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INTRODUCTION
%
In order to separate two phases In direct contact

with each other, a force must be applied, and energy supplied
to the system. The forces responsible for the adhesion of 
two phases are of the same type as those Involved In conden­
sation and cohesion phenomena; that Is, the lntermoleoular 
forces of attraction.

The central problem of adhesion Is the experimental
determination and theoretical calculation of the force and
energy of adhesion. Thus far, theoretical calculations for 
the force of adhesion have been largely unsuccessful, and 
the energy of adhesion can be computed for only the simplest 
of systems, as for example, graphite in contact with carbon 
tetrachloride1,, and even in these oases the error may be 
large. There are several reasons for this unsatisfaetoxy 
situation. First, present knowledge of lntermoleoular forces 
is simply not extensive enough to deal with molecules that 
are not spherical and do not interact predominantly through 
dispersion forces. Second, very little is known about the 
molecular-kinetic structure of interfaces, and since an 
overwhelming percentage of interaction between two adhering 
phases takes place In the Immediate region of the interface, 
this is a serious handicap. Finally, real interfaces possess 
cracks, flaws, and irregularities that may be serious enough
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to completely control the properties of the adhering system.
The thermodynamic functions of adhesion for liquid- 

liquid systems can he obtained from surface and interfacial 
tension data, and for solid-liquid systems from heats of 
matting and works of adhesion. No method of measurement has 
yet been given for solid-solid systems. This is unfortunate 
slnoe most of the adhesive systems of interest found in 
practice are of the solid-solid type.

dome progress, however, can be made in the solid-
solid adhesion problem. This paper reports an attempt to
obtain energies of adhesion and cohesion from heat of wetting
and adsorption data, using an approximate theory based on

2the Fowler and Guggenheim integrals for the adhesion energy. 
The method essentially resolves itself Into determining the 
surface and Interfaelal energies of solids.

Because of the pronounced heterogeneity of most 
surfaces and interfaces, the energies thus obtained are 
average values and do not give a complete description of the 
surface energetics. To completely characterize a surface, 
the distribution function for the surface energy, I.e., the 
fraction of the surface having energy greater than any 
specified value, as well as the average surface energy, must 
be known.

An experimental technique has been developed from 
which the distribution function can be evaluated. The theo-
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retlcal basis of the method is the definition of the mean 
and the approximate theory from the Fowler-Guggenhelm inte­
grals.

In applying the theory to the measurement of the
adhesion energy of ioe to various solids, it was found possi-

*
ble to cancel out approximations due to simplifying assump­
tions by using adsorption data. The adhesion energy thus 
calculated is limited largely by the accuracy of the experi­
ments rather than of the theory.

Although the primary purpose of this work is the 
elucidation of some adhesion phenomena, the theory leads 
to a set of mathematical relations between other surface 
quantities. These relations were explored in testing the 
theory.
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THEORETICAL DEVELOPMENT. I. FUNDAMENTALS

I. Thermodynamics of Adhesion
The definitions of the thermodynamic functions of 

adhesion given in this seotion are essentially those of 
Harkins^ with some changes in notation and emphasis so as to 
present a logical structure consistent with the purpose of 
this work.

The process of adhesive failure may be schematically 
represented as follows:

I ________ .
B ----► A +  E (i)

x*
In this process two phases A and B, In oontaot across an 
lnterfaoe II1, are separated to give two phases removed an 
infinite dlstanoe from each other, each phase having its own 
surface with no trace of any other material adsorbed on it. 
The process can also be written symbolically as:

A/B — * A/ + B/ (2)

where A/B represents the adhering system, A/ represents 
phase A with its own surface, and B/ represents phase B with 
its own surface.

The only difference between the initial and final 
states in the adhesive failure process, is that the Interface
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■between the two phase® has been replaced by the two' free-
'■./ •

surfaces,-, Thus it '
''i'̂ '-YY.Y a * surface energy- o f A per om* ;

f. >>' ,*> surface* energy. of 8 par. cm*- .
C Y  €<* « energy''of the A/B 'interface p e r 01/'

then the energy of adhesive failure per era.2 of interface
vjiay-' be defined as

• ■' 11 ■ ” - ^
‘~~k i - -it. -1 + ». ’* V m

- - Y t y  la the energy of adhesion of A to 8 par c m Y  of adher­
ing interface*

Similarly the free -energy of adhesive failure par 
is given by

^ t <i * • y "** )'a \} (h)

Y n *- surface. free'.energy' of A per. ea.2
s. s urface fre e  energy-'of B p e r  ei,;*

: 'Yah «. interfacial' free energy of A in contact with
B  p e r  c m * 3

the entropy.of adhesive failure is

y Y  ; ^  1 s , ^ y b -/ <5!
:V/f;Y If both phases are the same, the .process repre-
■ sented by (1) is that of cohesive failure and .e<m*>tian4 ( 3 h
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(

($), and (5) become the energy, free energy, and entropy of 
cohesive failure, Writing these for phase A,

•' " a f j  -- 2 f «

A  f y  -  2 A  

A  5d “ 2

Similarly for phase B,

A  b  b - 2.6 b
A F be -- 2 T b

These equations result from equations (3)> W >
(5) When both phases are the same, since there is no 

interface between phases A and B.
When both phases are liquid, no difficulty at all 

Is met in obtaining the thermodynamic functions of adhesion. 
All the surface and interfacial properties are readily avail­
able from surface and interfacial tension measurements.

If one phase is liquid and the other phase solid, 
the adhesion functions oan still be obtained from heat of 
wetting and work of adhesion measurements. When a solid is 
immersed in a bulk liquid, the process is one of destroying 
a solid surface and creating a solid-liquid interface. The

(3f>

<*‘5

(5*)

0 M )

( V )

<5M )
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energy liberated is called the heat of wqtilng end may be
written as follows:

A  H w  ~ (6)

A H W * heat of wetting per cm.2 
£si • energy of the solid-liquid interface per cm.2

where 6L » energy of the liquid surface per cm.2. Combining
(6) and (7) gives

Since the heat of wetting can be measured calorimetrloally, 
the energy of adhesion of a liquid to a solid can be deter­
mined.

Equation (k) for the free energy of adhesion 
applied to a solid-liquid system becomes

m energy of the solid surface per om.2

Equation (3) for the solid-liquid case becomes

(7)

A H w («)

(9)

From Young's equation,

(10)
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raentally measurable quantities.
None of these methods are applicable to determining 

the energy or free energy of adhesion for solid-solid systems. 
Before describing the method for obtaining surface and inter- 
facial energies for solids, and therefore the energies of 
adhesion, the relation between the energy of adhesion and of 
adsorption will be summarized.

A two-phase adhesive system may be formed by the 
adsorption of one phase onto the other from the vapor state.
If the adsorbed layer is a "duple film", i.e., is suffi­
ciently thick so that its free surface has the same proper­
ties it would have if the substrate were not present, the 
final system would be the same as the adhesive system of
equation (1). The adsorption of vapor on a substrate may be
considered as occurring in three hypothetical steps as 
followss

1. Condense the vapor to the bulk phase (liquid or 
solid depending on the temperature)

2. Extend the bulk phase into a film of the same 
area as the substrate

3. Adhere this film to the substrate
The overall energy change is the heat of adsorption 

of the film, . in terms of the above three steps the
heat of adsorption of the film is

Q «  =.Qi - 2 6 « z  + A E » b E  tt3>
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Q  m energy of condensation of the vapor to the hulk 
phase A

£ 61 * surface energy of phase A
AE^, « energy of adhesion of phase A to the substrate 

phase B
m surface area of the substrate 

Solving for the energy of adhesion,

A E a\  = + 2 6 *  <i*>

The quantity ( Q<* - Q s ) is the net heat of adsorption of 
A on substrate B, over the energy of condensation for the 
entire film made up of n moles of phase A, In terms of the 
differential heat of adsorption ( - Q s) is

/■oo

Q«-Qs = ciy, (15)
'o

In this equation, is the differential heat of adsorption 
per mole of A on B and q8 is the heat of vaporization per 
mole of A. As n increases, qa approaches q8 so that the 
integrand is zero after a finite value of n.

qa can be measured lsosterlcally by obtaining 
adsorption Isotherms at two or more different temperatures 
and picking off points of equal adsorption. The differential 
heat of adsorption can then be calculated from an equation 
of Claus lus-Clopeyron type^ for the particular amount &d-
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sorbed»
_ 'jfa

:  T  j, R T 2- ■- ' u«)

p * pressure at m stoles adsorbed.
In the Integrated fora at tee, different tempera- 

.tores and Tg this i«

? J »  = 2 , » R Z £ ( A , $

pg m . pressure when n moles are adsorbed at ?g 
pressure when n moles are adsorbed at

thus the energy of adhesion ean he measured by 
this method provided that one of the phases Is volatile 
enough to permit the determination of adsorption Isotherms, 
and provided that the surface energy of the adsorbed phase 
Is known. The method has been applied to the measurement 
of the adhesion energy of lee to several solids, eslng ear* 
faee energy values obtained from heat of wetting measurements 
and the theory based on the Fowler and (Juggenheim lntegxals. 
The details of this work will be given In a later section*
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II* Molecular Forces and Adhesion
As shown hy equations (7) throu^i (12) hoth the 

energy and free energy of adhesion are measurable quantities 
for solid-liquid systems. From equations (7) and (9)

€ s - €s, = A  E ? L -  (18)

%  -  X l  -  A  F4t '  \  (19)

In these equations, A E ^ l * AF^* , 6U and Y u are known or 
ean be measured, thus if € Su can be expressed as a function
of £ s and €l , 6S ean be calculated. Similarly, if y SL can
be found in terms of and , 7̂ ean be oaloulatfd. The 
problem is to compute interfaelal properties from surface 
properties} i.e., functions of the following type are 
desired:

Tib = (20)

£ <Jb = , 6b) (21)

The restrictions Imposed on these functions by the 
physical situation ean be listed. From general considera­
tions it is evident that equation (a)) must be subject to the 
following conditions:

1. The function - f ( Yu"K) be symmetrical in

2. The value of 7$ 6 is usually between that of 7^ 
and %  because the force field of a free surface
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i8 in general more unsaturated than the force 
field of an interface.

% t,B rt -*o > x»b — * r„
AB X  — *0 Tafc —  x,

5* X) — • co y tf{, — , oo

6- 48 "X-------' oo Xik — * 0°
An exactly similar set of conditions must hold for equation
(21) in terms of the Instead of the ' y ' ' \

Equations satisfying these requirements can be 
obtained as follows:

When two phases-approach eaoh other, the molecules 
of one phase exert forces on the molecules of the other. 
These forces are the source of the thermodynamic functions 
of adhesion. Consider two phases A and B, with plane sur­
faces of equal area that are parallel to each other and a 
distance z apart (Figure I).

Figure I

Take a particular molecule at a point X in phase B, 
at a distance f from a slab of thickness df in phase A. The
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slab df is parallel to the surfaces of A and B. From this 
Blab, trace out an annular ring whose inner and outer circum­
ferences, on the side closest to X, are at distances r and 
r + dr from the molecule at X. Figure I shows that the 
annular ring has a radius of r sin 0 and width af|- -q » so 
that its volume is

2 Tt a  dUJLf-

Let be the energy of Interaction between a
molecule of type A and one of type B, and let 7} ̂  be the 
average number of molecules per cm.3 in the annular ring of 
phase A. Then the interaction energy between molecule X and 
all the molecules in the annular ring is

2Trna4 £ d b (̂  A  d W f
The Interaction energy of molecule X with the entire df slab 
is obtained by integrating this expression over r from f to 
ooj thus: /oo

2Tr«/f I m  ”-<!*-
't

If J is the distance from X to the surface of phase A, inte­
gration over f from J to oo gives the interaction energy 
between molecule X and the semi-infinite molecule of phase A;

{OO

'ha £«l, 'Ic/'l2 ^  olf
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Now take a slab of thickness dj In phase B whose 
surface nearest phase A goes through molecule X, and Is 
parallel to the surfaces of A and B. Let be the number 
of molecules per cm,3 in the dj slab. Then the Interaction 
energy between the dj slab and the semi-lnflnite volume of 
phase A Is

dj-

where £ is the area of the surface of phase A or of phase B.
The Interaction energy of all of phase A with all 

of phase B is derived by integrating over J from z to
Infinity which gives

'COr-tv J i
r°°
M 'YX

'f
r 2Call this energy of interaction ^Eat/^per om« • Then, 

dividing the triple Integral by the surface area so as to
express it per unit area,

COf /°° 
^ T | ' n b0(J j df

r
(22)
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Equation (22) gives the energy required to separate 
tiro phases from a distance z to an infinite distance apart. 
When z » o, this is the energy of adhesive failure discussed 
In the preceding section, i.e.,

A E * b (-2z°'1 -  A E ^ f o i  - AE^b

Since force is the gradient of a potential, the 
magnitude of the force acting between molecule X and the 
molecules in the annular ring, in a direction perpendicular 
to the plane of the ring, is

^ Z T n . ±  Z7r V i f
J/L vfl

The force acting between molecule X and the df slab is
/OO

and the force between the X molecule and the semi-infinite 
volume of A is

.OO s

i w f j f h a — 1 ctn

Multiplying by n^djj, the number of molecules in 
the dj slab, gives the force acting between the dj slab and 
the semi-infinite volume of A. This is
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oo

Z V r i t T  d j I W

•S

r 2£dt> 
c) A.

dn

(z) - 27rl 01

Integrating this expression over J from z to 
infinity gives the force acting between the two phases when 
their surfaces are a distance z apart. Reduced to unit ar&a, 
this force is

(23)

To get the free energy of adhesion as a function 
of separation distance, simply integrate the force as given 
by (23) from the distance of separation to Infinity. Thus 
if A  re*, (z) is the free energy of adhesion when A and B 
are distance z apart,

90 .oo ,oo .  oo

A F i * ( 2 ^  = Z i r f d x  f d f - f y i j  ^- l~—  ol

I h  h  h
i>n. ' A  (2M

Equations (22), (23), and (2^) were given by Fowler 
and Guggenheim, and represent the energy, force and free 
energy required to separate two phases from a distance z 
apart, to an Infinite distance apart, in terms of the inter- 
molecular potential function<f^ . If£ab , and n^ werb 
known exactly, the required energy, force, and free energy
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could be directly calculated. For simple systems, na and n^,
IIthe "microscopic densities , could be approximated from 

radial distribution functions and bulk densities, and 
could be obtained. In general, however, none of these func­
tions are known with any accuracy so that the results would 
be only approximate. In any case, a separate set of long 
and Involved calculations would be required for eaoh system. 
However, relations of the form of (20) and (21) can be ob­
tained by expressing the adhesion functions in terms of the 
cohesion functions, which, although not exact, are of general 
applicability.

It is well to note at this point that equations
(22), (23), and (2̂ ) themselves are not exact since they 
assume planar, homogeneous surfaces and that the molecules in 
the surface are In a state not very different from molecules 
In the bulk phase.

In order to get usable formulae, an idealized model 
mist be set up that enables the integrals to be evaluated or 
eliminated. The model chosen In this work is embodied in 
two assumptions:

1. n_ and are constants. This amounts to assum­
ing that the molecular density is constant up to a geometrical plane, where there is a sharp dis­
continuity.

2. The lntermoleoular potential function is given 
by the Lennard-Jones 6-m equation8 as
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c _ A d ib , 8 ab
C ̂ b ~ ~~ I + — rr

n "  (25)

Aal) and are constants.

The constant Bâ  can be eliminated from (25) by 
determining the equilibrium distance between a molecule of A 
and one of B. Thus, differentiating (25) gives the force 
acting between two molecules.

6Ad\> or* B<Jb  r — =—  - — —  (26)
5 A  n 1

At the equilibrium distance between the two molecules, d^, 
the total force is zero. Therefore at r = dal;>

b ryrs 0 <*b

< U
so that

^  <27)B<jb : —  A db <j

Using (27), equations (25) and (26) can be written,
'VT\ “

j_ __ 1
\ (2g)r,t>

<>Vl ■fl (29)
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III. The Relation between the Adhesion and the Cohesion 
Energies,

Putting (2S) into (22), and using the assumption 
that na and n^ are constants,

To get d&t) out of the integral sign, make the ohange of 
variable from r to y such that

/ r  r
ci] jf r

/i = yd* b

Then (30) becomes

A E ak(2)
■°° /0» .00

Taking out the dab terms,
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In both phases are the same, the energy of adhe- 
slon becomes the energy of cohesion (*) or
AE^(z), depending on whether the phase is A or B. For 
phase A,

,00 <fO

(3»

and for phase B,
00 ,0O

A E : " = a j ( (35)

In these equations A ^  and A ^  are the constants 
in the intermoleoular potential functions for two molecules 
of phase A and two molecules of phase B respectively; d ^  
and d ^  are the equilibrium distances of approach of two 
molecules of phase A and phase B respectively. A Cz') is 
the energy required to separate to infinity two bulk portions 
of A when the surface of each portion is at a distance z from 
the other. ( x \  is the similar quantity for phase B.o
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Taking the ratio of the energy of adhesion to the 
geometric mean of the energies of cohesion, using equations 
(33), (3*0, and (35) gives

^ (2) _  4 *  < £ /

*  “ r T T >  (35>AEtjC*) Abt> (2)J fAjjAbb] J,

bb

<at>

Note that the right hand side of (35) does not con­
tain z so that the ratio of the energy of adhesion to the 
geometric mean of the energies of cohesion is independent of 
the distance between the two phases. Thus, z can be dropped 
as an argument in the left-hand side of (35). Then the 
equation hold for the thermodynamic energies defined by 
process (1).

~ i

] * [A,* A u ] ^  j j f b

For convenience, denote the right hand side of (36) by ^  
so that

<J
A E

<ai) —
A  i (37)

Although some fairly rough approximations to reality 
were introduced in the derivation, equation (37) *8 probably
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no t as Inaccurate as these approximations would indicate.
In taking ratios, some of the errors introduced by the sim­
plifying assumptions could be expected to oancel out. This 
point will be discussed in detail later.

IV. The Relation between the Adhesion and Cohesion Free 
Energies.

By putting the expression for the force of attrac­
tion into the free energy integral and following a prooedure 
similar to that of the last section, the free energy of 
adhesion of two phases can be expressed in terms of the free 
energy of cohesion of each phase. From (29) and (2^), making 
use of the assumption of constant n& and n̂ ,

—oL

”̂ b
r rr f
ol* djW f '

/r iX / 4
b

h? (3*0

n. iAgain make the change of variable so / \ = ^<4*^ and
dab

d n  *  • Then
, * *  r °o

d y d.i fdf

{*> .<* ,00

f IL
(39)
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When both phases are the same, the free energy of adhesion 
A F & U )  for two phases distant z apart, becomes the free 
energy of cohesion; A F ^ 2-) for phase A and AF& for 
phase B.

,00

c IZ1T 'hd ^ W , J ¥A F * W  — ? MX
Odd

.00 G& *00

r r *  j t y ' r - h
(■to)

4Fb'(2),
* kh k 'J

<X> QO

'6j> (H)

Taking the ratio of Af>blzHojAFb°f*> A F # c i ) l ^

A F ^ ( z ) A <jb j ' j 1bb
[ d F ^ A F ^ p  [ A M A » f

(*2)

8ince the right hand side does not contain z, the ratio on 
the left is independent of the separation distance so that 
equation (^2) holds for the free energies defined by process 
(1).
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Call the right hand side of (^3) ijjr  .

< w

The same considerations apply to this equation as noted for 
equation (37)

V. 8urface Energy Relations.
Equation (*J4) permits the evaluation of the func­

tion f of equation (20). As given in equation ( b ) ,

so that in terms of the surface, ahd Interfacial free energies 
(W) can be written

A F 4b : rt + rb - rat

and from equations (̂ ') and (4''),
AF| AFb -- H

%  +  y„ -
(*5>
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Solving for

%  = r, t % -  2 (W)

Since ’vj?' 1b symmetrical in the phases A and B, (*t-6) satisfies 
all the conditions imposed on f of equation (20).

Similarly, starting with the energies of adhesion 
and cohesion as given by (3), ( 3 * ) ,  and (31'),

A E ^ b  r + ~ >

AEa A El - 4’^  E*

so (37) becomes,

£$ + ^b ~

* 4 ^

Solving for 6 ^  '

£*b ~ £<} * £ t> 2 <| ^ |̂

- $  (*7>

(M)

(tyg) satisfies all the conditions Imposed on the function g 
of equation (21).

The Interfacial entropy S ^  is related to the inter- 
faolal free energy and the interfacial total energy by the 
thermodynamic relation

= ~  (^9 )
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Frora (^6) and (M-9)

* n - 2 T p J v > r  <50)

and substituting for ^  , its value from equation (ll-g)

€* ♦«».“ * ? &  - T S ib -  T„ « Yk -

so

TS ab = £. +f„ - n - y b - + a, ' i ] r ^ r b

But
% - (  a- TS4

^  fb -TSb
so _____  ______TS,b - ts* tTSb - a$Jf.£b + 2-i! \r*7b

(51)

VI. Summary of Derived Relations.
The main purpose of the above derivations is to 

lead to a method or determining the surface energy of solids 
so that energies of adhesion may be calculated. How this can 
be done by using heat of wetting data will be shown in the 
next section. Not all of the derived equations are necessary
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for this, but all of them arise quite naturally from the 
theory and are useful in determining its limitations. These 
equations are summarized here for convenient reference.

A  Edb
c Y/i. (52)

a f ;]
%

(53)

Xl = r« <• Yb - zfjŷ (5*0

(55)

(56)

* A  
bbj. A a b  d m  J

(57)

-\p- - ^ ab i
[A** 2 <1Hab

(58)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-29-

VII. The Surface Energy of SolIda from Heata of Wetting.
When a clean, dry aolld la lmmeraed In a liquid, a 

solid surface of energy €.<. disappears and a solid-liquid 
Interface of energy la formed. The heat evolved is given 
in terms of the surface and interfaolal energies by equation 
(6) as

In surface thermodynamics, enthalpy and energy are 
considered equal since the pressure-volume term is negligible.

Writing equation (1*7) for a system in which one 
phase is solid and the other liquid,

(59)

+ t̂ - 6 m.
(60)

Making use of (59) gives

— A H w
(61)

and solving for £ ,

(62)
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A H *  and 6U are measurable quantities, so provided 
that <£> can be evaluated, (62) can be used to compute the sur­
face energy of solids.

VIII. The Surfaoe Free Energy of Solids and the Free Energy of Adhesion.
When phase A Is a solid and phase B a liquid, equa­

tion (^5) becomes

2 1 2 - 2 ^  , -qr ,0 ,
3 J v < r

. _ a .

But since + X  “ VL = * the free ener^
of adhesion of the solid to the liquid,

A F st - -\y (61)0
2 for*

Solving for ' Y  ,

%  A  --------------- (65)
H %  i j f 2'

a r - *The free energy of adhesion a r 4i. is a measurable 
quantity as shown by equations (9) to (12) so that can 
be computed from (65) if ̂  Is known.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-31-

IX. Contact Angles and Surface Tension
Young’s equation gives the angle of contact of a

9liquid with a solid in terms of the surface tensions as

Tsu f YL L4* * - Isv (66)

8 sa contact angle
« free energy of the solid-liquid interface

y L s surface free energy of the liquid
surface free energy of the solid in contact with the 
vapor of the liquid.

eo equation (66) can be expressed in terms of as

on the surface, free energies of the solid and liquid phases.

The difference ( 7̂  - Yw  ) is the equilibrium
film pressure 77e , i.e.

(67)

+ V; g = ys _ Tre (6(5)

Applying equation (63) to (66) gives

(69)

This equation shows how the contact angle depends

Sol vi

(7o)
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Cos 0 Is restricted to the range of values between
-1 and +1. Putting these extreme values for cos 0 Into (70) 
shows that In order for a liquid solid system to exhibit a 
contact angle between 0° and 130°, the following inequality 
must hold.

that low surface energy liquids, such as hydrocarbons, on 
hl$i surface energy solids, such as metal oxides, show no 
contaot angle; whereas high energy liquids, such as water, 
on low energy solids, such as paraffin, have contaot angles 
greater than zero.

X. The Distribution of Energy over a Solid Surface.
The fact that the energy varies from point to 

point on a surface has been pointed out by a number of ln- 
vestlgator8̂ 0''1''l■,'I'̂ , but no satisfactory method has been 
given in the literature for the direct experimental deter­
mination of the distribution function for the surface energy 
of solids. The following development presents a method for 
measuring the distribution function In terms of the fraction 
of the surface having energy greater than some specified 
amount. The experimental basis of the method is the deter-

The inequality (71) is consistent with the fact
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minatlon of the heat of wetting as a function of the amount
of preadsorbed material on the solid surface.

Let 0 » the fraction of the surface that has 
energy greater than .

(v « the average energy of that part of the 
surface having energy less than

In general, will decrease with increasing 0 and a graphic
representation of the variation of 6^ with 0 will have the
form of Figure II

o

Figure II

Is the average energy of the shaded portion In Figure II 
and is given by

I

6c =
i r

-  &
6c (72)

9

Differentiating under the integral sign and solving for ,
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(73)

Equation (73) *0 a relationship between the actual energy- 
65 at some point on the surfaoe, and the average energy of 
all parts of the surface having energy less than It
can be used to calculate £ s as a function of e If a

covered with some material such as stearic or perfluoro- 
decanoic acid. Then, If the organic acid is preferentially 
adsorbed at high energy sites, this e Is Identical with the 
0 in the previous equations. Let £ W wbe the heat of wetting 
per cm.2 of surfaoe, 0 of which Is oovered with some pre­
adsorbed material. Also, let

heat of wetting per cm.2 of that part of the sur­
faoe which is covered with the preadsorbed film. 
This value is constant, for a given film-forming 
substance, with varying coverage if the pre­
adsorbed molecules are large enough to "lag out"

■ surface heterogeneity.
h * average heat of wetting of the bare part of the 

surface.
The total heat of wetting A H w 1b the sum of the 

heats of wetting of the bare part and of the covered part of 
the surface according to the equation

measure of can be obtained.
Assume that a fraction 0 of a solid surface is

(7*0
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(75)

In effect, preadsorption blocks out the upper 
range of energies. The contribution of the bare part of
the surface to the heat of wetting Is given by (75) > and 
this gives Information about the variation of the energy 
with ooverage.

The average heat of wetting for the bare part of 
the surface is also given by

where £Sv. is the average energy of the solid-liquid Inter­
face for that fraction of the surface having energy less 
than 6S . Now all that is needed to apply (73) *0 an ln-

already been given by equation (62). Applied to the average 
energy of the bare part of the surfaoe, (62) is

(7^)

dependent relation between and £ This relation has

2

5
(77)

Differentiating
o/ € & - h ) J h
d e  " J e (7«)
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Putting (77) and (7g) into (73)

(-h + 0
- O-*')

d h
26, $* d<? (7 9 )

or

(f.-h)

ye.

d K 1
(So)

Even If ^  were completely unknown, equation (SO)  

would make possible the calculation of 6^ as a function of 
0, (I.e. the surface energy distribution function) within a 
constant factor since f ls a constant for a given system.

XI. The Evaluation of and
From its definition above, <̂> ls given

$  - -

A <3b

Z

bb

Abk]^ d^>
(Si)

To evaluate exactly, not only the equilibrium 
distance between molecules, but also the constants in the 
potential energy functions must be known. Since this method 
of calculation can be applied to only the simplest of sys­
tems, an alternate procedure will be adopted here.
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Flret, it is assumed that the equilibrium distance 
of approach can be taken as proportional to the cube root of 
the molar volume:

da* ~ C V„ <«2>

dtk - (83)

V_ = molar volume of phase A*cl

« molar volume of phase B.
C * proportionality constant.

Taking the distance of closest approach of a mole­
cule of A to a molecule of B as the arithmetic mean of the 
distance of closest approach of the like molecules,

d j b  -  ~2 ( "t" (3*0

Equations (32), (33), and (34-) give

-  C f \  / \ / f/3
d t l  = f V A v / > ) (*5)

Substituting (S2), (S3)» and (S5) Into (81) gives as

A *  , /V?■r li Vi Vk
$  = :----- ~ v / ; • ;»i> (ss)
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Strictly, equations (82) throu^i (85) are valid 
only for spherical molecules, but if the molecules of both 
phases are of similar geometry, the ratio term of the molar 
volumes ls sufficiently accurate for computing J  .

To simplify (86) even further, make the additional 
assumption that

'/fc
An,) <*7>

This assumption is not completely unwarranted, and is in 
fact very nearly true for molecules that have similar types 
of potential functions^, using (87), equation (86) becomes

$  ^  1 4  V « V b -  „ (88)
(i/;/3t v / f

If the value of $ given by (88) ls used, the 
theory is strictly valid only for systems whose two phases 
are sufficiently alike in two respects. First, their molec­
ular force fields must be similar enough to make (87) at 
least approximately true. Second, the molecular geometry 
must be similar enou^i so that the ratio term involving 
equilibrium distances can be replaced by the ratio term In­
volving molar volumes.
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is defined by

A *b

(29)

An exactly similar argument is employed to express •\J/ in 
terms of molar volumes as was used in obtaining equation (gg)

I gThe only difference is in the power of the d , so that the 
result is

i5 ‘i V d V bcwMrr
The same limitations apply to equation (90) as to 

equation (gg).
The mathematical form of and is such that 

they are in general of the order of magnitude of unity; and 
in a large number of oases, the deviation from unity is small. 
If both phases are Identical, daa * d^b <= dab and Aaa * Abb “ 
A ^  so that ^  and ^  are both exactly equal to one. The 
rule can be given that the more alike the two phases, the 
closer <§ and ̂  approach unity.

As a simplification in calculating the surface 
energy of solids from heat of wetting data by equation (62), 
and the surface free energy from work of adhesion by equation 
(65)# and ^  can be taken equal to unity, provided that 
the wetting liquid is relatively similar to the solid in
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mole cul a r size and In polarity. This means that for a non­
polar solid suoh as graphite, the wetting data of a liquid 
such as benzene should be used; while for polar solids suoh 
as metallic oxides, polar liquids such as water should be 
used. Indeed, it will be shown that the equations hold when 
a hydroxyl containing polar compound is used with polar 
solids. This is interpreted in terms of moleoular orienta­
tion at the interfaoe. This orientation presents a hydroxyl 
containing layer to the solid which is very similar to the 
solid itself.

The approximation introduced by calling and 'vjf 
equal to one when like phases are considered is no greater 
than the other approximations of the theory. Besides, it 
greatly simplifies matters since the necessity of deciding

|fl 9 flon the values for the A 8 and the d 8 is avoided. The range 
of validity of the equations in this form will be investi­
gated in a later section.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-4l-

THEORETIGAL DEVELOPMENT. II. DISCU88ION AND LIMITATIONS

I. The Validity of the Fowler-Ouggenhelm Integrals.
The Integrals (22), (23), and (2*0 form the basis 

on which the rest of the theory ls built, and it is impor­
tant to examine the approximations that went into them, and 
the extent to which they affect the final formula.

As Is evident from the derivation, the two phases 
are treated as if they consisted of a rigid three dimensional 
array of point centers of force; the distribution of these 
centers in space being described by the functions na and 
In other words, the equations compute the molecular attrac­
tions only when each molecule is in an average position of 
minimum potential energy. The effect of thermal motion is
neglected. It Is difficult to estimate the inaccuracy
introduced by this treatment, but it is probably no greater 
than that due to the subsequent assumptions. Since the same 
type of error would be expected in the adhesion and cohesion 
integrals, a considerable part of this error would cancel on
talcing the ratios indicated by equations (37) and ( k k ) .

The second important idealization in the Fowler- 
Guggenhelm integrals is the oomplete planarity and homoge­
neity of the surfaces and interfaces involved. As long as 
the adhesive system consists of two liquid phases this intro­
duces no error; but if one of the phases is solid, there is
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considerable departure from a plane, homogeneous Interface. 
In the case of a powdered solid Immersed In a liquid for 
example, the solid-liquid Interface is Jagged and heteroge­
neous. Thus, the energy of adhesion will be greater than 
If the lnterfaoe were completely planar. The following 
diagram illustrates how corners and edges contribute more 
than planes to the adhesion energy.

face and Figure Illb represents a Jagged solid-liquid Inter­
face of the same area. The figure shows that the Jagged 
solid surfaoe interacts with a greater amount of liquid than

to the adhesion energy Is that between the dotted lines.
If the solid surfaoe is not too heterogeneous and 

the corners not too sharp, the adhesion energy will not be 
greatly different from that for a plane Interface. This is 
because the interaction energy between molecules dies out 
rapidly with distance, and only the few moleoules in the

UqJtD

Figure III

Figure Ilia represents a plane solid-liquid lnter-

the plane solid surface. The excess of liquid contributing
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corner of the angle formed by the dotted lines add appreci­
able amounts of energy to the adhesive system.

This error is only partially oorrected for in 
taking ratios of adhesion to cohesion energies because the 
oohesional energy of a liquid is defined in terms of surface 
energy referred to a plane surfaoe. Cohesive failure of the 
solid, however, may be defined in suoh a way as to produce 
the solid surface taking part in the interface, so that the 
same kind of error occurs in the energy of cohesion for the 
solid as in the energy of adhesion. This situation tends to 
bring the error in the ratios down to the square root of its 
value in the adhesion Integrals.

II. The Assumption of Spherioal Molecules.
•Hie assumption of spherical molecules was used in 

two places: first, in choosing the potential £ as a func­
tion of distance it was assumed that the potential field was 
spherically symmetrical about the molecule so that only the 
radial distance parameter appeared in the equation. Second, 
in evaluating and , the equilibrium distances were 
related to the molar volumes in a way that can be strictly 
true only for spheres. The particles in solids suoh as 
graphite or metallic oxides can generally be taken as spher­
ioal. At ordinary temperatures liquids usually possess 
enough rotational motion to make the sphericity approximation
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T hfairly accurate unless the molecules are extremely polar 

or asymmetric as in the case of long chain fatty acids. If 
the molecules of the two phases are geometrically very dis­
similar, the constants C in equations (62) and (63) are not 
the same and equation (64-) does not necessarily hold. At 
any rate the equations can be applied to systems of any 
molecular geometry with the expectation that, all other fac­
tors being equal, they will give best results with systems 
whose molecules are spherical, gystems whose two phases have 
molecules that are not spherical and have greatly different 
molecular geometries would be expected to give the greatest 
discordance between calculated and experimental values. If 
the two phases have molecules that are not spherical but are 
similar, an error intermediate to that of the previous two 
cases would be introduced. Later, It will be seen that molec­
ular geometry is sometimes completely overshadowed by other 
factors.

III. The Assumption of Constant Microscopic Densities.
The microscopic densities na and in the Integrals 

of Fowler and Guggenheim are not constants, but depend on the 
distance parameters. In general, na Is a function of r, f, 
and J, and n^ is a function of J. For liquid phases, since 
there is only short-range order, na may be taken to be the 
radial distribution functions for the phase A, and the
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density distribution function of phase B.
Probably the greater part of the error in assuming 

na and n̂, to be constants arises from the fact that molecules 
at surfaces and interfaces are in a different condition than 
those in the bulk phase. The distances between molecules in 
surfaces and interfaces is less than in the bulk phase so the 
values of na and increase rather abruptly at phase boun­
daries. Since the molecular interaction energy dies off so 
rapidly with distance, the molecules at the interface con­
tribute the most to the adhesion energy, and the difference 
in density affects the adhesion Integral to a greater extent 
than if it oocurred in the bulk phase at some distance from 
the interface.

If the molecules are asymmetric, orientation may 
occur at the interface when one of the phases is liquid. 
Evidence for such orientation is well known1^*"^. In the 
case of adhesion between a long chain alcohol or fatty acid 
and some polar phase such as water or metallic oxides, the 
carboxyl or hydroxyl group is directed toward the Interface, 
and most of the adhesion energy is due to Interaction between 
polar-polar groups. Use will be made of this situation later 
in obtaining the surface energy of solids from heat of wetting 
data.
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IV. Ill® nature of the Intermolecular Potential Function.
It has been fairly well established that many 

simple molecules attract each other according to the Inverse 
sixth power rule1?. The fora of the repulsive tern is some­
what more doubtful, but the function Ba l̂ ”m seems a reason­
able approximation idiere m is somewhere between S and 12. As 
the derivation shows, the exact value of m is immaterial in 
this work.

ik.
If the ratio A^/tA^Abp) is not unity, the 

values of §  and 'fy given above are, of course, in error and 
a consideration of the possible deviation of this ratio from 
unity is necessary.

lgThe constant A ^  is given by

(91)
where ua i* the dipole moment of a molecule of phase A,

aa is the polar!sab 11 lty of a molecule of phase A
”24 Is the natural frequency of osoillation of a mole­

cule of phase A
Pk, at, and V ^  are the corresponding quantities for a 

molecule of phase B
k is Boltzmann's constant, and
T the absolute temperature

h »s PUncW's constant
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Similarly and are

(92)

(93)
The first term In these equations arises from the

dlpole-dlpol® Interact Ion between moleeules, the ssoond termc
fj*om the dipole-lnduoed dipole interactions, and the third

If Ha ■ Mb “ 0 s° that only dispersion forces are 
operative between the molecules, ($1), (92), and (93) give

•h.

The ri^it hand side of (9*0 is the ratio of a geometric to 
an arithmetic mean. Since T'a Rnd 7̂ , are generally of the 
same order of magnitude the ratio may be taken as unity with 
an error that is certainly less than the other errors intro­
duced in the derivations.
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If the dispersion forces ara small compared to the dipole 
forces, the terms containing 2 ^  a n d ^  can be neglected and

_ 2jtr ̂  (»■'**> +ul«*) (9g)

( A „ {h £  7zn\^(|g ,ZM\
Porthermore, If p.a ■

A n

( A„ An) i l l

If In addition aa « a^, the ratio A ^ / ( A ^  a^ )  becomes 
unity. Even If <xa 811,1 %  are floaev̂ iâ  different, this ratio 
will not deviate too much from unity.

From these considerations, the following statements 
can be made: i/g .

1. For adhesive systems, A&-b/ ( A ^ )  ^  X when:
a. Both phases are non-polar
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b. Both phase8 are polar, the dipole moments 
of molecules of both types are the same, 
and the polarizabillty of both types of 
molecules are the same.

b, Slight deviations from the above condi­
tions will not seriously alter the value of the ratio.

For best results therefore, the derived equations should be 
applied to systems composed of phases that are similar In 
polarity and polarizabillty. It will be shown later that 
when the two phases differ widely In polarity, the deviation 
of the calculated from experimental values is greater than 
whan the two phases are of similar polarity.* Fortunately, 
in computing the surface energy of solids by equation (6 2 )
It Is In general possible to choose heat of wetting data for 
polar liquids on polar solids and non-polar liquids on non­
polar solids,

V, fhe Cancellation of Errors In the Energy Ratios.
Because the same assumptions were applied to the 

adhesion and cohesion Integrals, the errors in the numerator 
and denominator of the ratios of equations (52) and (53 ) can 
be expected to be of roughly the same magnitude. Conse­
quently, part of the errors will cancel In the ratios, and 
the equations should be better than the assumptions Indicate. 
The energy ratio is given by
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A E db

(a e : A E kc) (9*)

The error In (j> la approximated by the total 
differential cl <$

l) (9 9 )

The relative error la

4 1 = 2 1 ,  t o e - , . )  i i  £ ! l ’ + i £  ,1W )
$ 3(**«b) 3 § ^flEU ?

or

d i :  d ^ E i )  + i H  J to E i)  -  ^ d u e ‘ )
5  JfcEi) f c f j )  ^ c - ‘ ) J  (101)

Taking logarithms of (9*5)

^  5 , j u ^ I )  ' - j ^ e i ) < » «

\
from which

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-51-

' ' z ( M n ) '  U s  j ^

Therefore

d 5 _ ol^^b) i f d ( ^ ^  dfa^b)

I P  T ^ r  2 L  * * *  AB> j <103)

Equation (103) shows that the percentage error In the ratio 
$> le equal to the percentage error In the adhesion integral 
minus one-half the sum of the percentage errors of the 
cohesion Integrals. Thus, no matter how large the errors in 
the Integrals, the error in the ratio will be small provided 
the adhesion and cohesion errors are very similar.

Just how the error in the adhesion integral must 
be related to the errors in the cohesion Integrals for a 
given accuracy in the ratios can be determined from (1 0 3 ).
If an accuracy in <$ of plus or minus (100 r)% is desired, 
then (1 0 3 ) imposes the condition

< « * >A E - b  -  * (  A E i  4 E ‘.  J
This result indicates that considerable latitude 

is permitted in the error of the adhesion Integral, for a

* * * > >
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given error In the cohesion Integrals. For example, If 
x * 0.05, and the cohesion Integrals are each 10# in error,

 (0.2) + 0.05) » 0.1 + 0.05

so the error in the adhesion integral ean vary anywhere from 
5 to 15# and still not make the error in greater than 5#.

dOf course, the oloser rya—  is to 0.1, the less the
r* kerror In $  . If a larger error in $  is permitted, a corre­

spondingly larger range is permitted to the adhesion error.
If x * 0.1 so that an error of + 10# is tolerated, and if 
the cohesion integrals are in error by 20#,

  '  m JL. (0.*0 + 0.1 « 0.2 + 0.1
4 E a b 2

so the adhesion Integral may be in error anywhere from 10 to 
30# and still keep the error in within 10#.

The conclusion to be drawn from the preceding dis­
cussion is that the theory should give better results the 
more alike the two phases of the adhesive system are with 
respect to their polarity, molecular geometry, density, and 
type of Intermoleoular potential functions. The explanation 
of serious deviations from the equations is to be looked for 
in wide differences between the two phases in one of these 
particulars.
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Tiies® limitations apply of course only to equa­
tions in which J  or 'ijf appear. As will be shown below, the 
adhesion energy, which is the most Important quantity in 
this work, can be obtained exactly in the oase of ioe-solid 
systems.
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THEORETICAL DEVELOPMENT. III. APPLICATION TO ICE ADHESION

I. The Surface Energy of Ice from Adsorption Data.
According to equation ( l k )  the energy of adhesion 

is related to the energy of adsorption by

a E aV - (-“ ^

Applying this equation to the adsorption of water 
vapor on solids below 0° C., i.e. the case of ice-solid adhe­
sion, and oalling the net heat of adsorption per om.2 . M*

A E »  : f  <105)

&AEi* * adhesion energy of ice to the other solid
j - f a  m net integral heat of adsorption of ice on the solid 

per cm.2 of surface
m the surface energy of ice.

From equation (52)

A  E j J  -  A E j  ) V l  ( i o 6 )

• energy of cohesion of loe 
« energy of ooheslon of the solid 

cĵ  refers to the lee-solid system.
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The energy of cohesion is Just half the surface energy
c.A E X = 26x 

A E ‘ = 2 6s

SO

A E rs =

From (105)

h * + ^ ^ ^ 7

Solving for

But from equation (62) £<■ is given hy

£  *s ( - ^ i ~  ^

S V€. § *

Here. $  a refers to the water-solid syetem.

(107)

( l o g )

(110)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The ratio of , to 2 can he obtained by apply­
ing equation (Si). It is

l _ _ i A  =  j *

§2 4! A<C 4.4 4JV
or, in terms of molar volumes from equation (£6)

A  .  a ! 5  Ck "‘-> v.')'
&  v.'h(W'r v , " ) '

(Jir * intermoleoular distance between ice molecules
d*,*, * intermoleoular distance between water molecules
<jss « Intermoleoular distance between molecules of the solid
dli «* intermoleoular distance between molecule of loe andmolecule of solid

intermoleoular distance between water molecule and 
molecule of the solid

\ / l  m molar volume of ice
\y » molar volume of water vw 

“ molar volume of the solid

These ratios are quite insensitive to moderate 
changes In the d '8 or V *8 and a difference between Vr and 
Yw of about 10J< would affect the value of only slightly. 
Furthermore, the first few layers of water molecules on the 
solid surface are strongly influenced by the surface forces,

(111)

(112)
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and their structure is largely independent of the structure 
of the bulk phase. Thus the intermoleoular distances for 
these first layers is the same regardless of the state of 
the bulk phase. Slnoe most of the adhesion energy is due to 
these first layers, it is really incorrect to use Vw and Vj 
separately in the above equations. Rather some molar volume 
term should be used that refers to the moleoules in the sur­
face phase. This molar volume term would be the same whether 
the bulk phase be water or ice. Thus the ratio can
be taken as unity to an excellent degree of approximation, 
i.e.

- i
§,

Keeping this in mind, putting (110) into (109) gives

(113)

(11*0

So the surfaoe energy of ioe can be computed.
There is no difficulty in choosing between the 

plus and minus sign of the quadratic solution. The minus 
sign gives a surface energy value that is far below that of 
water, so the positive sign is chosen.
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II. The Energy of Adhesion of Ioe to Solids.
The value of calculated from experimente using 

the theory described above, is practically independent of 
the approximations of the theory. Hence it Is possible to 
compute a value for the adhesion energy of Ice to solids 
that is also independent of the theory. From (107) and 
(110), using (113)

is known from (ll1*) so £  bjs can be calculated. In these 
equations 6 L must be the surface energy of water and AHvv

1
the heat of wetting of the solid with water.

(115)
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TEST OF THE THEORX USING LITERATURE DATA

I. Liquid-Liquid Systems

To show that the theory leads to reasonable equa­
tions, a brief comparison of theory with literature data will 
be given for liquid-liquid systems. Equations (52) through 
(55)» using the values of ̂  and ̂  given by (S&) and (90), 
contain quantities that are all measurable if both phases 
are liquid. This provides a direct check on the theory. 
Tables I and 11 compare the experimental and theoretical 
values for the energy ratios. Tables III and IV compare the 
experimental and theoretical values for the Interfacial ten­
sion and the Interfacial energy respectively.

The results in Table 1 indueate that the theoret­
ical energy ratio can be in considerable error for polar- 
nonpolar systems. In the oases cited the deviations range 
from 10 to 36#. Assuming ^  « 1 for heptylie acid, n-octanol 
and sec.-ootanol gives reasonable results, the deviation 
ranging from 6 to 10#. For such polar-polar systems, orien­
tation is expeoted and the orienting group is about the same 
size as the water molecule.

Table II shows that the theory works much better 
for the free energy ratio than for the energy ratio.
Although the deviation for water-nonpolar systems is still 
in the range of 20 to 3 0#, the deviation for water-polar
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Table I
AEib

Test of equation (52), ( A e i " f  > at 20° c.
-

System
a r A A E a A  tb

% Deviation 
*$ca $ca'Phase A Phase B A t  at>

Water n-Heptane 92.3 236 99.« 0.602 0.733 .— 31 —
Water n-Tetradecane 97.7 236 105.2 0.620 0.632 — 10 —
Water Benzene 13^ 236 13S.0 0.7*1-2 0.375 13 —
Water Ethylene bromide 126.*f 236 156.* 0.65*1- 0.333 — —

Water Heptylic acid 150.5 236 105.2 0.95*1- 0.7^ 1.0 13 6
Water n-Octanol l6*i-.6 236 101.0 1.07 0.730 1.0 27 7
Water sec-Octanol 170.1 236 100. g 1.10 0.730 1.0 29 10

i
&

All energy values are given In ergs/cm.2 
The energy data Is taken from reference 19.

£  - A F ^  *  lb V ? 1 $

The molar volume data Is taken from references 20 and 21.
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Table II

Teat of equation (53) #/TFrTE^V ° at 25 c»/A  F i  A * -*•

System
A F l

4 b 4! 4
Phase A Phase B a f ; a b

Water Carbon tetra­chloride 55.* 1U5.6 5 3 .* 0.635 0.790 — 2M -
Water Benzene 67.6 1^5.6 5 7 . 3 0.733 0.S20 — _ 11.1 —
Water Heptane HJ.O iJ-5.6 io.3 0.559 0.700 — - 26.2 —
Water Broaobenzene 69.9 1*5.6 70.^ 0.692 0.7?3 15.9Water Ethyl bromide 65.7 1*5.6 0.793 0.S*K> --- 1.6 -
Water Nitrobenzene 90.6 1*6.6 36.0 0.S09 0.775 *.2Water Methylene iodide 75.1 1*5.6 101.6 0.61S 0.530 3^.3 mm
Water Heptylle acid 93.^ 1*5.6 56.2 1.03 0.6S6 1.0 33 . 3Water n-Ootanol 91.3 1*5.6 55.0 1.02 0.690 1.0 32.^ 2Water
Water

sec-Octanol 
Caprylic aoid 39.9 1*5.61*5.6 52.6 1.031.03

0.690 1.01.0 32. * 33

A  F t  

( A F l & F l f 1' >
_  Vi Vi

( v p  -*vP)
6 JL

Energy data taken from references 19 and 22. i
* Deviations under "a* were computed using under Ha> and deviations under rbn £
were computed using under *bH. '
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Table III

Test of equation (54), "V ab m ra + r b - at 20° c.

System "Tab 7Jfc
Calc. £ Deviation

Phase A Phase B r * X Expt.

Water Carbon tetra­ 72. 8 26.7 0.790 43.7 29.0 33.6
Water chlorideBenzSne 72.8 28.9 0.820 34.1 26.4 22.8
Water Heptane 72.8 20.4 0.700 50.2 39.? 21.9Water Bromobenzene 72.8 35.2 0.703 3«.l 26.4 30.7Water Ethyl bromide 72.8 24.2 o.84o 31.3 26.5 15.3Water Nitrobenzene 72.8 43.0 0.775 25.2 19.2 23.?Water Methylene Iodide 72.8 50.8 0.830 48.5, 22.6 53.4Water Heptylic acid 72.8 28.1 1.0 7.54 10.5 39.8
Water n-Octanol 72.8 27.5 1.0 8.53 10.9 28.2
Water
Water

sec-Octanol Capryllc acid
72.8 
72. a 26.3 1.01.0

9.24 11.9 29.3

Erlergy data from references 19 and 22.

io\
ruI
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Test of equation (f

System
Phase Phase B £ j

Water n-Heptane 119

Water n-Tetradecane 119

Water Benzene 119
Water Ethylene bromide 119

Water Heptylic aold 119

Water n-Octanol 119
Water seo-Octanol 119

Energy data from reference 19

Table IV

' ) € ib ~c 4 " a * 4 b - f a f b

c- l» § €4 b 
Expt. Calc. % Deviation

*9.9 0.7 88 7*.3 *7.* 36.2
52.6 0 .6 8 2 1 2 . 2 8 6 .0 * 19.1
69.0 0 .8 1 5 51.7 30.0 *2.0
I B . 2 0 . 8 8 8 6 8 . 8 32.0 53.5 '
52.6 1.0 19.2 13.* 30.2
5 0 . 5 1.0 -3.0 1*.5 58*
50,* 1.0 -2.6 1*.* 5 £*

1o\V>lI
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liquid systems is only about 2%f if ^  is taken as unity.
20As pointed out by Hildebrand and Scott, simplified theoreti­

cal models always give better agreement ,in the free energy 
than in the total energy. The above results are therefore 
In accord with expectation. Tables I and II show that 
<j> « 1 and ^  « 1 are fairly good assumptions for polar-polar 
systems of about the same molecular size.

Although the theory gives fair results for calcu­
lating the ratios and ̂  in terms of molar volumes, pro­
vided certain conditions of polarity and geometry are met,
It gives poor results when interfacial tension or energy is 
calculated. As shown by Tables III and IV, equations (5**) 
and (55) are very sensitive to slight errors in and . 
Therefore no attempt is made to use (5*0 and (55) to compute 
lnterfaolal properties. The main application of the theory 
Is its utilization In obtaining energies of adhesion and 
estimates of the surface energy of solids.

II. The Contact Angle.
For low energy solid surfaces, equation (70) 

enables a calculation of the surface free energy from contact 
angle data.

T  -  (t fto*&) tVe] (70)
5  '  %
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To teat this equation, the free energy of a hydro­
carbon surface ean be computed from the contact angle of
water on a hydrocarbon such as paraffin, is not accu-

*
rately given by the molar volume ratio for polar-nonpolar 
systems, so rather than attempting to caloulate it, the 
experimental value of for the water-heptane system will 
be used. From Table II, '$'H2o_heptane ■= 0.559.

Observed values for the contact angle of water on 
paraffin range from 90° to 110o23»2\ Zisman et al.2'**2  ̂
have reported 88° for water on a stearic acid monolayer and 
89° to 102° for an ootadecylamine monolayer. In this crude 
calculation, the oontact angle will be taken as 90°, so that 
cos 6 « 0. y i  for water is 72.8 ergs/cm.2 */7e. is generally 
small for low energy surfaces. For graphite it is about 
2 ergs/cm.2 (reference 3). Since it would be expected to be 
even smaller for hydrocarbon surfaces, it will be neglected 
in this calculation. Using these values, the calculated 
value for the free energy of a hydrocarbon surface is about 
56 ergs/cm.2. The surface tension of liquid hydrocarbons is 
about 25 ergs/cm.2. Since solids would be expected to have 
hlgier surface tensions than liquids, the result of 56 ergs/ 
cm.2 Is of the ri^it order of magnitude and is consistent 
with experimental data.

A more reliable check of equation (70) can be ob­
tained by computing values for ̂  from the contact angle of
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several liquids on a given solid surface. The contaot 
angles of various liquids on a perfluorolaurlc acid surface 
adsorbed on platinum have been measured2?. For hydrocarbons 
and halogenated liquids in contact with the adsorbed film,

'SJf will be taken equal to unity, andTÎ  . will again be assumed 
negligible. If the equation in this form is correct, the 
calculated value of should be constant for different 
liquids. Table V shows that equation (70) gives a oonstant 

for twelve different liquids. Furthermore, the surface 
tensions of liquid perfluorinated hydrocarbons such as 
and CgF-̂ g range from 9 to 1^ ergs/cm.2 (reference 2S). The 
adsorbed film presents a -CF-j surface to the wetting liquid, 
and since the surfaoe tension of a -CF^ surface is less than 
that of a -CF2- surface2?, the theory gives good results &b 

far as equation (70) is conoerned.

III. The Surfaoe Energy of Solids.
The energy of solid surfaces has been eatimated by 

various authors and some of the results will be given here 
for purposes of comparison.

Using intermoleoular potential energy functions, 
the surface energy has been computed from theory for some 
solids of simple crystalline form. All such calculations 
are made by summing the potential energy change per particle 
pair as the particles approach from infinity to their posl-
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Table V 2,

Test of equation (70), y  - J X  ^

s
for perfluorolaurlc acid film

Liquid e X # Deviation 
from Mean

Hexadecane 27.6 7* *.3^ M
Tetradecane 26.7 76 30 5.0
Dodecane 25.^ 7^ 6.10 7.3
Deoane 23.9 70 *.03 *.1
Octane 21.6 • 65 6.00 *.5
cpci2-cp2-cci5 27.* 66 9.77 11.6
h (cf2)2ch2oh 27.6 66 9.^9 *.H
p-Difluorobenzene 27.0 66 9.H-9 6.H
h (cf2)^ch2oh 2H.5 65 *.73 0.1
h (cf2)6oh2oh 23.* 62 *.7^ 0.0
c f2ci-cci2-cf2ci 22.* 1*9 9.H-3 7.9
Perfluoroalkane (FCD-330) 20.2 iw 6.Ho 3*9

Mean value for = 6.7H 
Average deviation from the mean = 6.2#
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tlons in the crystal. The results are valid only at 0° K 
and it is assumed that the solids consist of ideal crystals. 
As shown by the values in Table VI, the work of different 
investigators is in serious disagreement and therefore can­
not be considered very reliable.

From the nature of the surface energy, it is clear 
that a finely divided solid will have a greater heat of solu­
tion than a large single crystal of the same mass. The 
excess heat liberated on dissolving the finely divided sub­
stance is due to the surface, and this offers another method 
of obtaining the surface energy. Studies based on this 
phenomenon have been performed and some of the results are 
listed in Table VII. Three factors contribute to making 
these values uncertain. The first is that the difference 
between the heats of solution of finely divided and bulk 
material is very small, so that very sensitive oalorimetrie 
equipment is required to attain a reasonable degree of 
accuracy. The second is that most of the work was done be­
fore dependable methods were developed for measuring the 
surface area of solids and the only available method was 
that of photomicrography. Microscopically measured areas are 
correct only If the particles are smooth and regular as in 
the case of spheres or cubes; otherwise the measured area can 
be considerably in error. Third, finely divided solids may 
have distorted crystal lattices, and thus not give an energy
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representative of the actual crystal planes of the solid. 
Because of these considerations, much of the earlier work 
given in Table VII is doubtful. With modern techniques 
for measuring surface area and using differential micro- 
calorimetry however, the heat of solution method offers an 
opportunity for direot determination of surface energies.

It is well known that the solubility of a fine 
powder Is greater than the solubility of the corresponding 
coarse solid. This solubility difference is related to the 
surfaoe free energy of the solid according to the equation

i n  r ■ —  i r=r <u6>■Sq s i p  K T

8 « solubility of a fine powder consisting of spheres of
radius rx.

s0 ** solubility of the coarse solid of negligible area 
= surface free energy of the solid 
m density of the solid 

M «= molecular weight of the solid 
R « the gas constant 
T » the absolute temperature

Equation (116) can be used to determine the surfaoe 
free energy of solids. From the variation of with temper­
ature, the surface total energy can be calculated by the use 
of the Glbbs-Helmholtz equation.
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Such a calculation, however, requires accurately known values 
of %  , and to attain sufficient accuracy, the solid parti­
cles must be perfect spheres of accurately known area.
Since this condition is never fulfilled for any real solid, 
equation (116) can give only approximate values of the sur­
face free energy and is worthless for determining the total 
surface energy. Dundon^ has carried out such measurements 
for several salts, and his data is given in Table VIII. His 
work was performed before dependable methods of measuring 
surface area were known and so these values must be consid­
ered only as rough approximations of the surfaoe free energy.

The bulk of the surface energy values given in the 
literature therefore are of doubtful value and there really 
is no way of telling Just how accurate they are. However, 
they can serve as a basis of comparison.with the values cal­
culated from heats of wetting, and at least a rough estimate* 
of the consistency of the results can be obtained.

A method of computing surface energy values from
'I

heats of wetting is given by equation (62). If the theory is 
correct, this equation should give a value of 6s for a given 
solid that is Independent of the wetting liquid. For reasons
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stated above, this test of the theory has been carried out 
for systems in which the wetting liquid is of relatively 
similar polarity to the solid, and assuming that ̂  » 1.
For purposes of con^arison, some surface energy values com­
puted from heats of wetting of liquids dissimilar to the 
solid have been included. The results of these calculations 
for high energy surfaces are shown in Table IX. The mean 
values of the calculated surface energies, using data for 
different polar liquids, are given in Table X, along with 
the average deviation from the mean. In Table IX, heats of 
wetting of polar liquids on polar surfaces are seen to give 
surface energy values that are In fair internal agreement, 
except for the case of ethyl alcohol. The reason for this 
is obsoure. All the ethyl alcohol data are from the same 
literature souroe and the difficulty might be experimental 
rather than theoretical. Ethyl alcohol data have not been 
included In computing the values of Table X. The average 
deviation from the mean for different liquids on the same 
solid ranges from 2.5 to 11#. Considering that the heat of 
wetting and the surface energy of the liquid enter as square 
terms in equation (62), this can be taken as evidence that 
the calculated is constant for different liquids on the 
same solid.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-72-

The data of Bartell and Suggitt^0 were used to 
compute the surface energy of graphite as shown in Table XI. 
The different calculated surface energies are again in good 
agreement for systems of non-polar liquids on graphite.

IV. The Interfaoial Entropy.
The interfacial entropy of the mercury-ben zene 

system has been reported to be + 0.00^ ergs/cm.^/degree. If 
equation (56) is used to calculate the entropy of the benzene- 
mercury interfaoe, a value of -0.0075 ergs/om.^/degree is 
obtained. In this calculation, <£ and ̂  were computed from 
the molar volumes as given by equations (57) and (58). Since 
mercury and benzene have widely different types of potential 
functions, the ratio Aab/(AaaAb b ^  P^^ably considerably 
less than one. This is a possible explanation for the dis­
crepancy between the calculated and observed values. Assum- 
Ing Aab/(AaaAbb) ** o.S gives a calculated interfaoial 
entropy of +O.OO65, which is closer to the experimental 
value. Until more interfacial entropy data becomes avail­
able, no decision can be made on the range of validity of 
equation (56).
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Table VI
Theoretical Values for the Surface Energies of Solids

In ergs/cm.^

Solid Surface Energy Reference

NaF 304- 31NaF 265 32NaF 176 32NaF 202 3*
NaCl 150 35NaCl 96 31NaCl 77 32NaCl g7 3?NaCl 114 34
NaBr 119 35NaBr 106 34NaBr I 6 32NaBr 69 33
Nal 79 3?Nal gg 3^Nal 51 33
KF igo 31KF 1^9 32KF 135 33
KC1 10S 35KC1 31KC1 56 32KC1 91 33
KBr 92 35KBr 5^ 32KBr 77 33
KI 75 35KI 5* 32
KI 59 33
MgO 100 plane 1360 31
MgO Oil plane 39^3 31
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Table VI (Continued)
Theoretical Values for the Surfaoe Energies of Solids

in ergs/cm02

Solid Surface Energy Referenoe

MgS 100 plane 
MgS Oil plane 3571730 31

31
CaO 100 plane 
CaO Oil plane

1030
2S50 31

31
CaS 100 plane 
CaS Oil plane 31

31

1

\
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Table VII

Surface Energy Values from Heats of Solution
In ergs/cm.2

Solid Surface Energy Reference

NaCl 3 S 6 3  6

CdO 500 3 7

-ai2o3 560 3 7

CuO 760 3 7

- p ® 2 ° 3 3 5 0 3 7

MgO i t o o 3 S

Mg(OH)2 3 3 0 3 7

SbgO^ lto 3 9

Au 670 to
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Table VIII
Surface Free Energy Values from Solubility Measurements

In ergs/cm.2 - Reference 29

Solid Surface Free Energy-

Pbl2 130
CaS0ij.(H20)2 370
AgCrOij. 575
PbF2 900
SrSOjj. i4oo
BaSOij. 1250
CaFg 2500
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Table IX
Surface Energy Values from Heat of Wetting Data
in ergs/om.2 - Calculated from Equation (62)

All values at 25° C. unless otherwise indicated.

Solid Wetting Liquid Reference

BaSOt

T10« anatase
c.

T102 rutlie 

SlOn

h2o 6 1 0 790 *11

h 2o 5 2 0 ( 0 ° ) 575 *1-2

h20 575 ( 2 0 ° ) 7 0 0 *3
CH^OH *400 ( 2 0 ° ) £ 0 0 *5
C ^ O H 390 ( 2 0 ° ) 7 6 0 43

n-C^HyOH 390 ( 2 0 ° ) 7 6 0 43
n-CtyHcjOH 3*5 ( 2 0 ° ) 7 2 0 43
n -C ^ O H 4i o 645 *3
n-C^H^OH 3^5 ( 2 0 ° ) 7 2 0 43
n»CgH"̂ *jfOH 3*5 ( 2 0 ° ) 7 2 0 43

h 2o 64o 6 6 o **•2
C ^ O H 550 1 5 1 0 *1-2

n - C ^ L o H *K>0 SOO **2

n-C^HyCOgH 4 5 5 1 0 5 0 42
CgH^OOCCH-j *1-20 735 42

C6H5no2 3 6 0 *K>5 42
c c i4 3 0 0 420 **■2

C 6 H 6 2 2 0 2 1 0 42
Is o -C g H ^ 155 1 2 0 42

h2o 9 0 0 (0°) 1 6 9 0 44
h2o 6 7 0 9 6 0 45

h 2° 7 2 0 1 0 9 0 4l

h 2o 1 0 0 0 20 SO 46
h2o 6 S 0 9*5 4 5

C ^ O H 5 7 0 1 6 2 0 4l
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Table IX (Continued)

Surface Energy Values from Heat of Wetting Data
In ergs/cm.2 - Calculated from Equation (62)

All values at 25° Cc unless otherwise Indicated

Solid Wetting Liquid “ A W * Reference
11 J W  P . . ' "  ! M WJ;' <1' ■ ■|V  M1 'iX-

3 10 2 n-Cj^OH . ^70 i l i o
....

CH^COQCg^ 5 2 0 1 1 5 0 4l
cci^; ISO 1 5 0 4i
<V *6 2 2 0 2 1 6 46 . .

n”°7Hi6 2 3 0 2 6 5 41
ZrO HgO 7 2 0 1 1 0 0 4ic CClij. 3 4 0 535 41

C6H6 2 6 0 290 4l
iso-CgH^g 190 1 3 0 41

c 6h 5N02 - 390 4*5 4l

CuO HgO 7 0 0  (0°) 1 0 0 0 44

Sn02 HgO g o o 1 3 3 0 4i

’ n - C ^ O H * 5 5 0 1 5 1 0 4l

CH^COOCgHc 5 9 0 14-50 4i

C C lh ft 3 * 6 0 0 41
C6*6 1 2 9 0 3 0 0 4l

Iso-C^g 1 7 0 145
1

41

ZrSiOii 9 7 0 19*50 *0-
C C l ^ 4 7 0 920 4l

C6H6 3 3 0 4o o 41
lao-CgHjg 240 290 41
C ^ H O g 5 1 0 £10 41
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Table IX (Continued)
Surface Energy Values from Heat of Wetting Bata
In ergs/em.2 - Calculated from Equation (62)

All values at 25° C. unless otherwise indicated

Solid Wetting Liquid ^ N vA/ Referenoe

Graphite h 2 o 3*5 310 4i
CgH^OH 300 450 4i
CCl^ 255 300 4l
°6H6 235 350 4i

Graphon HgO 170 62 *5
CaF H2° 1170 2900 46

c c i * - 160 110 46
n“ ° 7 h 6 225 250 46

ZnS HgO 2170 10,000 *6
o c i k 13*0 7,700 46

n-07%6 390 760 46

PbS HgO 2750 16,200 46
CCI^ 135 1*J0 46

n~°7Hl6 *35 2,000 46

KCl C d k 135 760 46
n-CyHi6 ■59P 760 46

8r80i|. HgO 435 (20°) *KX) 47
CH^OH 250 (20°) 315 >7

n—CgH^yOH 265 (20°) 350 47
PbSOi|. HpO 510 5!S

C H t O H 370 (20°) 630 47
n-CgH^OH 360 (20°) 650 47

PbCr04 H2° - 44o ( 0 ° ) 413 43
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Table X
Surface Energy Values of Solids - High Energy Surfaces

Temperature Solid
..... .........

Surface 
Energy 

ergs/cm.

Number
of

Liquids
used

Average 
Deviation from the 
Mean

0°
1

BaSOĵ * 575 1
20° BaSOij. 7^o 7 3.9*
25° BaSO^ £LS 2 3M
25° T102 (anatase) 903 3 10.8*
0° T102 (rutlie) 1690 1 ---

25° T102 (rutlie) 960 l ---
25° sio2 1117 3 2.5*
25° Zr02 1100 1 — -

0° OuO 1000 1 --oLT\CVI 3no2 l k 20 2 6.3%

25° ZrSiOj* 1980 1 —

25° CaF2 2900 1 —

25° ZnS 10,000 1 —

25° PbS 16,200 1 —

20° SrSCty 382 3 10.2*
20° PbSO^ 625 3 8 .5 %
0° PbCrO^ H-13 1 —
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Table XX
Surface Energy of Graphite - Using Data of Reference 30

Wetting Liquid
- A H *
ergs/cm.2 eu 2 ergs/cm. ergs/cm.2

°6H6 11* 69 121
Oyclohexane 101 66.3 105
p-Xylene 12* 5*. 9 1*2
Hexane 11s *9.2 1*2
n-Octane 120 50.2 139

CCl^ 115 62.9 126
n-BuOH 106 **.5 12*
OH^OH 119 **.* 1**

h 2o **7.5 u s 56.7

eight values « 130 ergs/cm.2 
deviation from the mean » 11. *£
seven values (not using oyclohexane) * 13* ergs/cm.2 
deviation from the mean ® &.3%

Mean of 
Average 
Mean of 
Average
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EXPERIMENTAL
I. Materials

The powders used in this study were: Mallinokrodt's 
analytical reagent grade copper oxide (CuO) and lead chromate, 
a laboratory stockroom sample of silica gel, Baker’s C. P. 
aluminum oxide and barium sulfate, Harshaw1s bone charcoal, 
and graphon (L-28SOB) from Godfrey L. Cabot Inc. Stearic acid 
was obtained in 99$ purity from Emery Industries through the 
courtesy of J. D. Fitzpatrick. Perfluorodeoanoic acid was 
obtained from the Minnesota Mining and Manufacturing Co.

All water used in the adsorption and wetting exper­
iments was first deionized and then distilled. It had a con-

-1ductivity less than 5 x 10 ° ohms .
Most of the powders were not of sufficient purity, 

but oontalned traces of soluble impurities which raised the 
conductivity of pure water on wetting. These powders were 
extracted with water to constant conductivity of the wash 
water, generally In the range of 5 x 10“^ ohms"1. This 
procedure minimized as far as possible errors in the heats 
of wetting due to heats of solution.

The above powders were chosen to fulfill the follow­
ing conditions:

1. The powder must be insoluble in water so that 
its heat of wetting, rather than a heat of solu­tion is measured.
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2. The powder must be available in a finely 
divided form of high specifio surface area so
as to give reasonable accuracy in the adsorption 
and wetting experiments.

3. The powders used should cover a range of surfaoe energies so that a comparison of high energy and 
low energy surfaces can be made.

k . The powders used should have varying types of 
particle geometry, so that the effect of 
porosity and surface heterogeneity on the 
results could be determined. Thus graphon is 
spherical, silica and bone charcoal are porous, 
and the remaining powders are non-spherloal and non-porous.

II. The Surface Area of the Powders.
The surfaoe areas of the powders were determined

by the nitrogen adsorption methods of Brunauer, Emmett, and
Teller^ and Harkins and Jura-*0, and by the gas flow method

51of Kraus, Ross, and Girifalco . A comparison and detailed 
discussion of the methods used has been given elsewhei^^l»52<

The surface area of the graphon was supplied by
•,

Godfrey L. Cabot Inc., along with the sample. The surface 
area of the aluminum oxide was determined by J. W. Ross'at 
the Applied Science Research Laboratory using the gas flow 
method. All other areas were determined by the author. The 
surface area values obtained are given in Table XII.

III., The Adsorption Measurements.
A schematic drawing of the adsorption apparatus, 

designed both for nitrogen and water vapor adsorption, is 
shown in Figure IV. The method essentially consists of '
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Table XII 
’ The Surfaoe Area of Powders

Powder Surfaoe Area 
m2/gm Method

Surfaoe Area
m2/gm 

Mean Value

811lea gel 701 BET 701
FbCrOty 3.75 BET 3.«3

M l HJ
3.73 gas flow

BaSOty M S BET M o
M 7 HJ

gas flow
A120t| 7.S9 gas flow 7.69
Graphon 95 BET 95
Bone charcoal 2^5 *BET 2^3

2*U HJ
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measuring the pressure in the known volume M both before and 
after adsorption, and thus computing the amount adsorbed as 
a function of pressure.

The apparatus is equipped with four pressure 
gauges: A Piranl gauge P to measure outgassing pressure; a 
Young and Taylor^ differential micromanometer MM with a 
magnification factor of lW-; a dibutyl phthalate manometer 
DB; and a meroury manometer H. In this way, pressures from 
0.01 mm. to atmospheric pressure could be measured.

An adsorption Isotherm is determined as follows: 
the powder sample is placed in the bulb 3 and outgassed at 
250° for six hours at less than five microns pressure, with 
all stopoooks open except 2 and 3. After outgassing, all 
stopcocks are closed and a constant temperature bath is 
placed around the sample bulb S. For nitrogen adsorption 
Isotherms, the bath consists of liquid nitrogen. For water 
vapor adsorption, the bath oonsists of freezing water glycol 
mixtures. If nitrogen adsorption is being measured, the 
desired quantity of nitrogen is admitted from I through 
stopcock 2. The pressure in the system Is then measured 
with one of the manometers. Stopcock 1 is then opened, 
thereby allowing the gas to eome in oontaot with the powder 
in 3, and the presatire is again measured. From the two 
pressures and the dimensions of the apparatus, the amount 
adsorbed may be calculated. If water vapor adsorption is
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being measured, the procedure Is the same except that in­
stead of admitting nitrogen from I, water vapor is admitted 
from the water reservoir W.

IV. Preparation of Powders Containing Preadsorbed Material. 
Figure V shows the apparatus used in preparing

powder containing a gfven amount of preadsorbed material.
jo

B

Figure V

The powdered solid is oontained in bulb A, and the
material to be adsorbed (steario or perfluorodecanoic acid)*
in bulb B. A dry ice bath Is placed around B and a furnace 
around A. The system is then pumped down to five microns
pressure or less, and the bulb A brought to 250° C. After

' 1outgassing for six hours, the glass tube is sealed off with
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a torch at C. The powder in A is then transferred to B by 
tipping, and the bulb B is then sealed off at D. The bulb B, 
now containing both solid powder and material to be pre- 
ad sorbed, is placed in an oven a few degrees above the melt­
ing point of the preadsorbate for five days. This allows the 
stearic or perfluorodeoanoio acid to distribute itself over 
the surface of the powder.

The fraction of the surfaoe oovered with organic 
acid can be calculated in two ways. Prom the specific area 
of the powder and the weight of organic acid, the fractional 
coverage can be computed if it is assumed that each acid 
molecule is standing upright with its carboxyl group at the 
surface. Then each acid molecule occupies an area equal to 
the area it would occupy in a olose-packed film on a liquid 
surfaoe. This assumption is probably good for all but the 
lowest coverages when long-ohain acids are used. The cross 
seotional areas of the acids have been determined experi­
mentally^.

The second method of computing fractional coverage 
is to determine the entire heat of wetting versus ooverage 
curve, with the ooverage plotted in rngrns. per gm, powder.
At the completion of a monolayer, there will be no further 
decrease in 14ie heat of wetting as the coverage increases. 
Then, assuming that equal weights of acid give equal cover­
age, the fractional ooverage for any given weight of acid
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may be calculated from the weight required to complete a 
monolayer.

In the case of stearic acid, data are available for 
the molecular orose-sectlonal area^, so the two methods can 
be checked against each other. The results are found to be 
in fair agreement using a cross-sectional area of 20

V. Calorimetric Measurements.
The magnitude of the heat of wetting is generally 

of the order of a few calories. In order to attain a reason­
able accuracy therefore, an extremely sensitive calorimeter 
is required. A twin differential microcalorimeter which was

gk gg g<$built by Berghausen, Pauser, and Buelteman^ t ana
modified by Paynter^?, was used in this investigation. The 
details of the instrument are given in references 5^ throu^i 
57 and only a brief description will be given here.

In this type of calorimeter, two similar units are 
used; one for the unknown heat change and the other for the 
introduction of known heats. Initially, the temperature 
difference between the two units is set to zero. After the 
unknown heat is liberated in one of the units, a temperature 
difference is noted. Known amounts of heat are then added to 
the other unit until the temperature difference is again zero. 
Jf both units are identical, the amount of heat added to the 
second calorimeter unit is equal to the amount liberated in 
the first unit. If the two units are not identical addition-
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al heating operations can be performed to determine the 
necessary corrections.

It is not neoessary to measure the absolute tem­
peratures or the heat capacities of the calorimeter units.
To detect temperature differences, a thermel was used con­
sisting of 125 series connected copper-oonstantan thermo­
couples. With the use of auxiliary electronic apparatus, 
temperature differences as small as a millionth of a degree 
could be detected.

The powder whose heat of wetting is to be measured 
is placed in a glass bulb and outgassed at 250° G. for six 
hours under a pressure of five microns or less. The glass 
bulb is then placed in one of the twin calorimeter units, 
both of which oontain pure water. A weight is then allowed 
to fall on the bulb thereby shattering it. The heat of 
wetting is evolved as the water comes in contact with the 
powder, and is measured as described above. A certain amount 
of heat is also evolved due to the breaking of the bulb. 
Paynter^? has conducted a detailed study of the heat of 
breaking by using empty bulbs. For the bulbs used in this 
Investigation the heat of breaking was ,25 + .10 joules, and 
this amount must be subtracted from every measured heat.
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RESULTS AND DISCUSSION

I* The Adsorption Measurements
Adsorption Isotherms of water vapor on barium 

sulfate were determined at -19.2° C. and -25.5° C. The 
results obtained are given numerically in Table XIII and 
graphically in Graphs I and II. The curves are typical 
sigmoid type isotherms in which the initial rate of change 
of adsorption with pressure is large, the rate of change in 
the central portion of the curve is small, and the amount 
adsorbed approaches infinity at the vapor pressure of the 
liquid. The data are seen to give smooth, Oonsistent 
curves and indicate that the accuracy of the adsorption 
measurements is satisfactory.

A plot of the differential heat of adsorption as 
calculated by equation (17) is shown in Graph III. At low 
coverage,the heat of adsorption is quite high. As the amount

i
adsorbed increases, the differential heat of adsorption drops 
very rapidly until monolayer coverage is reached, (5.5 x lO"1* 
moles adsorbed corresponds to monolayer coverage.) after 
which it rises and levels off at a value of 12. kcal/mole. 
This is just the heat of sublimation of ice at -20° C. and 
indicates that the adsorbed water a few molecular layers 
from the surface has the properties of ice.

The high initial heat may be Interpreted as being 
due to high-energy sites on the solid surface. Water raole-
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Table XIII
The Adsorption of Water Vapor on Barium Sulfate

Weight sample = 6.373 ^rams Speoifle Surfaoe Area ** *.70 m2/gram

Temperature . -19.2° C. Temperature » -25.5° C.
Pressure Moles adsorbed Pressure Moles adsorbed
mm. Hg x 10^ mm. Hg x 10^
0.009 1.2*9 0.000 1.3**
0.129 2.53* 0.003 ' 2.200
0.137 3.*30 0.033 3.093
0.330 *.673 0.27* *.390
0.1*52 5. *23 0.375 5.352
0.523 6.021 0.1*53 3.357
0.615 6.636 0.l*-63 7.532
O .691 7.303 0.462 3.356
0.316 3.215 0.462 10.077
0.333 9.127
0.336 10.123
0.337 11.393
0.335 13.903

.....„■« .
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Graph 2
The Adsorption Isotherm of Water on Barium Sulfate at -25.5°

Bata Taken From Table XIII

JO

o.i
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-95-- Graph 3

The Differential Heat of Adao option of rater on Bp*lum 
Sulfate. Data Takei From Tab le XIV

25

/C
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A^o/es A Jsorbtj y /o**
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culea are adsorbed on these sites first, thus liberating 
unusually large amounts of heat in the early stages of ad­
sorption. By the time Ho# of the surface is covered, no 
vacant high-energy sites are left, and adsorption starts 
taking place at the lower energy sites; thus the heat of 
adsorption drops rapidly. As the first monolayer nears 
completion, interactions between adsorbed water molecules 
become increasingly important. These interactions contribute 
to the heat of adsorption which therefore rises. As the 
number of adsorbed layers increases, the adsorption process 
beoomes a condensation process and the heat of adsorption 
approaches the heat of sublimation. The fact that the curve 
has a minimum below the heat of sublimation of ice indicates 
that the first few layers of water molecules do not have the 
crystalline form of ice, but rather exist in an amorphous 
liquid-like state. The short-range influence of the surface 
is therefore very great. However, at a coverage greater 
than two molecular layers, the surface influence is negligi­
ble and the water molecules take on the ice structure.

Graphical Integration of the differential heat of 
adsorption curves gives the integral heat of adsorption as 
2&2 ergs/cm.2
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II. The Heat of Wetting and the Energy of Adhesion.
The results of the heat of wetting measurements 

on olean, dry powders at O.650 C. are given in Tahle XIV. 
Duplicates were run on some of the systems to give an esti­
mate of the acouraoy of the method. In general an error of 
5-10$ oan be expected. This error is less in cases where a 
large amount of heat is evolved and greater where a, small 
amount of heat is evolved. When more than one measurement 
was performed, mean values were used in subsequent calcula­
tions.

The values,-^21 ergs/cm.2 for the heat of wetting 
of barium sulfate, 282 ergs/cm.2 for the integral heat of 
adsorption of ice on barium sulfate, and 119 ergs/om.2 for 
the surface energy of water, were used to compute the sur­
face energy of Ice by equation (11*0. The calculated value 
of the surface energy of Ice is then 172 ergs/om. . Using 
this value for , the adhesion energies of ice to solids 
were calculated. These results are given in Table XV.

Since these are the first known values for the 
energy of adhesion of solid-solid systems, no literature 
data are available which may be used as a basis of compari­
son with these results. That the results are quite reason­
able, however, may be seen from the following considerations. 
The surface energy of water, 119 ergs/om.2 is somewhat less 
than the 172 ergs/om.2 given above for the surface energy of
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Table XIV
The Heat of Wetting of Clean Powders at 0.65° C.

Powder
Weight
of

Sample
Uncorreoted

Heat
Corrected
Heat Corrected

Heat
gms. Joules Joules/gm. ergs/cm.2

BaSCfy. 7.200 -1^.50 -1.980 -*{■21
PbCrOty 2 . 7 * )

2 .& 6 k
-3.86
-3.60 -1.318

-1.170 -344
•4 o S

AlgO^ K f$ 3 5
^.983

-2^.90
-22.90 -670

-591
3102 3.7803.10^ -*^9.5

-372.9
-118.9-120.0 -169

-171
Bone charcoal 3.802

3.990
-202.3
-2^2.6 -56.2-60.9 -231-250

(Jraphon 2.391 -6. -2.75 -29.0
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Table XV
The Adhesion Energy of Ice to Solids 

Using = 172 ergs/cm.2; = 119 ergs/om.2

Solid A  Ex*
ergs/om.

BaSO^ 639
PbCrO^ 530
AlgO ̂ 3S5
Sl°2 339
Bone charcoal
G-raphon 17^
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ice. Since the surface energy of solids can be expected to 
be above that of liquids, 172 ergs/om.2 is certainly of the 
correct order of magnitude for the surface energy of ice. 
Also, the polar hydrophilic solids have a high energy of ice 
adhesion, while the non-polar hydrophobic graphon surface 
has a low energy of ioe adhesion. This is entirely in line 
with general expectations.

Beyond the general consistency of these data with 
known facts, no more specific check on the results ean be 
made because of the lack of literature data on the subject.
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III. The Heat of Wetting as a Function of Preadsorbed 
Material and Surface Heterogeneity.

Measurements of the heat of wetting as a function 
of the amount of preadsorbed material were carried out on 
lead chromate and aluminum oxide. On lead chromate, two 
different preadsorbates were used; perfluorodecanoic acid 
and stearic aoid. On aluminum oxide, stearic acid was used 
as the preadaorbate. The results of the heat of wetting 
measurements are given in Tables XVI, XVII, and XVIII and 
in Graphs 5» and 6. (For convenience, these tables and 
graphs are collected at the end of this seotion.)

Usine the value 20.5 for the cross-sectional
area of the stearic acid molecule, monolayer ooverage for

_kstearic acid corresponds to 2.31 x 10 mg. of stearic acid 
per cm. of surface. This value was used in calculating 8, 
the fraction of the surfaoe covered.

No cross-sectional area values for perfluoro- 
deoanoic acid are available in the literature. At a ooverage

w!i pof 2.0 x 10 mg. of perfluorodecanoic acid per cm.c of sur­
face, the he.at of wetting of lead chromate was observed to 
become zero, as may be seen from Graph Furthermore, 
increasing the ooverage does not change the heat of wetting. 
This ooverage was therefore assumed to correspond to a mono­
layer; i.e., 8 = 1. The cross-sectional area calculated from 
this value is *1-2.5 &2, which i8 about twice the cross-sec­
tional area of stearic aoid. While the cross-sectional area
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of the perfluoro acid would be expected to be considerably 
larger than that of stearic aoid, the value ^2.5 is 
probably too hif̂ i. The heat of wetting method does not 
give an unequivocal value for the area per molecule of per- 
fluorodeeanoic aoid, but the value is well within the right 
order of magnitude. Examination of Graph k shows that if 
the point at 1.06 x 10" ̂ mg. per cm. 2 surface were too low, 
the curve could be drawn in such a way that zero heat of

uwetting would not be attained until a ooverage of 2.7 x 10
pmg. per cm. were reaohed. This would correspond to a 

cross-sectional area of 31,5 &2.
At any rate, until Independent data on the cross- 

sectional area of perfluorodecanoic acid beoomes available, 
no course can be empirically Justified other than taking

_!i pmonolayer coverage to correspond to 2.0 x 10 mg. per em. 
surface. As long as the same curve is used in oomputing 
both monolayer coverage and the values of h, the erigors in 
the final curve of £ vs. 0 are not likely to be great.

With the values of 6 calculated on the basis of 
the above values for monolayer coverage, h, the heat of 
wetting due to the bare part of the surface, and , the 
surface energy at 0 coverage, were calculated from the 
smoothed out curves using equations (75) and (20). The 
derivative was computed graphically from a plot of
h vs. 0. The results of these calculations are shown in
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Tables XIX, XX, and XXI, and in Graphs 7» 9, 10,- and 11.
Graphs 4 and 5 show that perfluorodecanoic acid 

and stearic acid are equally effective in lowering the heat
ry

of wetting of lead ohromate, up to about 10 mg./cm. sur- 
faoe ooverage. Eeyond this coverage, perfluorodecanoic acid 
is more effeotlve than stearic acid in lowering the heat of 
wetting. The stearic acid monolayer has a heat of wetting 
of about ergs/cm.^ whereas the perfluorodecanoio acid has 
a zero heat of wetting. This is in accord with the observa­
tion made in a previous section that hydrocarbon surfaces 
have a considerably higher energy than perfluoro surfaoes.

The heat of wetting curve for aluminum oxide, 
shown in Graph 6, Is seen to be of the same general form as 
the curves for lead ohromate. Several discrepancies should 
be noted, however. A comparison of Graphs 5 and 6 shows 
that the same amount of stearic acid, at low coverages of 
aoid, produces a considerably greater drop in the heat of 
wetting of aluminum oxide than in that of lead chromate.
This indioates that a smaller percentage of the sites on 
the alumina surface have very high energy. On the lead 
chromate surface', the same amount of energy Is distributed 
over a greater number of sites. This conclusion is verified 
by the surface energy distribution curves of Graphs 10 and 11.

The curve of Graph 6, for stearic aoid on alumina, 
was the only one that showed a slight, but definite, rise
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after the completion of a monolayer. This rise could be due 
to adsorption in the second layer taking place in such a way 
that carboxyl groups are sticking outward rather than hydro­
carbon chains. Why this phenomenon was not observed in the 
lead chromate systems is not clear. The specific surface 
area of the lead chromate was about half that of the aluminum 
oxide. The same rise in the heat of wetting of the lead 
chromate samples would be twice as difficult to detect, so 
it Is possible that experimental error masked a slight rise 
in the heat of wetting.

The heat of wetting of the lead chromate systems 
levels off at the expected monolayer coverage of acids. In 
the alumina system, however, the heat of wetting beoomes con­
stant at only about 35/* of the monolayer coverage. A 
possible explanation of this Is given below.

Graphs 5 an<̂  6 show that the heat of wetting of 
stearic acid adsorbed on lead chromate is about Uo ergs/cm.2,
but the heat of wetting of stearic acid adsorbed on alumina

P ^is about 75 ergs/cm. . The stearic acid molecule is long
enough so that the ends of the hydrocarbon chains are far
removed from the influence of the surface. A stearic apid
film therefore would be expected to give t he’same heat of
wetting regardless of the nature of the underlying substrate.
The heats of wetting for powders containing large amounts of
stearic acid were quite small, and it is possible that the
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experimental error of these low heats la sufficient to 
account for the discrepancy. The faots that the heats of 
wetting were fairly constant with coverage in this region, 
and that the scatter of the points was not sufficiently 
great to cover a hand of JO ergs/cm.^ In width seem to 
argue against this possibility. An alternative ■explanation 
might be that the films formed were not of tight enough 
packing to prevent some diffusion of water molecules to the 
surface. Aluminum oxide is muoh more baslo than lead 
chromate. Thus in approaching the alumina surface a steario 
acid molecule could liberate a proton which could migrate 
into the aluminum oxide. The basic alumina surface could 
then repel the stearate ion and the film would then be 
loosely paoked. If this repulsion were strong enough, an 
inversion could oocur suoh that the stearate ion would be 
adsorbed with its hydrocarbon towards the surface and its 
carboxylate ion away from it. Both the loosening of the 
film and the inversion of adsorption orientation would lead 
to heats of wetting higher than the heat of wetting of a 
stearic acid monolayer. These effects would not be expeoted 
on the relatively nonbasio lead chromate surfaoe, so the 
results would be as indicated In Graphs 5 &nd 6.

Graphs J, 6, and 9 give the distribution functions 
for the heat of wetting on lead ohromate and aluminum oxide. 
For lead chromate, two curves were computed, one from heat
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of wetting data using perfluorodecanoic acid and the other 
stearic acid as the film forming substance. The method of 
calculation is such that the results should be independent 
of the nature of the film and, since the substrate is the 
same in both cases, Graphs 7 and 3 should be Identical. 
Actually, the two curves differ considerably. Part of this 
difference Is certainly due to the Inaccuracies inherent in 
choosing values for monolayer coverage and in drawing the 
proper curve to fit the original heat of wetting data. The 
greatest discrepancy Is seen to exist for values of 0 below
0.25; i.Q.» at low coverages of organic acid. In computing 
0, it was assumed that each acid molecule stood upright and 
covered an area on the surface equal to its cross-sectional 
area. At low coverages this assumption may be inaccurate.
It is more probable that the long-chain molecules either lie 
flat on the surfaoe or are tilted at an appreciable inclina­
tion from the normal. In either oase, each moleoule would 
cover more area than if it were standing upright. In the 
flat or tilted configuration, the longer the chain, the 
greater the area that would be covered. Hence, the longer 
the chain length of the aoid, the greater the reduction in 
the heat of wetting by a given number of molecules. The 
curves show that at low coverages stearic acid is more 
effective than perfluorodeoanoio acid in decreasing the heat 
of wetting as required by this hypothesis.

/

t

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-107-

Graph 9 gives the distribution function for the 
heat of wetting of aluminum oxide. The heat of wetting is 
seen to become constant after a value of e = 0 .Ji is reached.

Graph 10 gives the surfaoe energy distribution for 
lead chromate, using two different preadsorbates in the 
measurements. The two sets of data were computed from 
Graphs 7 and g. The agreement between the two sets of data 
is good, especially considering the experimental difficulties 
involved and the approximations and errors inherent in the 
calculations. The difference noted above between the re­
sults obtained with perfluorodecanoic acid and.stearic acid 
still exist but to a lesser degree. As shown by the distri­
bution curve, only a small part of the lead chromate surface 
has a very high energy: only 10% of the surface has energy

Oabove 1100 ergs/cm.1" and only 20% has energy above 500 ergs/ 
cm,2. About 60% of the surface has energy less than 
200 ergs/cm.2. The surface of lead ohromate therefore is 
quite heterogeneous in that sites having energies of greatly 
differing magnitudes are present.

The distribution of surface energy for aluminum 
oxide is shown in Graph 11. About Ho# of this surfaoe is 
highly heterogeneous, and sites of greatly varying energies

   r • r — * .

are present. The curve indicates that the remaining of 

the surface, however, has a constant energy of 77 srgs/crn.2. 
The alumina surface therefore is more homogeneous in its
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homogeneous portion, and more heterogeneous in its heteroge­
neous portion, than the lead ohromate surface.

These data provide an Interpretation for the fact 
that the heat of wetting of the aluminum oxide system levels 
off at 35$ of monolayer ooverage. The value of 77 ergs/om.^ 
is only a little higher than the surfaoe energy of a hydro­
carbon surface previously computed from contact angle data., 
If the preadsorbed film and the bare part of the surface 
have the same surface energy, the heat of wetting would be 
constant with ooverage.

It would seem surprising, however, that an Ai^O^ 
surface should have such a low energy. Alumina Is known to 
have a great affinity for water and it is possible that a 
hydrate was formed on part of the surface that was not de- 
composed during the outgasslng procedure. The chemisorbed 
water would be expected to lower the surface energy and 
smooth out surfaoe heterogeneities. Thus it would be 
expeoted that the low value of 77 ergs/om. corresponds to 
a hydrated surface and not to the substance Al^O^.

The experimental levelling off of ts vs. 0 for 
aluminum oxide is believed to be real for the following 
reasons:

1. The error due to loose packing of the film, or 
the presence of 15inverted" stearate ions is 
subtracted out by the method of calculation.

P. A large error in the surface area of the 
alumina is unlikely.
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3. Chemiaorbed water would^tend to lower the sur­
face energy and smooth out heterogeneities.

The presence of chemlsorbed water leads one to 
expect that the homogeneous portion of alumina would be 
more homogeneous than the homogeneous portion of lead 
chromate. Alumina Is prepared by dehydration of a hydrate, 
and lead chromate by preolpitatlon from solution. As a 
result, the lead chromate crystals are more homogeneous and 
more perfectly formed than those of alumina. Because of 
this It is to be expeoted that the heterogeneous portion of 
the alumina would be more heterogeneous than the heteroge­
neous portion of lead ohromate.

It Is evident from these curves that the high 
energies of Ice adhesion for alumina and lead chromate, 
listed In Table XV, are largely the result of about 30# of 
the available surface having energy greatly In excess of the 
average value. Most of the loe Is bound to the surface 
rather loosely, but the presence of some very high energy 
sites results In a fraction of the surface being attaohed to 
the Ice by very strong bonds. As noted above, the first few 
layers of water molecules no doubt exist In an amorphous 
rather than orystalline oondltlon, so that the contribution 
of the Ice to the adhesion energy may be considered as con­
stant over the surfaoe. Because of this, the distribution 
funotlon for the energy of ice adhesion would be expeoted to 
have the same form as Graphs 10 and 11.
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It la fairly certain that the results Just given 
represent correctly the general form of the energy distribu­
tion of the lead ohromate and aluminum oxide surfaces. Be- 
oause of the theoretical and experimental limitations in­
herent in the method, the absolute values of the surfaoe 
energy distribution are only approximate. The experimental 
difficulties alone could probably lead to an error as great 
as 10$. It was assumed in this work that ^ was equal to 
unity. A 3% error in this assumption gives a 10% error in 
the surface energy values, since ^  enters as a square term 
in the equation for the surface energy. On account of this 
and the other approximations discussed above it is felt that 
the energy values in curves 10 and 11 should not be taken too 
literally. Rather, the curves indicate the expeoted magni­
tude of surfaoe energy and the general trend of the distribu­
tion funotlon.

In spite of their approximate nature, the results 
are valuable in that they are the first direct measurements 
of surface heterogeneity. The distribution of surface 
energy has been Investigated previously by means of adsorp­
tion experiments'*'0 . The differential heat of adsorption was 
plotted against the amount of gas adsorbed and, by assuming 
that all differences in the differential heats were due to 
differences in the solid surface, a distribution function 
was computed. A serious limitation to this procedure is that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-Ill-

adsorbed molecules Interact with each other as well as with 
the surface. Thus at all but the lowest coverages, the heat 
of adsorption Includes not only the energy of Interaction 
with the surface, but also the energy of Interaction between 
adsorbed gas molecules. The heat of wetting method la not 
subjeot to this limitation since the heat of wetting Is an 
Integral property and Interactions between water molecules 
is only very slightly involved In the wetting process.
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Table XVI
The Heat of Wetting as a Function of Preadsorbed

Perfluorodecanoic Acid on PbCrOty. at 0.65° C.
Speoific Surface Area «= b.&2 m.2/gm.

Weight
PbCrOij.
gm.

PFA
mg.

PFA 
per cm.2 
surface x 1 0 *  .

Uncorrected
Heat
Joules

Corrected Heat* 
Joules/gra. ergs/cm.2

2.7^ 0.00 0.00 3.«62 1.32 3bk

2 . 8 6 ^ 0.00 0.00 3 . 6 o b 1 . 1-7

5.01^ 1.5^ o.os 5.^09 I . 0 3 2 6 s

5.009 S. 614- 0.^50 2.5^3 0.^65 1 2 1

b . $ $ 9 15.05 0.7SS 1.917 0.335 37
M-.966 35 M l.S6i 0 . 1 7 8 - 0 . 0 1 ^ - b

5.017 53.50 2.79 0.125 - 0 . 0 2 U -  6

5.005 70.67 3.69 0 . 6 3 1 0.076 2 0

M 7 7 73.50 3.36 0.121 *0.026 -  7
5.002 102.23 5.35 0.563 0.062 1 6

M 03 10^.59 6 . 6 6 0.095 -0.037 -  1 0

* 0.25 Jourles was the heat of breaking, so this value was
subtracted from the unoorrected heat, and the result used

pin computing the corrected heat per gram and per cm. .
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Table XVII
The Heat of Wetting as a Function of Preadsorbed

3tearlo Acid on FbCrÔ  at O.650 C.
Speciflo Surfaoe Area «= 4.82 m.2/gm.

Weight
FbCrO^

gm.
SA
mg.

SA
per cm.2 
surfaoe 
x lo4

Uncorrected
Heat
Joules

Corrected
Joules/gm.

Heat
ergs/cm.2

2.740 0.00 0.00 3.862 1.32 344
2.864 0.00 0.00 3 . 60b 1.17 4o8
4.991 0.64 0.034 3.838 0.720 188
5.004 7.57 0.396 2.861 0.522 136
4.993 14.52 0.760 1.528 0.257 67
5.003 30.62 1.599 1.799 0.310 81
5.007 51.62 2.70 1.131 0.176 46
4.999 71.72 3.75 0.883 0.126 33
5.006 92.96 4.85 -0.008 -0.052 -14
5.048 106.13 5.50 1.192 0.186 49
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Table XVIII
The Heat of Wetting ae a Function of Preadsorbed

Stearic Acid on Al̂ Ô  at 0.65° C.
Specific Surface Area = 7.69 m.2/gm.

Weight
gm.

SA
mg.

SA 
per cm. 
surface
x 10^

Uncorreoted
Heat
Joules

Corrected 
Joules/gm.

Heat
ergs/om.2

*+.$35 0.00 0.00 21+.9 5.15 670
0.00 0.00 22.9 5+.5>+ 591

M S 3.95 0.103 7.32 1.5+2 1$5
*+.93 $.51 0.225 7.59 1.5+9 195+
5.03 7.29 o.i$9 3.7*+ 0.70 91
i+.9$ i K i 0.36$ M 5 0.92 120
5.02 23.2 0.601 } A 9 O.65 $5+
5.02 31.1 0.$0$ 3.10 0.57 71*-
5+.9S 35.0 0.915 *+.75 0.90 11$
5.13 5+6.1 1.170 3.H 0.55 72
5.10 59.0 1.50S 3.15 0.57 75+
5.05 65+.9 1.670 1.7« 0.30 39
5.02 76.9 1.990 3.19 0.59 76
5.00 $1.5+ 2.22 3.*+2 0.63 $2
5.01 9$.6 2.57 5+.01 0.75 9$
5+.99 102.5+ 2.6$ 3.52 0.66 35
5.o*+ 109.1 2.$2 5+. $0 0.90 11$
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Table XIX
The Surfaoe Energy Distribution of PbCrO  ̂Calculated
from the Heat of Wetting, as a Funotion of Preadsorbed

Perfluorodecanolo Aoid, at 0.65° C.

8
”  A  Hvs'

ergs/cm.^
~  h

ergs/cm.^
dh
d e

0 . 0 3 g o 330 3 1 7 0 7 2 0 0

0.05 2 9 0 305 1 2 1 2 21445

0 . 1 0 2 2 0 2^5 852 1*450

0 . 2 0 1 5 0 137 1448 6 6 2

0.30 105 150 350 1411

o M 70 117 288 2 8 7

0 . 6 0 27 6 8 213 139
0 . 8 0 5 25 1 6 2 6 2

1 . 0 0 0 0 1 1 0 30
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Table XX
The Surfaoe Energy Distribution of FbCrÔ . Calculated
from the Heat of Wetting, as a Funotion of Preadsorbed

Stearic Aoid, at O.650 C.

e - A H „
ergs/om.2

-h
ergs/om.2

dh
de ergs/cm.2

0 . 0 5 1 9 0 196 1^35 2 0 3 0

0 . 1 0 15M- 167 5 0 2 755
0 . 2 0 109 125 2 5 0 329
0 . 3 0 S9 109 1 7 2 223
O . U o 73 93 115 155
0 . 6 0 56 75 9 4 1 1 0

o . s o 70 74 S 6

1 . 0 0 *3 *3 57 55
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Table XXI
The Surface Energy Distribution of Al̂ Ô  Calculated
from the Heat of Wetting, as a Function of Preadeorbed

Stearic Add, at O.650 C.

0 - A U w pergs/om.
- hergs/cm.2

dh
de

0.05 310 CMCMff'N 3335 « 6275
0.10 170 131 1270 1630
0.20 102 109 372 395
0.30 33 9* 163 201
O.llO 73 73 63 ill
0.60 73 73 0 77
0.30 73 73 0 77
1.00 73 73 0 77
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O-raph ^
The Heat of Watting of Lead Chromate as a Function 
of the Amount of Preadsorbed Perfluorodeoanoic A d d  

Data Taken From Table XVI
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Grraph 5
The Heat of Wetting of Lead Chromate aa a Funotion 

of the Amount of Preadsorbed Stearlo A d d  
Data Taken From Table XVII
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Graph 6

The Heat of Wetting of Aluminum Oxide as a Function
of the Amount of Preadsorbed Stearic Acid 

Data Taken From Table XVIII
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Graph 7

The Contribution of the Bare Part of the Surface to 
the Heat of Wetting of Lead Chroraate Containing Preadaorbed 

Perfluorodeoanoio Acid. Data Taken from Table XIX
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Graph &
The Contribution of the Bare Part of the Surfaoe to

the Heat of Wetting of Lead Chromate Containing Preadsorbed
Stearic Acid. Data Taken From Table XX.
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Graph 9

The Contribution of the Bare Part of the Surface to the 
Heat of Wetting of Aluminum Oxide Containing Preadsorbed 

Stearic Acid. Data Taken Prom Table XXI
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O  FT A DATA 
□ S.A. Da t a

Graph 10
The Surfac e Energy Distribution of Lead Chromate 

r * Data Taken From Tables XIX and Xh
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Graph 11
The Surfaoe Energy Distribution of Aluminum Oxide 

Data Taken From Table XXI
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A theory has been developed that makes possible 
the calculation of the energy of adhesion of ice to solids 
from heat of' wetting and adsorption data. Experiments were 
performed on six different solids, and the energy of ice 
adhesion calculated for them. The results of these calcu­
lations were consistent with known facts. A specific check 
of the data with the literature was not possible since no 
adhesion energy values for solid-solid systems have been 
reported.

Several approximate relations between surface 
quantities arise from the theory, that could be checked with 
known experimental data. These equations include surfaoe 
energy, surface tension, and contact angle relations. All 
of these gave reasonable agreement with experiments.

A method has also been developed for investigating 
surfaoe heterogeneity and determining the distribution func­
tion for the energy over a surface. The above mentioned 
theory was used to compute this distribution function from 
the heat of wetting as a function of preadsorbed material. 
The results of these measurements Indicate that the two 
surfaces Investigated, lead chromate and aluminum oxide, 
are quite heterogeneous. Only about 30$ of the available 
surface contributes to the high energy surface properties of
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these substances, the remaining J 0 % having relatively low 
energy.

<

Although experimental and computational diffi­
culties make this work somewhat approximate, the results 
are thought to be of great value. These data represent 
the first adhesion energies measured for solid-solid systems, 
and the first direct measure of the heterogeneity of surfaces 
in regard to their energy.
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