not change spontaneously. (3] An ink
is a greasy or oily subétance consisting chiefly of linseed
varnish and a pigment. (4) Ink and water do not repel each
other but when in contact are held together by an attractive
force which in many cases is greater than the éohesiVe force
within the ink itself. (5) 1Ink and water are not misicible
but they are sufficiently soluble in each other to enable
changes to occur with fair rapidity if that change is
accompanied by a decrease in free energy. The water and
the ink used in lithography must be immisicible but many
additional properties are necessary. In order therefore
to éxplain a lithographiq process it is necessary to con-
sider the methods and materials which are used with regard

to their effect on the properties of the printing plate.

GRAININ
The procegses.of lithography are graining, counteretch-~
ing,prevaration of image, etching, and printing. In the

graining operation the only change which occurs is an in-



crease in the area of the plate. (6) To a lithosrapher
%he chief function of a grain is to enable a plate to hold
more water or more ink. It serves this purpose but the
main function is to maintain a continuous film of water on
the non-printing portions of the plate, A grained plate
after standing in the air for months is wet at 21l points .
by water but a polished plate after standing in the air for
a few minutes will not be wet by water over a large part of
its area, In both cases the area of the ﬁater will equal
the area of the plate not considering the irregularities

in the surface since the water will completely fill these
irregularities, When wetting just fails to occur the
increased surface energy caused by the removal of the water
must equal the surface energy which disappears. If the
actual area is a sufficiently high multiple of the over all
area even a small increase in free surface energy produced
by the removal of the water, when multiplied by the true
area, will be greater than the surface energy of the water
film, It is obvious that with a sufficiently fine grain

a paraffine surface would retein a continuous film of water.
From the above theory two important conclusions can be drawm.
Any surface with a sufficiently fine grain will be wet at
all points by a liquid. The presence of thin films of oil
on a grained surface will not prevent wetting, The latter
conclusion has been confirmed exprtmentally. A grained

surface on which oil of lavander and nitrobenzene could



still be detected was wet at all points by water. The
experiments of Devaux (7) show that a polished surface 1is
not wet by water in the presence of less than a monomolecular

film of oil.

COUNTERETCHING

Then = plate is counteretched it is usually washed
with a dilute solution of a strong acid. The function
of this process " is to cause the plate to have a greater
affinity, or susceptibility, to the greasy ink". (8) This
statement while common to most books on lithography is probably
incorrect. Counteretching should be considered as only a

cleansing process. (9)

THE TIAGE

An image is that portion of the printing plate which
is covered with ink. Usually the image will consist of
dots about .004 inches in diameter. All of the various
methods in use for obtaining an image seem to give plates
of about the same life. This may indicate that the life
of the plate does not depend on the relative affinities of

the ink or of the basis of the image for the plate,

ETCHING

Etching is 2 method of giving to the non-printing portions
of the plate water receptive propetties, The printing
plate after the etching operation can be regarded as a metal

surface vartly covered with a substance preferentially wet

by water and partly by a substance preferentially weti by



ink, These substances which are probably adsorbed on the
plate tend to prevent any change in the water or ink areas.
(10) This method of explaning the facts is more nearly in
accord with modern theory than the chemical reactions proposed
by most writers on lithography. Preferential wetting must

be considered since the presence of a monomolecular film of
grease or oil on the plate would not prevent wetting by'water
but may result in a gradual increase in size of the image.

An etch probably acts in the following manner. It is
adsorbed and forms on the metal plate a film which is prefer-
entiallywet by water. If the plate drys at any point or if
lose particles of ink are deposited on the plate the etch
forms a film betweenvthe ink and the plate. On the subse-
quent addition of water the upper layers dissolve in the
water and carry off the ink, YVhen the film becomes thin and
difficultly soluble the ink is removed with difficulty.

The valuable properties of an etch depend therefore on its
ability to take up water after drying on a plate.

Ttches are unnecessary whenever the non-printing portions
of the plate are covered with a film of a hydrophilic sub-
stance. In the acquatone process (11) and the new process
recomended by the ILithographic Technical Foundatioﬁ (12)
there is obtained on the non-printing portions of the plate
a thick film which can absorb considerable water. Ink
placed on the dry film can easily be removed by washing.

Both the above processes and the etching process result in



the production of a hydrophilic film on the plate but in
the etching process the film is extremely thiﬁ and easily
destroyed. These processes are therefore superior to any
method of etching.

PRINTING

Printing is the test of the efficiency of the methods
of preparing the image and of etching for producing a stable
condition on the printing. plate. The image can change in a
number of different ways. It can increase or decrease in
size gradually. It can "walk-off or dissapear through a
failure of the plate to regain the ink it loses during the
printing operation. The plate can tint through the deposition
of ink on the water wet afeas. It is possible that each
change could be produced in a number of ways but in most
cases only one cause will be present., The following mech-
anical pictures will serve as a possible explanation of soﬁe
of the phenomena observed durniﬁg printing.

At the point of contact of the ink and water the surface
tension of the water tends to pull it away from the ink
image. If the material forming the water attractive surface
is not present in sufficient quanitjtythe amount of water at
the border of the ink image may be insufficient to prevent
its growth through the mechanical flattening of the image
produced by the ink rollers. If the metal surface prefer-
entially adsorbes the 0il of the ink the water will draw

away from the image border and there will be a gradual in-



crease in the size of the image. In both cases the mech-
anical influence of the ink roller must produce the increase
in size since flowing can not occur. (13) High pressure,
easily flowing inks, or a large amount of ink may be factors
in producing an increase in the size of the inked imege as
well as a preferential affinity for ink. In the presence
of aind the image size may be decreased through solution of
the metal. Tilms of ink and similar substances permit the
free passage of ions of small size and therefore the acids
used on the plate will be able to .attacK the metal under

the center of the dot as well as at the border dbut it is
only at the border that there is sufficient water present: to
create new water wet areas. If the water preferentially
wets the metal surface, then at the border between the ink
and water the water will gradually form a thin film under
the ink. This film will not be sufficiently thick to
possess the fluidity of the film on the non-printing portions
of the plate and because of its large area compared with the
overall dimensions of the plate it will hold the ink with

a greater force than its breaking strength over this area.
Tven with a thin film of water between the ink and the plate
printing would be possible but if the supply of ink was
limited there might be a slight decrease in size at the

border.
As the ink roller passes over the image the ink forms

2. continuous phase from plate to roller. If this phase is

uniform the plate will in each revolution take up the ink



it has lost and a decrease in the intensity of the image
will be caused by a decrease in the amount of the ink sup-
plied by the ink roller. When the ink supply remains
uniform the gradual decrease in intensity must be caused

by an accumulation of foreign material on the ink which
prevents the formation of a uniform phase on contact with
the ink roller. The removal of a large portion of fhe ink
from the plate duriimg the printing operation will give a
surface on which water will more eag$ily form a continuous
film, The presence of a large amount of water or the pres-
ence of gas bubbles in the ink produced by the action of the
acid in the fountain water will aid in causing this fading
of the image.

Vhen a cylinder of paraffine revolves in water its
surface carries the water with it in the direction of its
rotation. Some of the water remains on the paraffine in
the form of drops while the rest flows back into the main
body of the liquid, A somewhat similar case would be two
cylinders of different liquids revolving in contact, The
internal pressure of all liquids is very high sovthat'with
liguids flowing rather than breaking occurs wherever possible.
A pure homogeneous liquid will flow under the smallest im-
pressed force, At the point where the liquids separate flow-
ing will occur in the liquid which imposes the least resis-
tance. The resistance to flowing will be proportional to t=
the rate of deformation or flowing and to the viscosity énd

plastic strength of the liquid. In the case of water and
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;nk or mercury and ink-the waterland the mercury possessing.
a zero p;astic strength and a low viscosity are carried |
along by the ink with the result that the plate loses mer-
cury or water, but does not acquire ink on the water or
mercury areas. It is therefore necessary that the liquid
on thq non-printing portion of the plate possess a lower
viscosity and a lower plastic strength than the ink used,
The liquid on the non-printing portions of the plate must
not wet the in;,'sincé if it dogs, it will form a continuous
film on the ink and prevent its transfer to the plate. It
is obvious, from the above considerations, that the magni-
tude of the interfacial tension water-oil is of little im-
portance. When the water film becomes thin or the ink be¥
comes less viscous or less plastic, there will be an increas=
ed tendendy of the non-printing parts of the plate to ac-
quire a coating of ink. Points of corrosion, since they de~-
stroy the grain and give highvpoints on the plate, will aid
in producing new ink areas on the plate.

Wetting, if the above assumptions are made, is chiefly
of importance in the gradual increase in the size of the image .
the other changes being produced chiefly by the ink. The
factors influencing wetting will be considered in‘detail in
the experimental and- theoretical portions of this thesis.

The permanence of the image on the printing plate will
depend on the kind of surface), type of ink, and the material

used on the non-printing portions of the plate. A great



Q-
- many different types of surfaces have been suggesteé and uSed.'.
Wood, leather, rubber, paper; stone, and metal undér_suitable
conditions, form satisfactory printing surfaces (14). In the
clean dry state each is capable of acquiring a film of ink
which can be removed only with diffioculty. The remainder of
the plate is etched to impart to it hydrophilic‘properties.
'The'life of a printing plate is dependent on %ﬁé life of
the gréin and of the film on the plate. In the abseﬁce of ex-
cessive friction the life of the grain should be very long.
The f£ilm on the non-printing part of the plate will slowly
fe'removed by abrasion and solution ih the water used. It
‘could be replaced a numbér of times before the grain disap-
pears. The fbrcé bf adhééion to the plate of the ink, water,
and any films.whiéh‘nay bejprésent;;igfproﬁablywa ohiy'éec-
' ondary importance, since it is sufficiently high to prevent
their removal during printipg. |
In thé théoretical and experimentalfportions'of‘this
thesis, the methddéZof ﬁroduétion and pfoperties“of Varibus '

kinds of films will be considered in greater detail.
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HISTORICAL

Lithography was discovered in 1799 by Alois Sene-
felder(1l5). It developed rapidly in Germany, and soon spread
to France, Austria, England, and the United States (16). From
an artistic standpoint, the lithographs of these early days .
~ were the equal of those produced today (17). The printing sur-

faces and the printing materials of today are not much better
than those ofﬂthe infant industry and very little more is
known about them. The growth of the in@ustry was made pdssible
through the diécovery of ﬁet%ér mechanical methdds,=and not
through the appliéation of scientific principles to the methods
in use. | _ |

Practically every p&ssible kind of solid surface has
 beeﬁ used as a planographic printing surface. _The first sub- |
stance to come into general use was a close-grained limestone
found at‘Solnhofen, Bavaria\(lé)x Its valuable qualities
were disédvered by Seﬁefelder, who used it in most ofthis
work. Many Gther substances were examined by him, but none of
them gave as good resuks as this particular type of limestone.
Among thé other substances with which he had some success
were paper, ziné, and various alloys. The paper was too easily
destroyed, and the metals required more caré in thelr use
than the stone. Artificial‘stones have been made by forcing
carbén dtoxide into calcium oxide in a mold (19). In 1855_
-Goodyear patented‘fhe use Bf'rubber in place of lithographié

stones. 'Propérlyvppépared; wood can also be used (20).



-11-

Aluminium has been in use since 1892. Brass, copper, tin, -
lead, iron, gold, silver, alloys of tin, lead and bismuth,
and many other alloys and metals will give satisfactory
printing surfaces; although they have'ﬂot been used commer-
cially. Glass can be used as a printing plate by forming
on it an insoluble precipitate which will retain ink (20).
A method of printing with leather was developed by Day in
1908. The materials at' present in use are chiefly zinc and
alumlnlum plates, although a few plants still use stones.

The use of a printing plate consisting of two
,different metals, in which the surface of one metal forms
:the printing surface and the other metal the non-printing
surface, is a comparatively Qecent development. None of the
combinations suggested have been used to a great extent al-
though theoreticall& a bi-metallic plate should be an im-
provement over a plate compésed of only one metal. In 1873
Friedlander (21) pfoposed depositing a thin layer of tin,
lead, or copper on a metal piate by electrolysis. The non-
printing portions of the plate Weré then removed with an |
etch. Villon in 1891 used nickel-plated zinc. Rolfs (1901).
plated a piece of steel with nickel or copper and thenremov-
ed the nickel or copper from the non-printing areas, A great
many other bi-metallié combinations have been suggested,

The mercurographic or "Pantone" process is really
a bi—metallic‘process, but since water is not used iﬁ the

process, 1t has additional advantages(22). It is sometimes -
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called dry lithography. In one type of process, the plate
is coated with silver, followed by chromium. The image is
placed on the plate, the chromium is removed with dilute
hydrochloric acid from the parts of the plate not covered
by the image, and then the s%ljer is amalgemated with mer-’
cury. By printing with an emulsioh of mercury in ihk; thé
plate is kept supplied with mercury, this forming the non-
printing area. | |
Recently surfaces produced through light action

have been used as printing surfaces. Because of the general
use of rotary printing présses, it is necessary to use flex-
1ble-printing piatés. By coating a metal surface with another
substance it-is*pOSSible to retain the desirable properties
of the metal and at the same time obtain a better printing sur-
face., Niepce, in 1816 (23), invented the first of the photo-
mechaniéal printiﬂg processes, although the first successful
process is that of Osborn(24) developed in.1859. In these
processes, the hqn-printing portion of fhe‘plate consisted
of a metaliic of_stone surface, ﬁhile the basis of the image
‘was albumin, This albumin remeins on the plate throughout
the printing‘dpefdtion‘(25). Cg;iot&pe 15 the first:process
in which both the printing and non-printing portions of the
mgtal plate are covered with another substance (26). The
'process_depehdéaon,the difference in properties of hardened

and unhardenéd‘gelatine. " Recently the principle inv01vgd

" in the use of bi-metallic platés has been applied to the prep-
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aration of surfaces through light action(l2). The basis of
the image is hardened albumin, while the non-printing por-
tions of the plate consist of hardened gum arabic. A conm-
bination such as this, represents the ideal type of printing
plate, an ink-receptive surface surrounded by a permenent
water-receptive surface which has no tendency to retain ink.

The most important chemicals used in lithography
are counter-etches, etches, and inks. The counter-etches
used today were known to Senefelder. The same applies almost
equally to etches and inks, Gum arabic and chromic acid,the
two ingred;ents common to most etches are mentioned in his
writings (15). An ink can consist of a great many different
substances. Senefelder made thousands of experiments, using
every type of substance he could obtain, in order to get sat-
isfactory lithographic inks. He published many of his formu-
lae and these were probably used by many lithographic estab-
lishments, since most printers at that time made their own
inks. With the development of ink manufacturing concerns, the
formulae became secret. The new types .of ink which were -
better, but just how the chﬁﬁge in composition affected the
life of the plate is not known. It is only recently that the
‘properties and functions of these lithographic materials has
been studied in a scientific manner. ‘ |

The methods and materials of lithography have éhanged :
but little since the days of Senefelder. His genius, and the 1

vast amount of experimental wérk he performed during his life-
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time resulted in the development of methods and materials
Which his contemporaries could hardly hope to improve. Since
that time however, the vast increase in knowledge, should

have resulted in many new developments and a better understand-
ing of the process. Lack of progress must be due to the failf
ure of the leaders of the industry to realize that constant
improvement ﬁepénds on intensive research guided by scientific‘

principles.
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OBJECT OF THIS INVESTIGATION

Lithography has become an important branch of
printing because if part of the area of certain flat sur-
faces is covered with water and the remainder is covered with
ink, the_distribution of these substance is not changed
during the printing operation. The object of this thesis is
to develop a scientific theory which will account for the ob-
served lithographic phenomena, and to verify this theory ex-
perimentally as far as possib;e; Because of the great com-
plexity of the problem, it is probable that no one explana-
tion will serve for all fherbbserved phenomens, aﬁd for.that
reason, various theories concerning the behavior of solids
in contact with liquids and gases will be considered, and
their application to lithography pointed out. An explanation
of a lithographic process is of no value in itself, but it |
will aid in'the'progress of the industry if it indicates
possible lines of development, Where.ever possible, therefore,
theoretical considerations will be applied to concrete ex-

amples. -
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THEQORY

INTRODUCTION

In the scientific study of natural phenomena
it is aften necessary to use séveral différent theories and
various experimental methods. The laws of statistical mechan-
ics are of service in the study of the average motions of
‘molecules or atoms. Vhere a change in the average kinetic
energy of the molecules occurs, the laws of thermodynamics
may be applied. Frequeﬁtly certain properties, such as elec-
trical or surface propertieé, determine completely the behav-
ior of a system. Since a large part of the time was devoted
to finding a way of applying scilentific theory to a litho-
graphic problem, that of coexistant oil and water phases on a
metal surface, these various points of view will be considered

in detail.

Kinetic Theory
MODECULAR FORCES ;

Matter consists of molecules which are maintained
in equilibrium through the operation of four forces. The ther-
mal pressure plus the répulsive pressure equals the attractive
pressure plus the external pressure (27). At all distances
of greater than molecular magnitude only forces of attraction
have been observed. These forces have been divided into three
classes (28); eleE%rBStatic, polariiation(magnetic), and co-

hesive(Van der Waals) forces. The electrostatic force arises
. 19
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through the action of the ions in one substance, e.g?, sodium '
chloride, on the molecules of another substance, e.g., argon.
The part this force plays in the lithographic phenomena will
beAconsidered in detail later. Magnetic'forces arise through
the presence of.magnetic moments in molecules. These forces
are very small compared with the other forces which are pres-
ent with them, but in the presence of molecules of high elec-
trical moment which can transmit these forces almost undimin-
ished, they become the predominating force at large distances,
In most cases, both the electrostatic force and the force of
polarization, become almost zero at greater than molecular
dlstances from a solid surface. Tovaccount fon.nany observed
phenomena such as, surfacemtension, heat of evanoration, vapor
pressure, etec., it is necessary fo assume the»existence of a
cohesive force decreasing relatively slowly with the distance.
This force may, and probably does, originate in the electrical'
properties of metter, but no simple relation has yet been
derived connecting the two. - A repulsive force which is almost
zero, even at molecular distances; prevents the collapse of
the system. This repulsive force will be omitted in all later

discussion,

VAN DER WAAL'S FORCE ‘

The exact nature of the Van der Viaal cohesive fonce
is unknown. Although chemical affinity and chemical energy
may depend to a greater or less'degree on this foice, 1t is

essentially a physical force. For'example,'in a mixtﬁre of
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- oxygen and ethylene, the pressure was reduced 8.5% below
theoretical by the oxygen and the replacement of the oxygen
by argon did not changé the pressure appreciably (29). This
cohesive force in condensed or liguid systems is known as the
internal pressure. Recently Lorenz (30) has shown that in
alloys or salt mixtures, in the liquid state, the Van der
Waals constant A, which determines the cohesive force, is equal
to the square root of the product of the constants of the in-
dividual members of the mixture. A somewhat similar relation
exists between the constants of the members of a gaseous sys=-
tem (31).

The importance of the Van der YVaals cohesive force
- has led to many attempts to calculate it from the fund&mental
properties of matter. The most successful attempt is that of
' Deby (32), who has obtained a formula involving the moleculer
diameter gnd several electrical propertigs of the molecules
concerned, but because of its complexity it is chiefly of
theoretical interest. The method of Lennard-Jones which is
based on several assumptions concerning the rate of decrease
of the for&es ihvolved,'is of more practical value. It has
been applied successfully to the case of adsorption of the
rare gases on several crystal surfaces.

Although the mass and volume of a molecule may not
determine itsfforce field, still these quantities are mani-
festations of this field agaAfhe& should give a'good~iﬁdica-
tion of its magnitude. This is shown py the Wdrk of”Richards(SS)
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on the compressibility of the elements. Atomic volume and com-
pressiblility of the elements when plotted as functions of the
atomic weight, give curvesjwhich show clearly the influence of
concentration of maés on the force of cohesion. While the
electrostatic forces of cohesion or the forces of chemical
affinity are'produced bfnthe cementing effect of the valence
electrons in the atom, the physical force of cohesion originates ’
}in the nucleus of the atom and depends only on its mass. The
periodic change in physical properties due to cohesion, is
caused by the periodic change in atomic volume and electro-
static forée, and not by a change in the physical force of
attraction. :The physical force of attraction as defined above,
depends only on the atomic mass, but since the repulsive force
will depend on the atomic volume, the resultant attréctive
force will alsp depend on the atomic volume. The importance

of cohesion in the detérmination of adeorption is éhown by the
work of Adams (34). He finds that the variation in the float-
ability of an ore using an oil foam, follows the Van der Waglé

cohesion factor.

. INTERNAL PRESSURE AND ADSORPTION '

At the border of a system, the internsal cohesive force'
produces a surface tension and an adsorption force. The mgxi-
mum possible adsorptive force should be the same fupgt;qn'bf the
cohesive force for all substances, but due to orienfﬁtion of the -

~molecules at the surface, and becauée of the formation of surface
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filnis of different composition from the interior, the actudl
adsorption force present will be less than the maximum poss-
ible value.

Wthen adsorption occurs between two substances which
will not react chemically, the force of adsorption will de-
pend only on the internal pressure of the two substances. If
various liquids are arranged in the order of their increasing
internal pressures, they will be arranged in the order of in-
creasing force of adsorption on a given liquid or solid. The
force of adsorption is in this case, the observed force of ad-~
sorption plus the internal pressure of the liquid, since all
that can be observed is the difference between the force of
attraction of one substance for itself and for another sub-

stance.

RANGE OF MOLECULAR FORéE

Experimental determinations of the range of molecular
force give values ranging from 10-5 om. to 10"8cm. These wide
discrepancles can be eiplained if two attractive forces exist.
Wherever the experimental conditions are such that electro-
static forces or forces of secondary~valence can be measured,
the rangehin all cases between 10~7 and 10~8 cm. Langmuir,
from his wqu.on'adsorption, concluded that the range of mo;ech
lar force is 2-5 % 1078 cm (35). From calculations involving
some physical constants, Garver obtains (36) about the same re-

sults. From the datafof many investigators on the adsorption

of gases on charcoal, Williams obtains a value of 4 X 10~8 cm. (37)
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In the above experiments lqw pressures were used, and the al-
most complete disappearance of force at molecular distances
is taken as proof of its éomplete disappearance at slightly
greater distances. This conclusion is incorreét if there ex-
ists another force, decreasing relatively slowly with the dis-
tance, or if the rate of decrease of the force fieid suffers
an abrupt change at this point. Many experimental investiga- °
tions indicate that the range of molecular force 1s relatifely
high. Hardy(38) has shown that a metal can exert an influence
through a thiék film of iubrieant. The rate of evaporation of
wgter on' glass decreases at 5 %x10-9 cm.(39). Films of ad-
sorbed'Watervand methyl alcohol on glass, when measure¢ by op-
tical methodsivar.e_ found to be 3 x10~7 cm. thick(40). Film
thicknesses obtained”by‘wringing flat surfaces,ﬁogether, in-
dicéte‘alforce range of 2 x10-6 cm. (41). The"thickness of
a film of water on sand (42). and bf sulphur dioxide and of
ammonia on glaés (43) 'near'saturation is 2x1076 cm. A
titration method similar to an oil absorption number gives a
£ilm thickness of 10~5 cm. (44). Other methods (45, 46, 47)
give similar reéults. The onlj attempt to meaéure directly
: the_rgngé of attractive force is the experiment paeformed by
Richards (48). -Hé,round that an aluminium plate, six centi-
meters square, at a distance of 1074 cm. from diffefent solids
which were 6gpablelpf reaéting with it, atfragtgdtit with a
'for§e of le53~thén'lo-l dynes. Some experimental work té'be

discﬁssed“lgtér,.indicates;the existance of films ;Ofﬁ'cm. in
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thickness. This 1s in approximate agreement with the above

results.

THE FORCE LAW

The magnitude of the force which acts at any point
near a surface, will obviously depend on the force law. IMany
different inverse power laws have been suggested (49), but
each law seems to explain only one or two physical properties.
Among the power laws which have been suggested, are an inverse
second (50, 51), third (52), fourth (53, 54, 55, 56, 57, 58, 59),
rifth (28, 60, 61), sixth (28), seventh (49), and eighth (49,
62) power law. From a theoretical study éf the problem, the
exponent of the distance in any power law must be greater than
five, but the necessary consideration of matter as continuous,
in any of these derivations introduces an unknown error.
Some further refinements have even increased the necessary
value of the exponent to eight (49).

In the experimental part of this thesis, 1s describ-
ed a method of measuring the force acting at a point near a
surface and of simu}taneously estimating this distance. By
blotting the log of the force against the log of the distance,
a straight line is obtained, whose slope equals the exponeﬁt
" of the force law. The results obtained, indicate an exponent
of one. The exponent will necessarily be much gréater'in
the absence of a film. Some calculations madé~by‘Nutting from

data on the heat of adsorption of water on‘glass,:indicate
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that the decrease in force is proportional to the distance(63)

LANGMUIR THEORY OF ADSORPTION

Because of the existance of a univeréal law of
attraction, the concentration of a substance at the boundary
of any phase, will be increase by the presence of another
substance. Increased concentration at the boundary of any
phase is known as adeorption. There will be two limiting
cases of adsorption, one in which the concentration of the ad-
sorbed substance is nearly equal to the concentration in the
liquidi or solid state, and 6ne in which the molecules of the
adsorbed substance are too far apart to affect each other.:
appreciably (64). A‘
| The .surface of a solid, since it consists of molé-
cules, must possess:a'diScoﬁiiﬁuousTforéé field, withvméximnm
poiﬁts near eéch"mqlecule (65). Since the forCé field is
discontinuous, the concentration of the adsorbed matérial
will be discontinuous. The molecules of the~adsofbed sub-
stance will be too far apart to affect eaéh other appreciably..
This is the adsorption theory of Langmuir (35), wpich has |
dominated the field siﬁce thé time of its promulgation. This
théory is, of course, an exact statement of the process of
adsorption, only if the range of attrécfive force is about
equal to or less than atomic distances,Asince otherwise, the
field strength would not vary appreciﬁbly from point to point

on the surface. ‘The éxperimental work of Langmuir substanti-
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ates this very well. The forces acting are called secondary
valence forces, and aie'probably electrostatic forces(28).
Under the conditions employed, the removal of the adsorbed
substance is equivalent to the dissociation of a chemical com~-
pound(es), the dissociation product being a gas. The amount
of adsorption is, ih such eases as this, equivalent to less
'than a mono-molecular layer. This in the limiting case men-
tioned above, in which the adsorbed molecules are too far
apart to affect each other. The determining factor in this
type of adsorption is the relative rate of evaporation and
condeneation. In this pype of adsorption, no lateral motion

is possible (67, 68)

APPLICATION OF THE LANGMUIR THEORY OF ADSORPTION TO LITHO-
GRAPHY | o

On a lithegraphio printing plate, oil and water are
in contact with a metal surface. If the relative rates of
condensation and egaporatien of the oill and water adsorbed on
the metal sﬁrface-are low, then the adsorption theofy of
Langmuir will be of great-importance in a study of lithograph-
ic processesy If the relative rates of evaporation and con-
densation of the oil and water on a metal surface are high,
then the equilibrium postulated by'the Langmuir theory will be
reached almost immediately, and the subsequent reactions will
depend on some other factor. h

An 1mageneg‘a metal surface is in a stable state,
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since, if an aluminium plate , marked with ink, is allowed

to stand in air or water for days no appreéiable change in
the area of the ink can be observed. The plates which were
allowed to stand in the air, could not exhibit any change be-
cause of the low vapor pressure of the ink (69). The image
on the plates immersed in water could have changed as is

shown by the following experiments. Water was placed on a
film of o0il which contained solid particles of a water soluble
salt dispersed in it. In a short time the small angular par-
ticles became rounded, and after a longer time the 1arger
particles appeared as small crystals in a drop of water. This
illustrates the replacement of oil by water. Since the ap-
pearance of the corrosion film formed on a zinc plate immef-
sed in a molar soiution of chromic acid 1s changed by the ad-
dition of linseed oil to the soiution, it is probable that the
linseed oll is appreciably soluble in the water. These ex-
periments indicate that the kinetic theory of adsorption as
developed by Langmuir, is not of importance in lithographic
phenomena, since the equilibrium conditlons are reached 1n a

very short time.

ELECTRICAL THEORIES OF MOLECULAR FORCE:

Since matter is essentially electrical in nafure,
many attempts have béen made to calculate surfaéé forées and
adsbrption from known electrical properties'of matter. rThe

very successful attempts of Lennard Jones (28) ahd Debye (32)
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have been mentioned. Sutherland (70) has studied the relation
between the electrical properties of matter and the force of
molecular attraction. Pavlov (71, 72) has attempted to show
the influence of electrical forces on adsorption. Tarassoff
has obtained an equation connecting the heat of wetting and
the dielectric constant (73). IlUn has derived an equation
connecting the surface tension of solids with the electrical
properties of the adsorbed substance (74).

It is ﬁell known that charges tend to acquire a
coating of the mdiecules of the surrounding medium. Ions in
water become hydrated (75), while ions in a gas carry with them
one or more molecules of the gas (76). The condensgtion of
water on gaseous ions in the Wilson experiment on the path of

% rays is an example of this phenomena.

APPLICAIION OF.AN ELEQ?RICAL THEORY OF ADSORPTION TO LITHO-
GRAPHY 1 | '

In a surface consisting of particles carrying char-
ges, as for example, sodium chloride, there wili be a force
field which will attract other molecules with a force depend-
ing on the distance of the molecule and its dielectric con—v
stant. The electrical moment is M = 1-221%%—2 (.%), » Where

dielectric constant
force field

volume occupied by one molecule

= [l e R )

If the field if produced by a unit charge then F= %2 or



M= ézgf—%%% ( %.) . The force acting og a dipole M is

4
2Me or F= (D-1)e? 1 o=
“ﬁg 2 WR7- N . The potential energy E

equals D- 1) e® S (p-1) &2
/.2,73‘ (%)dR = ""BL,.l:—)v'—" ;%

According to the Boltzmann distribution law the potehtial

energy determines the concentration gradient (77). NA z

N, D- 1) e® 1 where NA equals the concentration
o e 87 R N : .
at a distance R and NAo equals the concentration at an in-
finite distange.' In a mixture of two substances, the relative
concentration of each near a charged body, can be deﬁerminéd
di}ectly, if the volume occupied per particle and.the numbér of
particles present are equal in each case. 'Whére a particlé of
one replaces x particles of the other, the total energy
change“of .i particles wili>équai the pptentigl,energy éf oné
parficle times x. For oil and water the foliowing eguation

is obtained.

N water = Nwo "~ (Dy~ 1)e? '.( D _i.)-' 2
—mater = W ' : o-1l)e* NoNg
N oil Noo € BN @ KIR' X 8 No 7 KIR7Ny
Dy = dielectric constant of water = 81 |
Dg = dielectric constant of oil = 3.35
Nﬁ = number of molecules of water per'cubic
centimeter ' ‘ '
N, = number of molacules of oil per cubic
centimeter o
X, N o -
Nyater Wo = 5.5 x 10728
iaoi,l\ \ ._:!00' - € R

If at a 1arée%d13tancé the oil ahd}Wéter are present in egual
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proportions, then the ratio of Water to oil at a distance

R from a charge is for R equal to

5 x 1078 cm N water = 1099
- N oi1
10-7 ‘cm | N water = 14
N oi1

From the above calculations it can be seen that on
an ionic surface, water will replace almost entirely the lin-
seed 0il simultaneously present. There results are only ap-
proximate, since the length of the linseed oil molecule is dg
the’same ordep'of.magnitude as the distance over which'the ad=-
sorption is calcﬁiated. The electrical moment is taken as
the same over the entire length of the molecule, but due to the
presence of active groups, it will vary from point to poinf

on the molecule.,

A THEORY OF ETCHES

An etch is a substance which i1s added to the water
fountain for the purpose of preventing the adherence of ink
.to the non-printing portions of the plate. §ome previous ex-
perimental Wofk in this laboratory (78, 79) has shown, that
many of the etches in common use are adsorbed by the metal.
An inorganic etch is, therefore, any somewhat soluble salt
which is adsorbed by the metal surface, As shown by the a-
bove calculations , ink will not adhere to the surface as
long as water is present. Vhen the water evaporates, the

etch will berdeposited on the plate, giving a protective coat-
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ing between plate and ink.: On the addition of water, this
will dissolve &nd carry the ink with it, leaving a clean non-
printing surface. In the presence of a small emount of

etch, the solvent action of water will be slight, and the
plate will take ink permanently on drying. Several labora-
tory experiments proved that the ink on a plate protected by
a deposit of an etch, could easily be removed by water. Or-
ganic etches will be considered in more detgil under pro-
tective coatings produced by light action.

The ability of salt-like substances to increase the
affinity between liquids in which they are soluble and solids
on which they are adsorbed, has been noted by numerous in-
vestigators. The éffinity of oll for silica in the presence
of water is reduced by the addition of acids or bases to'the
water (80). The number of ions adsorbed by & glass surface
is often greater than the number required to form a mono-
molecular film (81). ZLubrication experiments have sﬁown
that metals adsorb organic acids from oils and that these are
oriented, so that the hydrocarbon group is extended toward
the oil (82). The acids in the ink. probably act like the

etches in the’water.

CONTINUOUS FORCE FIELDS
‘The work of Langmulr shows the existence of an in-
tense discontinuous force field at solid surfaces, but it does"

not show the absence.of a continuous force field somewhat less
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in magnitude and decreasing relatively slowly with the dis-
tance. There is abundant evidence that.,in addition to the
forces of secondary valence there exists a more uniform force
field of long range, which can be compared to the earth's
gravitational field. In this field diffusion along the sur-
face occurs. The work of Volmer shows that the reéistance of
glass to the diffusion of benzophenone on its surface 1s
slightly less than the resistance to diffusion in water (83).
This work has been confirmed by Moll (84). The theory of the
condensation of metals as derived by Frenke; (85), and experi-
mently confirmed by Volmer (86), and also by Crockroft(77},
involves the migration of metallic atoms on a solid surface.
The pressure, in theée cases, is low, and therefore the film
is a gas. When two gases are adsorbed at low pressures, théy
are adsorbed as gases, since both are adsorbed in amounts de-
pending on their partial pressure, and when the total pressure:
is increased one is liberated (88). This indicates that at

high pressures one gas liquifies liberating the other.

ADSORPTION IN LITHOGRAPHY

The abové theories canyeasily be applied to litho=--
graphy. The metal forming the plate takes up ions from the
water and fatty acids froﬁ the ink. Both of these are held .
by electrostatic forces and are thererore held very strongly.
The water preferentially wets the wgtep-area end the ink pre-

ferentially wets the ink.area. At the surface of the water



-3]1-

or of the ink, the concentration of ions and acids is almost.
zero, since negative adsorption occurs. At the water-ink
interface, positive adsorption of fatty acids will occur.

At the metal surface, the fatty acids will probably be pref-
erentially adsorbed, since they afe capable of reacting with
both the metal and its hydroxide. This may cause an increase
in the size - of the image. If the concentration of acid in
the linseed oil is low,_the pigment will remove most of it.
The presence of acids in the fountain further reduces,the
concentration of fatty acid.ions ét the water-ink bpundary.
If we consider the boundary as pure water and oil then,
;;nce the adsorption will be govefned by the Van der Vaals
cohesive force, the water having a higher internal pressure

will be preferentially adsorbed by the metal.

The Free Energy of Adsorption

GIBBS THEORY OF ADSORPTION

The mostvimpcrtént of the theoretical adsorption
equations is that due to Gibbs (89) who stated that at con-
stant compqsition the free energy change at the border of a
phaseimusf‘équéi thatwin.ﬁhe:interiqf‘dﬁgﬁhg phaée.‘ The
failure of this equation to gpPlY tQ:ﬁany“6ases of adsorp-
tion is not due to any deficiemcy innthé;thebry ifself;.but |

to errors in its aéplicgtiqn. The influence of saturation o

pressure on adSorption, even where the Gibbs-engtiqn is'not
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used, is generally accepted. The absorption or adsorption
of water from the atmosphere by gels or fibrous materials
such as gelatin or cellulose, depends on the relative humid-
ity and not on the absolute pressure of the water vépor.
Williams (90) showed that various adsorption curves became
almost identical when the relative, rather than the absolute
pressure, was used &n plotting them. The selective adsorp-
tion of carbon dioxide from hydrogen by mercury, is not re-
garded as unusual, since carbon dioxide ia an easily conden-
sable gas. |

The free energy change accompanying adsorption can
be written in the form — aT = NRT.ln.gﬁ , where a, is the
activity in the adsorbed phase in the absence of adsorbent,
and an is the activity in the extérnal phase. It is
usually allowable to substitute for the activity, the pressure
or concentration of the substance being adsorbed. The free
‘ eneréy change causing the adsorption, is a change in surface
energy of the adsorbent. This equals ¥, the change in sur-

face tension. Therefore Y = NRT 1n ;ﬁ or

dy = NRT: da . - This is the Gibbs adsorption -equation.

The adsofption eduaéioﬁ ﬁ;ed thrgughout the experi-
mental work is the integrated form of the Gibbs equation.”
given,abévea This equdtion»has been derived in a great many
different ways. ZErcken (91, 92) considerihg the adsorbed

material as present 1n a.gaseous diffuse layer on the ad-
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vsorbent, applies the Boltzmann distribution law, and obtains
an expotential function similar to the Gibbs equation. Poly-
ani (93, 94, 95) obtains from thermodynamic considerations,
'i the same equation. The Gibbs equation has been modified by
Porter (96) and Polyani (97). The various different modi-
fications of the Gibbs equation which have been mentioned
are given in detail in a very complete summary of the com-
'1plete subject by Swenard Urquhardt (98);_-Bancrort, on re-~
viewing thebsubject, concludes'that the dibbs equation can
be applied to adsorption on solid,surfaces:(gg). The data
to be discussed later depends on the validity of the Gibbs
adsorption equation, and on the existence of poly-molecular

adsorbed films.

APPLICATION'OF THE GIBBS EQUATION

When a substance is adsorbed from the gaseous
‘state on a liquid or solid surface, the amount of"edsorbed
material should remain approximately constant over a wide
pressnre ranée; A’nearly saturated mono;molecular film will
‘_be formed in many cases at & low pressure and only near the
i condensation point will a poly-molecular film be formed. It
therefore, the excess concentration of the adsorbed phase at
~ the interface, as calculated from the Gibbs equation, remains
constant over a wide pressure range, the equation can be said

f,to apply to thm case of adsorption.
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The surface tension of mercury has been detefmined
in many ways: The values obtained under different conditions
vary with the method used, but if the same method is used
throughout the experiment, the results are consistent (100,
101). The best data on the influence of vapors on the sur-
’face tension of mercury is that of Iredale (102, 103). In
the following tableare given his experimental results and
the film thickness of the adsorhed vapor calculated from his
data using the Gibbs adsorption equation. Similar values
are obtained with the other substances used by him. The re-
sults show"that the Gibbs adsorption law can be applied, and
that the free energy change involved in the formation of a
mono-moleculér film isimuch greater than the change produced
by the addition of all succeedinfgﬂlayers of molecules. ' In
the following teble N is the number of moles adsorbed per
square centimeter and 6 1is the number of moleculér\layers,
assuming the adsorbed substance possesses the same denéity

.

as in the liquid state.
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ETHYT, AT.COHOL

Temperature 21° C,

Pressure of Gas Surface Tension N 8
m. of Mercury of Lercury
E p, - o y Y,
1.0 8.5 451 = 439 2.3 x 10-10 30
1.0 12.0 451 484 2.8 x 10-10 .36
1.0 -~ 17.0 451 429 3.2 x 10710 41
1.0 26.5 451 423 3.5 x 10710 a4
1.0 47.0 451 415 3.8 x 10-10 .61
8.5 12.0 439 434 5.9 x 10~10 .75
8.5 17.0 439 429 5.9 x 10710 .75
8.5 26.5 439 423 5.8 x 10710 .74
8.5 47,0 439 415 5.7 x 10°10 73
12.0 17.0 434 429 5.9 x 10710 75
12.0 26.5 434 423 5.7 x 10710 |93
12.0 47.0 434 415 5.7 x 10710 73
17.0  26.5 429 423 5.5 x 10710 |72
17.0 47,0 423 415 5.7 x 10-10 73
26.5 47.0 423 415 5.8 x 10710 74

2
2
.

Ay
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POLY-MOLECULAR FILMS

The apparent formation of thick poly-molecular
adsorbed films may be due to chemical reaction, capillary
action or solution in the solid. Patrick (104) believes
this to be the case, and has proved that on freshly blown
glass surfaces; both toluene and water form only mono-molecu-
lar films, He also finds that condensation does not occur
at the saturation point. This only proves that freshly
blown glass is not wet by water (105), and does not prove
that ordinary clean glass does not adsorb large quantities
of water. It i1s well known that strongly heated or highly
dried substances have peculiar properties. Trouton (1L06) has
shown that gless, dried intensively by heating in air dried
with Pg0g5 , no longer shows the ordinary adsorption curve for
water at lower temperatures, The work of Carver (107) shows
that toluene forms less than a mono-molecular layer on glass
but he did not.approach the Aaturation point. Some experi-
mental work to be described later, indicates that very close
to the saturation point, toluene-does form an adsorbed film
three or fou; molecules thick. This film was thin compared
with all other cases investigated. Chemical action and solu-
tion of the adsorbed material in the solid surface may occur
with glass but these hypotheses are not advanced to explain
adsorption on metals. Adgorption on metals is attributed fo

capillary acti&i, of the‘;xistencé of a very large surface
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compared with the apparent area. It has been shown by many
serles of experiments that capillary condensation can not
explain the observed phenomena (108, 109). Poly-molecular
adsorption om mercury can not be attributed to a large area
due to irregularities in the surrface (1l24).

There is abundant evidence of at least a transi-
tion layer near a solid surface., From a study of the optical
properties of mercury Reeses (110, 111) and Haak (112, 113)
cénclude that on the surface of mercury in air, there exists
a gaseous ﬁransition layer about five molecules thick. The
photo-eleétrio éffect on platinum indicates the existence of
a transition‘layer more than one molecule in thicknesé (114).
By optical means the layer of alr on glass is found to bhe
10~ mm. thick{115). DeBoer has found that the adsorbed layer
of iodine on calcium fluoride is about thirty molefules thick
(116). Ammonium bromide on glass gives an adsorbed film'three
hundred molecules thick (117, 118). The capillary éctidn of
mercury (119) furnishes additional evidence of a thick film
of air on glass. Cataphoresis (120) and heat transference(121)
indicate the presence of thick films. Hydriodic acid is ad-
sorbed by'glass to an extent of thirty to thirty-five moleou—
lar layers (122). Carbon dioxide (123) and toluene (124}
form poiyrmolecular films on mercury. Rinse (125, 126) has
‘determined the vapor,préssure of volétile'mercury salts in
the presence of glass. ’Films,as:high ds five hundred mole~

cules in thickness are formed. Numerous dther investigators
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have obtained sihmilar results (127, 128, 129, 130, 131, 132,
133, 134).

While a great many explanations have been advanced
which would make unnecessary assumptions concerning the forma-
tion of adsorbed films more than one molecule in thickness,
fery little experimental evidence has appeared which indicates
their absence. The experiments ofr?atrick {84), mentioned
above, were not conclusive, although his work has been con-
firmed by Catham (135). Recently Palmer (136) has determined
the maximum voltage which can he obtained on placing the two
wires of a coherer in contact in liquid benzene, The wires
used were of platinum. His results lead him to the conclusion
that even in liquid benzene only a small part of the surface
of platinum is covered with an adsorbed layer of‘benzene,

He has written numerous articles on the use of the coherer
in determining adsorption and his negative results should be

considered along with the many positive results.

EXPERIMENTATL WORK

Most of the experimental work to be considered
later consisted of a determination of the free energy of ad-
sorption near the saturation point of several different gases
on plane solid surfaces, The results obtained for the adsorp-
'tion of water on glass agree approximately with the results

obtained by most oi the other investigators in this field.
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Ihmori (137) was the first to investigate the phenomena
thoroughly, and obtained high values. Parks (138) found

that heat was evolved on the addition of water to glass uatil
the film thickness reached 134 «.«. Katz (139) and D'Huart
(140) determined the amount of water adsorbed at various
relative humidities. This work was repeated with great'care
by licHaffie and Lenher (141, 142, 143, 144). Similﬁr re-
sults have been obtained by others (145, 146). ‘

Wetting and Adsorption

METHODS OF DETERMINING WETTING .

The phenomenon of wetting is of great{importance
to many industries (147). In lithography the metals are
classed as greasy or non-greasy, depending on-their tendency
to acquire a coating of ink. One reason why coppér:is nét’
used as a printing plate is its so-called greasy nature. A
method of determining wetting affinity would obviously be ofi
value to the lithographic industry. |

Many different methods have been devised fdr deter-
mining wﬂether or not a solid surface is wet by a particular
liquid. A surface which is wet by a liquid can be distin-
guished from a surface which is not wet, by the type of curve
obtained on determining the vapor presSurekbontact with the
solid. (105) A substance adsorbed on a surface wets that

surface (148). Small drops of a liquid on a surface it wets
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do not increase in size. .On a surface not wetted there is a
growth or decrease in size (149). Since adsorption and wet-
ting are identical, a substance which preferentially wets a
surface will be preferentially adsorbed by that surface. All
spontaneous processes are accompanied by a free energy de-
crease; and the magnitude of this decrease measures the ten-
dency of this process to occur. If, therefore, the free
energy of adsorption is measured, that substance whose adsorp-
tion is accompanied by the greatest free energy decrease will
be preferentially adsorbed by the surface. Experiments to
"be described later, show that on the surface of glass, copper,
aluminium, lead and zinc, using toluene and water, the water
is preferentially adsorbed and, therefore, these surfaces

are prefereﬁtially wet by water.

Preferential wetting has been determined in a quali-
tative way by using emulsions. If a solid powder is shaken
with an emulsion of two liquids, 1t should go into the phase
which preferentially wets the solid. \In this way it is found
that zinc and copper in the presence'of benzene and water
are preferentially wet by water (150). ‘Bancroft, on the other
hand, finds,tbat on shaking copper and aluminium powder with
kerosene and water, they go into the oil or the interfabe(l5l;
152). |

Moscicki and Broder (153) have devised a method
for determiningufhé.relafiig wetting tendency of a liquid
,ror,varibus metals. The thggry is that ét the boiling point
of the adsorbed film, the liquid will cease to wet the metal.
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For platinum and water this temperature is-found to be 130° c.

Some solids can be pulverized by shaking in vari-
ous liquids. The reletive ability of a liquld to pulverize
a solid in this way, is said to be a measure of the force
of attraction between the solld and liquid (154).

A method in use in the floatation industry for de-
termining the relative wetting tendency of oil and water, is
one involving e determination of the adsorption of oleic
acid. Various substances adsorb oleic acid from its water
solution, thus changing the surface tension of the solution.
The relative amounts of oleic acid (154, 156, 157) adsofbed,
determine the preferential wetting of oil or water.

Bartell and Osterhoff (158, 159, 160) have recent-
ly developed a method for measuring the pressure produced
when one liquid displaces another from the pores of a highly
compressed powder. TFrom their results, they calculate tﬁe
adhesion tension liquid to solid. It is probable that this
method only measures the interfacisl tension oii—water, since
under a higher pressure than that corresponding to this in-
terfacial tension one liquid would be displaced by the other.
A somewhat similar method (161) is one involving the rise ef
liquids in tubes of different composition. This method will
only give results if the radius of the tube is of the same
magnitude s& the range of molecular force.

It is probable that the heat of a chemical reaction,

and the free energy change in the reaction bear the same re-
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lation to each other that exists in the case of the heat of
wetting and the free energy of adsorption. A high value of
one will indicate that the other possesses a high value.
Many determinations of the heat of wetting of solids by
liquids have been made (162, 163). The heat of wetting of
copper by various oils has been determined by Bachman and
Brieger (164). They find that the addition of oleic acid
and other acids increase ﬁhe heat of wetting greatly. This
is probably the heat of a chemical reaction, since copper
reacts with oleic acid (165). These expértments indicate
that the acids in linseed o0il may play an important part in

lithographic processes.
WETTING AND SURFACE FORCES

Wetting and surfaces forces are very closely re-
lated. The first equation connecting the surface forces of a
liquid and solid in contact, is that of Young (166).
Sy + 832 = Sz (K)
S3 = surface tension of solid
S1g™ 1interfacial tensibn _
Sg = surface tenslon of liquid
_ K = =& constanj or cosine of the contact angle
if the angle of contact solid-liquid is not zero, a determin-

ation of the contact angle will give the relative wetting

~ tendency of the liquid (167). The contact angle for various

organic solids and water (168, 169) has been determined.

NER :
P .
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There are many difficulties involved in a measurement of the
contact angle, since the presence of small amounts of im-
purities or air (170) will , in some cases, prevent wetting,
and thus apparently a contact angle will be formed. The
reason for the failure of water to wet various solilds under'
all conditions will be discussed in detail later.

' | lthen the angle of contact becomes zero, the quanti-
ty KSp 1is known as the adhesion tension. To determine the
adhesion tension, both the surface tension and interfacial
must be known. The only method of determining interfacial
tension which is known, depends on the varying soiubility

of particles of different sizes (171l). This method of deter-
mining interfacial tension was used by Hulett (172, 173) and
by Jones (174) in water solutions, and by'Thompson for a
solid solution (175). The method is subject to a large ex-
perimental error and the results are probably only approxi-
mate.

- In investigating the surface tension of solids,
frictional work (176), difference of potential (177), press-—
wse heat of solution (1178), force of adhesion (179, 180),
dissociation pressure (181), and crystal structure (182, 183)
~have been uséd. The results are still éf doubtful accuracy.
The surface tension dan also be calculated approximgtely
from the 1atenﬁ~heat of evaporation, the thermal gipénsion,
compressibility and other physical properpigs (147;'184),

showing that these_quantities probably have the same origin.
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The surface tension is roughly proportional to the hardness

and inversely proportional to the molecular volume (185).

WETTING AND SOLUBILITY

It is well known that liquids of increasing solu-
bility in each other give decreasing interfacial tensions,
and that at misclbility the interfacial tension becomes zero.
The free energy of wetting is probably dependent on the free
energy of solution. That is, substances possessing a high
- free energy of solution will possess a high free energy of
wetting. If a solute is allowed to distribute itself between
two immiscible liquids, then at any concentration the free
energies of solution will be equal. The liquid in which the
solute 1s more soluble will have dissolved a greater ampqnt
of the substance and therefore the total change in free

energy will be greatest for this liquid.

WETTING AND ELECTRODE POTENTIALS

When a metal tends to go into solution, it sets up
a difference of potential. This is known as the electrode
potential. The liquid in which the metal has the greatest
solution pressure should preferentially wet the metal, since
‘i1t will be most soluble in this liquid (186). This is
apparently disproved by the work of Koéh (187) who finds no

connection between solubility and solution tension. This is
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' not conclusive since no correction was made for the presence
of the metal in the solution in different degrees of asso-
ciation. He concludes that a high voltage indicates great
affinity, but since an increased voltage in the case of
silver means an increased tendency to platg out, he should
have reached the opposite conclusion. Some previous workers
(188) have abtained values differing from those of Koch, but
their work is probably in error. Baur has suggested a for-
mula (189) in which the solution tension of the metgl in a
solvent is proportional to the cube of the dielectric con-
stant., The work of Koch seems to disprove this. The electro-
- motive force series is not the same in all liquids (190) but
the variation is not great.

The standard electrode potentials of various meﬁals
have been determined in liquids other than water. If solu-
tion tension and wetting are similar, then zinc is preferen-
tially wet by wafer in the system alcohol-water, since the
solution tension of zinc in water is 108 times that in
alcohol (191).

Nernst's formula for the electromotive forcé of
a half cell>has aided greally in the progress of electre-
chemical theory and practice, but it is possible that it is
not a compiete explénation of the process. Thé need of a
better formulallea'to the coﬁéideration of the influgnce of

the solvent. Karper (192) has suggested the formula
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_ RT | Py 1,5
E; = — n — - — , where 1l;5 Trepresents the
Py NF
resultant force with which both metal and water act on an
ion in the neighborhood of the electrode. The other quanti-
ties have their usual significance.

Considerable experimental work (193) indicates
that the potential of a cell consisting of two metal elec-
trodes is due not onlybto the potential difference between
metal and solution, but may arise from a contact difference
in potential between the metals. If, in any modified equa-
tion for the potential of a helf cell, the observed potential
measures the free energy change of the reaction, it will be
independent of its point of origin.

A very'importént modification of the Nernst equa-
tion is that of Kleeman (194) and Butler (195). If, instead
of considering the heat of the reaction, we consider the
free energy change occuring, the sign determines the direc-~
tion of fhe reaction. The electrode potential will be caused
 ’by the difference between the free energy of solution of an
 ,ion in water and the free energy of formation of the ion.
The free energy of formation of the lon will be the free
energy of dissociatlion of the substance plus its free energy
of ionization. This is illustrated in the following example;
NEF = ~aFL ~aFz — (—aFz) + BT 1n -:—;-' « The last

term is for a mql&r solution about 3000 cal. For hydrogen
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the absolute -electrode potential is about .22 V (196). The
free energy of dissociation is-aoF; = 38,000cal (197).

- aFs, the free energy of ionization (198) equalé 300,000
cal. This is the heat of ionization, hut since the change
in entropy on ionization is small the free energy change is
approximately equal to the free energy of ionization. This
will be true for all substances. Substituting in the equa=
tilon gives the free energy of solution of hydrogen ion in
water as 340, 000 cal.

The free energy of solution will be: made up of
two quantities, the free energy change produced through the
reaction between the ionic charge and the molegules of the
liquid, and en the specific attraction between the solid and
the liquid. The electromotive force of a metal in a liquid
will depend therefore on the first power of the dielectric
constant, the ﬁumber of molecules per cubic ceﬁtimeter, and

on the specific attractive force,

WETTING AND OVERVOLTAGE

According to'thelébove theory the. potential of a
half cell is dﬁe to the diffgreﬁéé‘between the free energy!of
adsorption of liquid‘and of ian; Overvoltage may be accounted
for in a similar manner. Overvoltage will exist only fé:
gases; because only in this case will there be a difference

in composition betwéen the substance deposited and the elece

trode. The free energy of adsorption of the liquid will be
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its free energy of wetting. The maximum possible overvoltage
will equal the difference between the ffee energy of wetting
of the liquid and the free energy of adsdrption of the gas
being deposited. As the current decreases the overvoltage
will decrease, since a smaller portion of the liquid will be
replaced by gas. This will explain the observed change in
overvoltage with change in current density. Because of the
existence of an equilibrium point , dependent on the Boltz-
mann distribution law, negative overvoltages should exist.
Because of the small amount of adsorption of gases on solids,
the.negative overvoltages would occur only at extremely low
current densities and probably are not obtainable experimental-
ly. Increased surface, since it reduces thé current density,'
will reduce the overvoltage. Substances with a high affinity
for the liquid or a low affinity for the gas evolved will

give a high overvoltage. This corresponds qualitatively with

observed results.

FREE ENERGY OF SOLUT ION

The wettability of solid substances, their solubili-
ty, and thelr free energy of solution are closely related.
From the above theory the free energy of solution of dissoci-
ated compounds zan be calculated. The free energy of solu-
tion of a salt in water could also be calculated from the
lattice energy of the crystal and the observed free energy

of solution. This has been done for the heats of solution by
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Born (199), Fajans (200), Rideal (201), and Butler (202).

The free energy of formation of a dissociated compound in a

- liquid is equal to the sum of the free energies of formation

of the compound, ionization, and solution. If ﬁhis quantity4
is greater fhan the free energy of formation of thelsnbstance
in the dry state, the substance will be soluble at the eon-
centration for which the calculation was made. Where the
substance cannot dissolve in the dissociated form, it may
still dissolve in an undissociated form. Since the free
energy ef solution caused by the charge on an ion is a con-
stant fer”each iiquid,.SubStances arranged in the order of
their free energy of solution will be arranged in the order
of their wettability._

Some salts‘willdconsist of one ion with a high_free
energy of solution, combined with an ion with a low free .
energy of solution. Tne ion with the low free energy of sblur
tion will tend to form an undissociated‘aCid or base and es-
cape from soluﬁion. This 1s observed in the casge of the so-
called weak acids and bases. An ion 1is maintained as such in
solution, th:ough the potential difference ion to liquid, pro-
duced by the charge. If the:ion is large in size, the pofenr |

tial difference produced by a unit charge will be low and

association to form colloidal particles may occur. The fqtty
acid salts of the alkalies 1llustrate this phenomenon. This
theory of solution will be considered in more detail in con-

nection with light- sensitive films.
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CLEVAGE PLANES

Wetting is dependent on the surface energy of a
solid., If the reduction in surface energy through the pres-
ence of a liquid, is greater than the surface energy of the
liquid, then complete wetting occurs. The region near the
solid surface can be considered as a :egion of_increasing sur-
face tension. At the surface‘of a solid immersed in a liquid
the interfacial surface energy will equal the surface ehergy
in the absence of the liquid minus the free energy of adsorp-
tion of a mono-molecular film. At the surface of the mono-
molecular layer the surface energy will equal the surface
energy of the liquid plus the free energy of.adsorption of
the succeeding layers. The surface energy of each succeeds
'ing layer of molecules will be determined in a similar manner.
If at any point in this series, the surface tension falls be-
low the surface tension of the pure liquid, the liquid will
apparently fail to wet the solid. This phenomenon is quite
femiliar in the case of two liquids (203). The failure of a
liquid to wet a solid is usually attribufed to the presence
of impurities on thé»surface. :Mgny metals, after cleaning
under water, are wet by water, but on dr&ing in ;he air, are
no- longer wet by wa#er; The amount of organic impurities
which could be a_dsdrbed by the metal during the period of
drying is cgnsiderably.lesé than a mpno-molecular,layers
These metals while not wet by water, adsorb large amounts of

water. The effébt‘of drjing;on/the wettability of a metal,
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| varies from metal to metal, while the amount of available 1m-
purity in the air is constant during the time required for
the,experiment. These facts indicate that the apparent non- -
‘ wettability of many metals is caused by the existence of. a
‘plane of clevage in the water film on the metal. Since a de-
‘creased surface tension at any point will he produced by an
.orientation of the molecules, this phenomenon should be most
_pronounced_in the case of substances of high dielectric con-

stant. . This is in accord with the observed phenomena.

THE REPLACEMENT OF ONE FILM BY ANOTHER

Many’equations showing the,rate’of adsorption have :_gc

been suggested (204 205, 206) The rate at which an adsorbed‘t’ |

film is formed is probably very high.) The time required for
- the formation of thick films on clean metal surfaces, when |

these films are formed by chemical action, is only a few min—'"'
Vutes (207).  The rate of adsorption is very rapid while the
velocity of adsorption or diffusion into the intericr of a,-s
substance is very low (208, 209). ‘

The rate at which one substance will replace another<
in an’ adsorbed film will depend on several factors., In gase-v
ous films or in thin films of substances whose average life"
on the surface is low, there will be a rapid, complete or
partial, replacement of one substance by another. A'thick,

film may act like a perfect crystal in a dry atmosphere‘ A



7 . "52"

perfect crystal will not be dehydrated}in an atmosphere in
which a soratched crystal.will be completeiy dehydrated. Al-
_though thick filns’of\one.liquid can be replaced by a film
of another liquid, it is well known that this rate of‘replace~
ment is low (21) | ) | |

A qualitative measure of replacing tendencies can
be obtained by applying the Boltzmann.distribution law. The
relative numbers of molecules of Ny " and No 1in a force

field will be given<by the -expression El - ] -Ep

No — € T RT
if egual quantities of both substances are present in. the ex-
ternal phase. This is the film composition which "would re-i |
sult due to the solid surface, if the two substances were
completely miscible.‘ The solid surface can therefore create
apparent immiscibility, since, if one substance is not ad- -
sorbed it will not be present at the solid surface. If the
substances are less soluble in each other than the ratio ob-
tained from the equation, the solid surface will produce in—
creased miscibllity, hThe velue of this ratio was found, in
the cases to be considered in the experinental_part, to range
from slightly more’than'one to about five. .In cases such"asi
this, adsorption from dilute solutions does not mean that the
solute preferentially wets the solid. The oil adsorption ex-.
vperimsnts for determinlng the floatability of’ an ore, indicate
prefenntial wettlng only where the oil adsorption is very .
high (211) Negative adsorption shows that the ratio of sol- .
vent to solute is greater than that given by the equation.}l,
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The small value of the ratio which is obtained in all the ex-
periments, accounts for the observed tendency of many powders
to collect at the interface when they are shaken with two
immiscible liquids (212). This may also explain a phenomenon
noticed by Nutting (213). When silica is covered with a thin
layer of water and this in turn is covered with'oil, there

is a noticeable accumulation of the oil on the silica.

If two immiscible liquids are brought into contact
with a solid surface the limit.of solubility of one in the
pther will, in most cases, be reached long before the rela-
tive proportion of the two present equals the amount required

by the Boltzmann distribution law. Supersaturation of the
liquid forming the film will produce a force-opposing the
force of adsorption. Adsorption ceases when these forces be-
come equal. If this point is reached before one film has re-
placed the other, then replacement will notvoocuf except at
the boundary of the £ilm. - It would be a meta;stable equilib-
rium corresponding to the case of the perfect crystal, since
rupture of the film at any point would result in the destruc-
tion of the film.

Organic Etches and Organic Light-Sensitive Substances

The most important organic etches are probably gum
a arabic and tannin, Both"these?sﬁbstanceS‘are'so;uble in
water and almost insoluble in oil. Substances such as these

will therefore, if they are adsorbed by a solid, give a sur-



-54-

face which is more easily wet by water than by oil. Since
gum arabic 1s of value in lithography, it is probably adsorb-
ed by the printing plates. Some experiments performed in
this laboratory furnish additional evidence of this adsorp-
tion (78). Many similar phenomena have been observed. Gum
arabic will increase the amount of colloidal gold in the
water phase of a system consisting of oil and water (212).
Sulphide particles treated with gelatin or soap solution
show a decreased oleic acid adsorption (214). The wettability
of mercury by paraffin is increased by the addition of fatty
acids (215). | |

A thick film of absubstance such as gum arabic
will be better than a thin film. it was found through ex-
periments performed in this laboratory by Reed and Dorst (12)
that through controlled light exposure, thick filﬁs of tanned
gum arabic having desirable properties could be obtained on
a printing plate.‘ The proberties of films on metals have
not been investigated very extensively. A method of testing
the hardness of varnish films has been developed by Walker
and Steel (216). Some laboratory tests showed that gum ara-
bic films are too thin to show variations dependent on the
method of preparation of the <film. McBain found that the
tensile strength of dried gum films varies from 700 to 1600
pounds per square inch, depending on the metal surfaces be-
tween which the film is formed. Glue and gelatin films,

which contain potassium biéhromate, show after eprsure to
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light, an increased tensile strength.

A £ilm of ammonium bichromate and gum arabic can
be rendered insoluble through light action. Numerous other
substances act in a similar manner to ammonium bichrbmate.
The composition of the £ilm is not changed greatly by ex-
posure, as is shown by the following experiment. A bichromf
ate, gum arabic film containing 12% of ammbniumzbichromate
and having a total weight of ten milligrams, was exposed to
the light:df an arc. The. volume of gas evolved was about
2 x 10™%® moles. On heating a large amount of gas 1s evolved,
bqt this ;s rg-absprbed on cooling, indicating a high content
;fiﬁéiéf iﬁ ﬁhé fziﬁ; The amount of gas evolved is about
equal to the experimental error in the determination, but it
proves that the ebility of the fi;m to retain water is
changed very little. o }

Oxidgtioﬁ will occur at points at which oxidatiqn
has started., In gum arabic, either the carboxyl or alcohol
group could be oxidized. There are a large number of alcohol
groups present and these groups have a high afrinity-fdr
water. Most of the water aﬁsogbed by-é gum £ilm will be taken
. up by these groﬁps. There are.a compargtive;y_small number
of carboxyl groups present and, since on sdlutioq;in Watér,
these groups iohize giving a potential §ifﬁéfencezwhich
stabilizes the soiution, the.destructidn_or only a few of
these'grpups would render the‘gum'arabic inSélﬁble;in water.

Since the substance becomes insoluble, but retains its hygro-
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scopic properties, its insolubilization must be produced by
the removal of carboxyl groups. Oxidation in solution does
not result in insolubilization in many cases since oxidation
proceeds until new carbole groups are formed and these keep
the gum araebic in solution. On a metal surface very little
motion of the molecules 1s possible. In order to obtain
action at high specific points, the oxidizing agent must be
present at these points. This will occuf, if, on drying,

a double compound is formed between the gum and bichromate

at the’point at which oxidation is to occur. Carboxyl groups

have far more tendency to formAdoublé compounds than other

groups.
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EXPERIMENTAL WORK

The detail in the experimental part of this thesis
consists chiefly of data on the adsorption or absorption of
water and other liquids on solid surfaces. The first part
of the experimental section will be devoted to the adsorption
of water and other liquids on glass and various metals. The
second part of the experimental section will consist of a
determination of the adsorption or absorptioniof water by

solid films on solid surfaces.

ADSORPTION ON GLASS AND METALS

The theory of the method used in determining ad—
sorption is considered in detail by Lenher - (118). The appa-
ratus which was used consisted of a glass'tube and manomeﬁer.
The glass tube was‘cleaned with cleaning solution, folloued 6&
distilled water.r It was then evacuated at 3000 C.,‘and after o
cooling, it was filled with a gas and then sealed. The
pressure of the gas was determined by measuring the tempera-
ture of the liquid supplying the gas. The necessary agree-
ment between observed and calculated vapor pressures at a
.low temperature serves as a check on this value. It was
necessary to use this method of‘determining the original
pressure, since, whlle the chmnge in pressure could be meas-_
ured with a measuring microscope to an accuracy of 0L mm.

the total pressure could only be measured to about .5 mm,
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The temperatﬁre was measured to O.lo C. The accuracy of
the method is considerably greater than the accuracy with
which the solid surfaces used can be duplicated.

The adsorption of water oh glass has been measured
by many different investigators ( 141, 142, 143). For the
most accurate series of investigations, an accuracy of from
5 to 10% 1is claimed for.the average results, In the pres-‘
ent investigation, results were obtained for the adsorption
of water which checked within 20%. With metals variations
in results as high as 50% were obtained, due to difficulties
in reproducing surfaces. A'very large error may be intro-
dﬁced by assuming the apparent area to be the true area.

Some recent work by Rideal (220) indicates that the area of
a metal may bte 5 to 10 times the apparent area.' The
areas of the samples used in tﬂis'work probably approximeted
" the value found by him. In the work of ‘Rideal, the surface
accessible to hydrogen ions was measuréd. Because of capilla-
ry action all of the smaller irregularities in the surface
will be filled with liquid during the adsorption experiments.
The true area may therefore be two to three times fhe apparent
area, but it is probably much less than this. |

| The free energy change which is measuréd in the ex-
peripents will be the trﬁe-fﬁee energy change only if the
procesé is réversiblé. If the process 1is reversible, the
same values should_be obtained on}decreasihg or increasing

vthé'temperature. A'smgll amount of irreversible adsorption
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was observed w1th metal surfaces. Adsorption is probably
’followed by oxidation of the metal. Te obtain comparative
results, readlngs were taken only Whilevthe £ilm was being
formed, and not while it was evaporating2

In'the following tables are given the results
which were obtained for the adsorption of Yarious liquidsz_
After each table will be given the data and‘equations'used
in calculating the results. In the tables 8 equals the
number of molecular layers adsorbed. The density of the sub-

stance in the adsorbed film is assumed to be equal to the

- s Vs
density of the liquid. Therefore 6 = —2F VGEZ) N

- TRA ’
P 1is the differeuce.betweenAthe observed pressure and the

pressure Which would have been present if adsorption had not
occurréd,,‘M is the molecular weight, S 1is the speciric ,
- gravity, and the other quantities have their usual signifie
cance;-al:ietthe free energy‘of adQérpﬁiOﬁ in“éelories and

P

equals RT anEI where P% equals the vepor pressure
. _ :

- of the‘liquid at the tem@erature T and P, 1s the observed
pressure.~'The.va1ues for the vapor pressure were obtained
from the International Critical Tables and are given in milli—
' meters of mercury. The volume of the system was 21.0 ccs
The area is'given under each table, The temperature is given
in degrees centigrade. ’ -

In addition to the data given in the following

tables, some experiemnts were made using carbon tetrachloride
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énd 95% alcohol. With carbon tetrachloride, the high temper-
ature correctibn resulted in a high experimental error.
With alcohoi the amount of water vapor present couldvnot be
controlled. The alcoholrwater mixture showed adsorption at
two different temperatures.

| The metal samples used in the experiments were
cleaned by washing with alcohol and ether. All of the
samples except lead possessed a polished surface.

A seaich of the literature resulted in the discov-
ery of only one article on the vapor pressure of pyridine
over the range to be used. This article could not be obtain-
ed and for that reason the following approximate values for
the vapor pressure of pyridine were %sed. These pressures

may be in error to the extent of 1 mm., but since only press-

ure differences are important they are sufficiently accurate.

Tempexgture ' Vapor Pressure

Degrees C. Pyridine
19.0 _ 1663
18.0 .. 15.4
7.0 7 14.54
16.0 13.75
15,0 _ 13.00
14.0 12.27
13.0 11.54
12.0 , 10.84
11.0 10.19

10.0 9.6
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Adsorption of Viater on Glass

T Do B, 6 - aF
23.6 13.62 21,63 ——— 273
22,2 13.53 19,87 .6 226
21,0 13,39 18,47 2.1 188
19.9 © 13,30 ‘ 17,26 2.8 152
19.0 13.19 16,32 . 3.8 124
18.2 . 13,09 15,52 4,8 94
17.3 12,91 14,67 6.8 "4
16.7 12,74 14,12 9.0 60
16,1 12,56 13,59 11.1 46
15.5 12,33 13,09 14,1 34
15,0 12,10 12,67 18,4 27
13.6 11,27 " 11.58 27.5 . 16
12.8 10,73 - 10,99 35,7 o 14
11.8 10.15 . 10.30 43,7 .8
11,0 9.66 9,77 49,4 6
24,2 S13,72 22,56 -———- 294
23,2 13,66 21.11 .3 259
22,4 © 13,60 20,11 .7 230
21.4 13,49 18,92 1.8 198
20.5 13,38 18,16 2.9 178
20,0 13.30 17.36 3.7 155
19,4 13,21 16,73 4,6 138
18.3 13,01 15,62 6.1 106
17.4 12,85 14,76 8.5 82
16.6 12,64 14,04 10.9 60
16.0 12,48 13,51 13,0 46
15,1 12,02 12,76 18.8 34
14,7 11,87 12,43 20.8 27
13.8 11,40 11,73 27,0 16
12.6 10.67 10.85 . 36.8 10

11.0 9,63 9.76 50,5 8

Area of glass 49.0 square centimeters
Temperature correction .036 1f. 1i. per degree

_ #x10%aP
6 T
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Adsorption of Pyridine on Glass

T z, : P, 6 —aF
18,4 13.58 15,76 — -
17.4 15.52 14,71 .2 33
16.8 13,48 14,28 .7 27
16.3 13,42 14,92 1.3 17
15.8 13,23 13.56 2,1 11
15.3 15.05 13.20 5.9 3

Area of glass 49,0 square centimeters.,

Temperature correctlon .045 1, M, per degree.
Logxio*aP

63__
T
Adsorption of Stannic Chloride on Glass
T E, P, 8 - aF
19,0 _ 12,61 16,74 - 164
18,0 12,57 16.00 3 136
17.0 12,52 15,27 1.3 115
15.4 12.42 14.10 3.1 71
14,0 12.32 13,10 6.0 35
0.6 9

- 13,0 12,20 12.39 1

Area of glass 49.0 square centimeters.
Temperature correction ,036 .M., per degree.

4
Q= 2o aP
T
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Adsorption of Toluene on Glass

T 2} R, e —aF
17,6 18.36 19,27 — 30
17.4 18,35 19,05 .5 23
17.2 18,33 18.83 .8 17
17.0 18,30 18,61 1.6 10
16.8 18,27 18,40 2.4 4
18.0 19.09 19,70 — 19
17.8 19.07 19,48 .5 13
17.6 19.04 19,27 1.4 7
17.4 18,97 19.05 4,0 3

Area of glass 49,0 square centimeters.

Temperature correction .054 1,M, per degree.

4
.3x107a P
6= T




’ Adsorption of Water on Nickel

T

34,8
29.2
26,5
24,2
23.1
21.6
19.9
18.8
17.4
16,3
14,8

Area of nickel 40.0 square centimeters,

Fo
17,69
17.15
16.72
16,29
15,93
15,39
14,78
14,28
13.49
12,91
12.01

6 ¢

B

30,40
25,97
22,65
21.20
19.35
17.43
16.28
14,91
15,90
12,63

42,5

Temperature correction ,072 111, per degree.

4.9%x10%aP
32.4 15,89
27.4 15,39
25,6 15,17
24,2 14,88
23,0 14,68
21.5 14,28
20.2 13,92
18,4 13.27
17.2 12,73
15.8 12.16
14.5 11.47
12.5 10,43

Area of nickel 60,0 square centimeters.

P

27.38
24,63
22.65
21.07
19,24
17,76
15,87
14,72
13,46
12,38
10,87

®o oo |

15,5
19.5
23.95
28,5
33.5

Tamperature correction .065 .M, per degree.

3.27x10° aP

0= -

344
289
249
213

S 174

142
104
84
58
43
23
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Adsorption of Toluene on Kickel

T P, E, (o) —aF
30.2 19.01 37,40 — —
27,6 18,76 32.83 3 335
24,6 18,47 28.30 5.5 252
22,1 18.15 24,70 11 181
20.7 17,90 22,90 17 142
18.4 17.26 20.13 35,5 ’ 89
17,2 16,83 18,80 50 64
15.8 16.18 17.40 72 42
14,5 15,61 16.20 91 2l
28,3 17,70 34,00 —_ —
26.0 17.49 30.40 2 331
24,0 17,31 27,40 4 ' 261
21.9 17.06 24,40 8.5 210
19.8 16,81 21,80 13 162
18.9 16,60 20,71 18,5 130
17,6 16,31 19.30 26 96
15,9 15,85 17,50 41 57
14.5 15,28 16,20 62 34
13.3 14,70 15.08 83 15

Arez of nickel 60.0 square centimeters.

Temperature correction .072 M.M. per degree.

LisxioaP

=

5 =



Adsorption of Water on Copper

T

32.3
26,6
24,2
22,2
20.5
18.8
17.5
16.0
15.0
14,0
12,7

Area of copper 60,0 square centimeters.

Temperature correction
3.27x10%aP

6= =

The results for the adsorption of water on copper
varied considerably.

series of experiments,

PO
15.80
15,35
15.06
14 . 74:
14,34
13,73
13,19
12,44
11.86
11.32
10.60

66

L
36,28
26,15
22,65
20,08
18,09
16,28
15.00
13,53
12,79
11,99
11,02

.047 M, M, per degree,

The above data represents one of a
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Adsorption of Toluene on Cobdper .

T P, | R, ke, —aF
20.0 - 16.61 22,00 — 164
19,0 . 16.55 20,82 .3 133
18.0 16.48 19.70 1.0 103
17.0 ~ 16.38 18,60 2.2 73
16.5 16.33 18,10 3.0 59
16.0 16.27 . 17.60 4.2 45
15.5 16.19 17.10 5.6 32
15.0 16,09 . 16,65 7.8 20
14.6 15.96 16328 16.6 12
20.0 16,14 22.09 — 180
19.0 16.10 20.82 .1 143
18.0 16,04 -~ 19,70 .5 119
17.0 15298 . 18,60 1.2 88
16.0 15,89 . 17.60 2.3 59
15.5 - = 15.84 17.10 3.2 44
15.0 15778 16,65 4,4 31
14.6 15,71 16,28 5.7 20

14,0 . 15,55 15.71 9.3 6

Areé;of copper 90.0L§Quare centimeters.

Temperature correctioh .040 M,1I. per degree,

776x105a P .
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Adsorption of Pyridine on Codpper

T P, 2, e ~aT
21.0 12,71 18.18 — —
20,0 12,62 17.20 W7 181
19.0 12,55 16.30 1.6 153
18,5 12,48 15,85 2.1 139
18,0 12,42 15,40 2.7 125
17,5 12.36 C 14,97 3.4 110
17.0 12,30 14,54 4,1 96
16.5 12.23 14,14 5.0 84
16.0 12,16 13.75 6.1 71
15,5 12,06 13.37 7.5 60
15.0 11,95 13,00 9.1 48
14,5 11.83 12,63 11.1 37
14.0 11.70 12.27 - 13,2 27
13,5 11,54 11.90 15.8 18

18.8 9

13,0 11,36 11,54

Area of copper 90,0 équare centimetérs.

Temperature correction ,045 lM.II. per degree

The above~results are the averesge of two seperate

determinations,
o= 52 x103a P
T
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Adsorption of Water on Aluminium

T

38.0
36.2
33.3
31,5
29.7
27.8
25.2
23.2
21,3
19,7
18,5
16,9
15.6
14,6
13.5
12.4
11.4
10.3

Arez of aluminium 60.0 square centimeters.

P
[

15,27
15.16
14,98
14,80
14,65
14,50
14,21
13,64
13.12
12,68
12,32
11.74
11,21
10.78
10.32

9,84

9.35

8.88

PV
49,71
45,06
38,38
34,68
31,29
28,03
24,05
21333
19,02
17.22
15,97
14,44
13.29
12,46
11.61
10.80
10.11

9.40

@

‘

(o RO W N RIVE ol ol
»
oo O

o & o o

Temperature correction .047 M,M, per degree.

O =

3.27X 103AP

-

—a¥

670
585
509
457
393
312
264
218
179
151
119

96

83

67

53

32



T

41.2
36,5
34,0
32.0
30.0
27.9
26,0
24,4
22.8
21.6
20,6
19.6
18,6
17.8
16.5
15,6
14.6
13,6
12,6
11.8
10,2

Area of aluminium 40,9 square centimeters.

70

Adsorption of Water on Aluminium

e
o

14,95
14,70
14,55
14,39
14,23
14,06
13,90
13,76
13,56
13,32
13,10
12,85
12,58
12,34
11.83
11,44
11.00
10,57
10.14

9,74

8.94

hel
v

58,49
45,80
39,91
35,67
31.83
28.19
25.2<
22,93
20,82
19.35
18,20
17,11
16,07
15.29
14,08
13,29
12,46
11.68
10,94
10,38

9,33

@

\

[le N N Wé KV IV I o
. )
(&1} (92} w

Temperature correction .036 I,l. per degree.

e::-

4.9x10°aP

T

700
604
550
485
416
355
301
252
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Adsorption of Toluene on Aluminium

T E, P, 6
20.9 15,39 23,17 —
17.4 15.17 19.02 2
16,2 15,06 17.80 4
15,5 14,99 17.12 6
14.5 14,87 16.20 9
13,9 14.80 15,65 11
13.3 14,66 15,08 16
12,7 14,44 14,60 24

Area of aluminium 45,0 square centimeters,

Temperature correction .050 1,1, per degree,

0= 1.4 SXloyaP

=
19,7 16,69 21,66 -
18,7 16,60 20,50 2
18,1 16,54 19,80 3
16,0 16,33 17.60 6
15,0 16,08 16,67 14
14.0 15,62 15,71 29

Area of 2luminium 50.0 square centimeters,

Temperature correction ,055 Il,lI, per degree.

I."i.v;uo"a P
T

6 =

122
104
43
20
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Adsorption of Water on Zinc

T 2, B, 6 ~aF
41,1 15.40 58. 67 — —
37.5 15,17 48.38 3 712
56.0 15.08 4458 3.5 667
33.0 14,77 57.74 7 570
51.2 14,59 54,09 9.5 513
29,2 14,39 30.40 11,5 452
27,3 14,23 27.22 14 588
25.5 14,01 24.48 16 331
24.2 13,91 22,65 18 287
22.6 13,69 20,57 20 2359
21.0 13,36 18,66 23,5 195
19,7 15,14 17,22 25 158
18,7 12.88 16.18 27 135
17.5 12,46 15,00 51 106
15,5 11.99 13,21 55.5 55
14,4 11,47 12,50 42 21

13.0 10.68. 11.23 45 24

Area of plate 35,0 square centimeters.
Temperature correction ,036 1lI,1{, per degree.

3
5.6 x10 aP
6 = T



Adsorption of Water on Zinc

]

(G EORORS N
L YOW
o o 06 o o o
APO-g30 W

Area of zinc 40,0 square centimeters,

2}
17.18
16.99
16,91
16.48
16,34
16,12
15,94
15,49
15,24
14,77
14,48
14,01
13,58
13.26
12.68

73

P
\'4
65,33
57.13
54,45
44,58
38,60
32,76
28,52
26,43
24,05
20,95
19,24
17,11
16.18
14,91
13,46

Temperature correction .036 M. per degree.

429 xio°aP

6= -
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Adsorption of Toluene on Zinc

T R, B, 6 —aF
18,7 15,94 20,50 — —
16.6 15,82 18,20 2 75
15,4 15,73 17.04 5 46
14.8 15,65 16,50 8 30
14,1 15,46 15,82 16 13
17.4 15,48 19,07 — —
16.2 15,41 17.80 2 83
15.3 15,301 16,95 5 58
14,2 15.18 15,92 9 27
13.6 15.00 15.32 17 12

Area of zinc 37.0 square centimeters,

Temperature correction .044 U, M, per degree.

(.72x10faP

T
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'Adsorptiori of Water on Silver

* 5 ' Pv e ~a T
30.6 13.61 32.95 — —
27,4 13,25 27,38 1.5 430
25.8 13,07 24,92 2 383
24,0 12,93 22,38 2.5 325
22.2 12.71 20,08 4 268
19.6 12.21 17.22 6 2000
17.9 11,78 - 15,38 8 154
16,7 11.46 T 14,26 - 9,5 126
15,4 . 11,10 13,12 12 96 -
14,3 10,70 12,23 14 76
13,2 10,27 11,38 15.5 59
11.7 9,66 10,31 17 36

Area of silver 80.0 square centimeters,

Temperature correction .045 1,11, per degree.

2;‘/5“0‘54\‘:

o= =
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Adsorption of Water on Silver

T B, P, 6
30,0 » 14,57 31.83 -
27.3 14,32 27,22 1.5
25,0 14,03 - 23,76 3
23.0 13,81 21,07 4
21,6 13,59 19,35 5
20,4 13,34 17.98 6.5
18.9 12,91 16,38 9
17.4 12,48 14,91 12
15.8 11,87 13,46 16
14.0 11,15 11,99 21
12.8 10,50 11,09 23.5

Area of silver 60,0 square centimeters.

Temperature correction .045 M,1M, per degree.

o= 32 7x10°aP
T
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Adsorption of Pyridine on Silver

iy 3 2 )
26,4 13.16 —_ —_
21.0 12.80 18,20 2.5
18,9 12.58 16,21 5.5
17.8 12,44 ' 15,23 7.5
16,7 12,30 14,31 10
15.7 12,08 13.53 14,
14,5 11,76 12,63 20
13.3 11.33 11,76 28

12.1 10.65 10.91 43

Area of silver 80,0 square centimeters.,

Temperature correction ,045 IM,}M, per degree.
o= 6.6 X10°aP

-

24.0 13.90 — —
22.2 13,72 19.45 2.9
19.5 13,47 : 16,75 5
17.8 13,29 15,23 8
16.8 13.11 14,39 11
15.6 12,71 13,45 21
14.6 12,28 12,71 32

15.7 11,78 12,05 45

Area of silver 60.0 square centimeters,

Temperature correction .050 I, per degree.

8.82x10aP

206

- 127

53
32
25
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Adsorption of Water on Lead

T - E, | B, » 69 —aF
41,0 18,33 58,36 7.5 725
40,0 18,26 55,34 8 691
38,8 18,10 51.88 9.5 652
36,8 17.74 46,56 13 600
34,8 17,09 41,72 20 550
33.0 16,61 37,74 25 500
3145 16,25 34,68 29 460
29.8 15,93 31,87 33 410
27.9 15,50 28119 37 ) 357
24,3 14,56 22,79 47,5 265
22.8 14,09 20,82 53 230
21,0 13.48 18,66 ‘ 59 190
19.3 12.83 16,79 65 157
18.1 12,39 15,58 70 133
17,0 11.81 14,53 77.5 120
16.0 11,38 15,64 82,5 103
15.0 10,98 12,79 87 88
13.9 10,48 11,91 91.5 73
12,8 10.05 11,09 95 56
11,8 9,555 10,38 101 48
10,0 8.69 9.21 109 33

Area of lead 48,0 square centimeters.

Temperature correction ,054 M.II, per degree.
4,08 xi10°aP

6= =




Area of plate 33,0 square centimeters,

Temperature correction .054 M,1I. per degree.

Adsorption of Water on Lead

-

-}

19,57
18,85
18,53
18.25
17,96
17,24
16.88
16,59
16,12
15,94
15,44
15,01
14,40
14,04
13,58
15,11
12,68
12,14
11.67
10,84
10.16

5.9¢4 x10°aP

6= T

79

£,

85.02
64,82
57,74
51,88
45,80
38.81
33,90
30793
27,70
26,28
23,20
21,33
19,95
18,31
17,11
13,87
14,91
13,72
12,87
11.53
10,59

!
b
S|
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Adsorption of Toluene on Lead

T PO PV 6 —_A L
27.0 16,74 28,12 - —_
22,0 16.28 24,55 6.5 242
20,2 16,10 22.25 10 189
18.2 15.89 19,93 13,5 132
17,2 15,71 18,80 18 104
16.0 15.50 17.60 28 73
14,8 15.18 16.48 36 47
13,95 14,64 15,35 55,5 24
12,7 14.21 14,55 73 13
26,5 16.02 31,15 - -
20,7 ' 15,42 22,90 6 230
19.5 15,28 21.43 8.5 196
18.0 15,10 19,70 11.5 155
16.8 14,88 18.40 17 121
15.4 14,59 17.03 26 89
14.4 14,54 16.10 32,95 66
13.2 13.91 14,98 50 42
12,1 13.48 14,05 66 24
10.8 12,83 13,10 90 12

Ares of.lead 50,0 square centimeters.

Temperature correction .065 M.}M. per degree.
' 3
6 = .28 Xx10”°aP
T
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DISCUSSION OF R®ESULTS

The results show that glass, zinc, aluminium, lead,
and codper will preferentially adsorbe water from a toluene
water mixture. They also show that polymolecular adsorbed
films of water and toluene are formed on these substances,
If polymolecular adsorbed films exist then the internal forces
in a pure ligquid will produce at the liquid surface a transit-
" ion film which will be similar to an adsorbed film. The
formation of polymolecularladsorbed £ilms only near the dew
voint shows that the influence of the solid surface has
practically disappeared at the surface of a monomolecular
film, Polymolecular adsorbed films therefore probably

correspond to transition films on liquid surfaces.,

ABSORPTIOK OF MOISTURE BY INSOLUBLE GUM FILMS

The plates used in the following experiments were cleaned
and coated on e whirler rotating at 150 R.P.M. with a solutdon
contéinin@ 109 solids. They were exposed at a distance of
50 centimeters to a single white flame carbon arc operating at
30 volts and 32 amperes, The&hﬁmidity was measured with a
hair hygrometer which had:béen freshly calibrated-with a wet
and dry bulb hygrometer.  The per cent moisture absorbed is.
given as the per cent increase in weight of the film‘assuming
the film weight at 30% reiétive humidity to be the weight of"’
the dry film. |

<
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Table 1

Plate 1 Plate 2 Plate 3
A B A B A B
28 -.31 26 - 62 30 —
30 - 31 .12 31 .12
38 7.93 37 .99 36 o 73
44 1.40 41 1.48 40 °1.16
45 1.55 44 1.91 46 1,83
47 1.71 48 2,35 52 2.51
49 2.02 52 2.78 56 2.99
56 2,64 55 2.97 60 3.42
61 3,11 58 3,21 65 4,15
68 3,96 60 3,58 75 6,35
75 4,81 63 4,01 '
77 5.11 73 4,25

80 5,82

A is per cent relative humidity.

3 is per cent moisture absorbed, \

Plate one wes expvosed for fhirty seconds. plate two for
one minute, and plate three for two minutes, The solution
used in coating the plates contained 90,0% water, 9,687 gunm

arabic, and .327% ammonium dichromete.
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Table 2

Plate 1 Plate 2 Plate 3 Plate 4
A B A B A B A B
21 -1.69 30 - 28 -.35 24 -1,44
26 - .82 35 .64 30 - 29 - .21
31 .19 40 1.40 3C 1.46 35 - 1,03
38 1.57 48 2.67 42 2,00 40 1,72
40 2,07 52 3.17 53. 3429 47 2,27
43 2.44 56 3,68 57 3.65 52 2,68
45 2,69 60 4,19 61 4,12 58 5423
47 3,01 66 4,70 65 4,47 67 - 4,19
52 3.57 80 6.22 68 4,82 74 - 5,02
55 3.83 75 5.65 80 6.29
60 4,20 82 7.29 ‘

63 4,33

75 5.33

80 5.83

L is per cent relative humidity.

B is per cent moisture absorbed.

Plate one was exposed for four minutes, plate two for two
minutes, plate three for one minute, and plate four for thirty -
seconds., The solution used in coating the plates contained

90.0% water, 9,37% gum arabic, and .63% ammonium dichromate,
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A Table 3
Time of exposure 1t P at e
A 174 83 83 81
B 0 80 79 81
Cc 83 80 74 66
D 70 80 68 63

The above table gives the per cent moisture absorbed
at 100% releztive humidity by different plates exposed for
the time given in the table. Plates A were coated with a
solution containing 90.07% water, 9.68% gum arabic, and .32%
ammonium dichromate, plates B with a solution containing
90,07 water, 9.377% gum arabic, and ,63% ammonium dichromate,
plates C with a solution containing 90.0% water, ©,20%
ammonium dichromate, and 9:;10% gum arabic, and plates D
with a solution containing 90,0% water, 8.25% gum arabic, and
1.65% ammonium dichromate. The plates were allowed to stand
in the relative humidity cabinet for several days before they
Weré weighed.  The high result obtained for plate A after
one minute exposure is pmobablyjincovrect since about 907 of

the film was removed on washing.
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SUMMARY

Fach process involved in the production and use of

a printingvplate has been studied, and a possible theory for
the observed,phenomena has been‘suggested. Adsorption and
wetting, which are considered as related, are found to be im-
portant in the action of etches and invthe-slow.change'inﬂ
size of the.image. Adsorption, which,reaults in;monoémolecu-
- lar films, is shown to be of only secondary importance in
lithography. Of the various attractive forces which produce
adsorption, the Van der Waalslforce ie‘the,only one which
producesithick films. This force is shown to depend on the
mass and volume of the atom or molecule, -as well as on the
kind of bond present. The values given in the literature for
the magnitude and rate of decrease of this force vary‘over a
wide range. The - results obtained in this thesis show,that as
the force changes from 10'11 dynes to 107 =13 4ynes, the rate
of deerease is approximately proportional to the inveree
first~power of the distance.

| | '1Matter-is'comp09ed of particles and therefore the
surface of a solid consists of points of attraction. The ad-qA
sorbed material on a surface may be- concentrated at these
points of'attraction or distributed more uniformly over the hi
 surface. The adsorption theory of. Lansmuir, which is based
on the discrete nature of matter is applied to a lithographic
problem. Some experimental evidence is advanced which shows

that the theory may not be of importance in lithography.



When adsorption is localized at points on a surface the elec~-
trical properties of the adsorbed substance may be of para-
mount importance. The dipole theory of adsorption is applied
to inorganic étches. According to this theory an inorganic
etch consists of a substance which is adsorbed by the metal
and whose surface consists of a distribution of ionic charges,
similar to the surface of a crystal of sodium chloride.

The various evidence to be found in the literature
concerning the existence of a thick, diffuse, adsorbed film,
is discussed. The free energy of adsorptidn, wetting affini-
ty, and the Gibbs adsorption isotherm are shown to be identi-
cal. This equation is applied to the experimental data of
Iredale, The results show that the equation can be applied
to adsorption on metals over the entire range of pressure
and up to the condensation point of a vapor. Evidence against
this theory is considered and shown to be inconclusive. The
free energy of adsorption of water and toluene on glass,
copper, zinc, aluminium, nickel, lead and silver has been de-
termined. The results show that glass, copper, zinc, alumin-
ium and lead, are preferentially wet by water in the presence
of water eand toluene.

The ability of one substance to replace another on
a sqlid surface and the rate at which this can occur, are dis-
cussed. The,Boltzmaﬁ distribution law is considered in re-
:lation to thé displacément of one liéuid by another in which
it 1s insoluble. The results obtained show that the forces
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of adsorption can cause replacement only at the edge of an
adsorbed film.

The various methods of determining wetting which
have been proposed, are considered in detail. It is shown
that the free energy of adsorption and of wetting equals the
change in surface ehergy which is produced. The various
methods of determining the surfacg tensioﬁ oﬂ’solids are dis-
cussed. A relation between wetting and solubility is pointed
out. The liquid in which the solid is more soluBle, prefer-
entially wets the solid. A tendency to dissolve; in the case
of metals, is known as solution tension. The electrode poten-
tials of a metal in different liquids therefore, are a meas-
ure of the tehdency of these liquids to wet the metal.

Théiformation&of insoluble gum arabic films is
considered from a theorétical standpoint, and the mechanism
proposed is shown to agree with various experimental facts.
The amount of moisture absorbed by tanned gum arabic was de-
termined for different times of exposure, at ﬁarious relative

humidities.
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CONCLUSION

The tendency of an image on a lithographic plate
is to increase in size. To prevent this, etches are used.
They can prevent this increase in most cases, but cannot re-
verse this action unless they contain inorganic acids. The
tendency of the image to grow in size is aqcelerated by the
presénce of substances causing an increased solubility of ink
in water, and.by the presence of organic acids. The values
obtained for the wetting tendency of toluene and water on
various metals, indicate that no possible bi-metallic com-
bination can entirely overcome the tendency of the image to
spread. .

The use of an organic film obtained by light action
gives to the non-printing portions of the plate, properties
not obtainable from bi-metallic combinations. The properties
of the film change gradually on light exposure and theie is

no abrgpt change from water to oil absorbing propertiess
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