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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 1s, the intermolecular

- 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'oomputed for only the simplest
of systems, as for example, graphite in contact with carbon
tetraohlorldel, and even in these ocases the error may be
large, There are several reasons for thls unsatisfaotory
gituation, PFirst, present knowledge of intermolecular forces
is simply not extensive enough to deal with molecules that
are not spherical and do not interact pre&ominantly 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 immedlate region of the interface,
this 1s a serious handicap., ‘' Finally, real interfaces possess
eracks, flaws, and irregularities that may be serious enocugh
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- to completely sontrol the properties of the adhering system,

The thermodynamic funetions of adhesion for 11quid-
1iquid systems can he obtalined from surface and interfacial
tension data, and for solid-liquid systems rrom'heata of
wetting and works of adhesion. No method of measurement has
yet been given for eolid-solid systems, This is unfortunate
#inoce most of the adhesive systems of interest found in
practice are of the solid-solid type,

. Some progress, however, can be made in the solid-
80114 adhesion problem. This paper reports an attempt to
obtain energiles of adhesion and oohesion from heat of wetting
and adsorption data, using an approximate theory based on
the Fowler and Guggenheim 1ntegralsa for the adhesion energy,
The method essentially resolves itself into determining the
surface and interfacial energles of solids,

Because of the pronounced heterogenelty of most

~surfaces and interfaces, the energies thus obtained are

average valueg and do not give a complete desmoription of the
surface energetics, To completely characterize a surfaoce,
the distribution funotion for the surface energy, 1.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 dlstribution funetion ocan be evaluated, The theo-

i
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retlcal basis of the method is the definition of\thekmean
and the approximate theoﬁy from the Fowler—duggenheim inte-
grals,

In applying the theory to the measurement of the
adhesion energy of ice to various solids, it was found possi-
ble to cancel out approximations due to%slmplirying assumnp-
tions by using adsbrption data, The adhesion energy thus
calculated is limited largely by the accuracy of the experi-
ments rather than of the theory. o

Although the primary purposge of this work 1s the
elucidation of some adhesion phenomena, the theory leads

- to a set of mathematiecal relations between other surface
quantities, These relations were explored in testing the

theory,
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THEORETICAL DEVELOPMENT, I, FUNDAMENTALS

I. Thermodynéhies of Adhesion

The definitions of the thermodynamic funotions of
adhesion given in this seotion are essentially those of
Harkins® with some changes in notation and emphsasis so as to
‘present a logical struoture consistent with the purpose of
thie work, |

The process of adheslve failure nay be achematically

represented as‘follows:
I

A 8 —s A o+ B (1)

T
In this process two phases A and B, in contact aocross an
interface II', are separated to give two phases removed an
infinite diatancé 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/ represgents phase B with
its own surface,

The only difference between the initial and final
states in the adhesive fallure process, ig that the interface
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f'hatwaan the twc phaces %as basr, Yﬁpwaﬁéﬁ by the two fraa
?[aﬁrfaees Thues if

= ‘surface energy of A per =m,°

%',mvag?facsjen&rgykﬁf B psr.cmyg

€ ap = snergy of the A/B interfacs per om,”

. tﬁén'the energy of adhesive fallure per en,© of interface
7 may be dafined &8s

3
d -
(ﬁt*y ia the eneryy ﬂf adneaior of A to B psr cu,v o7 sdher-
ing interfsce,
G &imil&rly the free snergy of adhesives faliure per
7}€§;2;ﬁ1?§§ 1s given by

-d

A i"ab K LI . (%)
Y, = surface free energy of & per om, €
Yo = surfaae fros snerey of B per cm,g
,;th “,1nterfaci&1 frae energv of 4 in aontac* with
‘B per em,
{ji}@ﬁ,ﬂﬁhe entropy axfadhesiva failure 18
«ﬁiag’g Sa fg ”5géh'j ' e B

If both phataﬁ ara thc aaaa, tha proaasa wegra~

jntad by {1? is tha$ at aahas$ve railura amﬁ aquatiaaa {2y,
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‘f {#), and (%) become the energy, rrae energy, and entropy of
; cq%saiva failure, Writing these for phaso ,

4}53 = 2 €4 (3')

AFy = 27 ')

A5a = 254 | ")
aimslaxuy'rer phase B,

AE; - 2 (3'")

AR =27, (&)

NSy 28, T

| These equations result from equations (3), (h),
ﬁfina (5) when both phases are the sama, since there is no
A}intorfaae betwacn phases A and B,

ii Ihen both phases are liguid, no difficulty at all
gézs et in obtaining the thermodynamic funetions of adhesion,

;?lll the surfsee and interfacial propertiss are readily avail-
h lh10ffrom gurface and interfacisl tension measursments,

¥f | If one phasa is 1liqulid and the other phase solid,
>fth§ aﬂhaaion funetions cen st1ll be obtained from heat of
_ ﬂatt1ng and work of adhesion mesgurementg, When a sclid is
fginaﬂrsad in & bulk 1iquid, the process 18 one of destroying
i;a acliﬁ surfaca and craating 8 salid«iiqnid 1nterfaca The
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energy 1iberated 1s oalled the heat of wetfing and may be
written as follows:
AHG = €™ & {6)
AH, = heat of wetting per om, 2
€. = energy of the golid-liquld Iinterface per em.z
65 = energy of the g0lid surface per om.z

Equation (3) for the golid-liquid oase becomes

a
AE, SE v bl - € (7
where ¢, = energy of the liquid surface per om.2, Oombixiing'
(6) and (7) gives
—~ d
AtSL T €L - AHW (8)

8ince the heat of wetting e¢an be measured calorimetrioally,
the energy of adhesion of a liquid to a solid ca.ribe deter-
rined,

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

a _
AFSL— 'K +yL'YSL (9)
From Young's equation,

Yo 5 Yiw - Y. ot (10)
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mentally measurable gquantities.

None of these methods are applieable to determining
th@ energy or free energy ér,adhesion for solid-golid sgystems,
Before describing the method for obtaining surface and inter-
faclal energles for'aollds, and therefore the energies of
adhesgion, the relation between the energy of adhesion and of
adgorption will be summariged,

A two-phase adhesive gystem may be formed by the
adgorption of one phase onto the other from the wvapor state.
If the adsorbed layer 1s a *duple . film"*, 1l.e,, 1s suffi-
plently thiok sc that its free surface has the same proper-
ties 1t would have if the substrate were not present, the
final system would be the same as the adhesive system of
Qquation (1). The adsorption of vapor on a substrate may be
considered as ococurring in three hypothetlical steps as
fellown:

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

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

3. Adhere this film to the substrate

The overall energy change is the heat of adsorption
of the rilm,<:Qd . In terms of the sbove three steps the
heat of adsorption of the film is

Qa = Qe - 2€.Y + AELT (13)
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(Qs = energy of condensation of the vapor to the bulk
phase A

€ 3 = surface energy of phase A

AEa = energy of adhesion of phase A to the substrate
rhage B

Y, = surface area of the substrate

S8olving for the energy of adhesion,

AEgb - (QOZZ Qs + 2 éq (14)

The quantity ( Q4 - (Y5 ) is the net heat of adsorption of
A on gubstrate 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 ( Qg - Q.) 18

CQQ“<QS = J/(9a~ ﬁg\cfh (15)

In this equation, q, is the differentisl heat of adsorption
per mole of Aon B and qg 18 the heat of vaporization per
mole of A, As n lncreases, (g approaches g4 so that the
Aintegrand i1s zero after a finite value of n,

qg can be measured isosteriecally by obtaining
adsorption isotherms at two or more different temperatures
and piocking off points of equal adsorption, The differential
heat of adsorption can then be caloulated from an equation
‘offc1ausius-clopeyron type! for the particular amount ad-

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



\ BT . RTH . ae

y P preuuro at n mles a.ﬁscrbo&
, In the 1mgm$od Tornm at m é;r:rannt m&w
‘;_’tma Tl and ’i‘z this is .
.ﬂ}ﬁt
“5 () 2?03 /6 ( FCA 9
) .
u? R T &'3 7:'7 M’co s'r ‘17“}
p2 = pressure when n moles are adsorbed at ?a
| ?1 = pressurs when n mlcs are erbna at t].

Thus the energy of adhesion ean ba‘mmraga b;rk’
'thu method provided that one of the phases is volatile B
~ enpugh to permit the determination of adsorption uothms, "
a.ud provided that the aurtace energy of the &asorboa M
| : 1: known, The method has been applied to the mouarmt
of the adhaamn enargy of ice to several wlias, using W
fase energy values obtained trom heat of ntt;ng mmrmnta
, nnd the theory basmed on the i‘mjlar and Gusgqnhoim into@al;. .
~ The detalls of this work will be given in a later :octian., ',   |
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II. Moleocular Forces and Adhesion

As shown by equatlohs (7) through (12) both the
energy and free energy of adhesion are measurable quantities
for solld-liquid systems, From equations (7) and (9)

€ -€, =AEL -6 18)

V=Yoo = AFSQL -N (19)

In these equations, AE'zL , AF;‘}_ , €, and Y, are known or

oan be measured, Thus if €., oan be expressed as a function
~of €, and €, , ¢, oan be calculated. 8imilarly, u Y, can
~be found in terms of Y and Y, Y, can be oalmlé{ﬁga. The

problem is to ocompute interfaclial properties from .surtace

properties; 1.,e., functions of the following type are

desired:

Yas = f 4, %) (20)
€ab = §(€a,€) (21)

The restrictions imposed on these funetions by the
| phylioal gituation oan be listed, From general considera-
tions it is evident that equation (2))must be subject to the
',fa;.lowing conditions: |

1., The mnotibn f (Yd,‘)%) must be symmetrical in
Ya andy, .

2. The value of Vab 18 usually between that of Va3
and 7] because the foree field of a free surface
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18 in general more unsaturated than the force
field of an interface,

3. &8 Ya — O |, Tapb — Y,

A N =0 Yab — Ty

¢ A8 Y3 — 0 Yah — 0

6' As Yb"-—-’OO Yd.b -MQCCV
An exactly similar set of conditions must hold for equation

(21) in terms of the £’° instead of the 37 %

Equations aatisf}ing these requirements can be
obtained as follows:

When two. phases approach each oéher, the molecules.
of one phase exert forces on the molecules of the other,
These forces are the source of the thermodynamie functions
of adhesion, Conglider two phases A‘and B, with plane sur-
‘faées of equal area that are parallel to each other and a

distance z apart (Figure I).

N I T
C?i : M"e _L&‘\;\;\ \\“rb‘\’l.fd i }
R ‘ \\\ \\\..ft\ J 5 { i
b [ S VA b
! Ta ! ‘

L e o § —lf ==

f PR & ‘..ﬂ_._._‘_w_.,.,_,___,__*JJ' .)!
TR .j ,,,..._mw.___‘,: i
R ' .

A NN =2 - b B

Figure I

Take a particular molecule at & point X in phase B,
at a distance f from a slab of thickness 4f in phase A, The
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slab 4f 1s parallel to the surfaces of A and B, From this
slab, trace out an annular ring whose inner and outer ocircum-
ferences, on the side closest to X, are at distances r and

r + dr from the molecule at X, Figure I shows that the
anmilar ring has a radius of r sin ¢ and width -8%‘13--, 80

that its volume is

2N dndf

Let f;“ (%) be the energy of interactlon between a
molecule of type A and one of type B, and let M4 be the
average number of molecules per cm.3 in the annular ring of
phagse A, Then the interaction energy between molecule X and

all the molecules in the annulsar ring is

The interaction energy of molecule X with the entire 4f slab
is obtalned by integrating this expression over r from f to
oo; thus: ‘ | o
2mdf | Ma éab reon
o |
If J 18 the distance from X to the surface of phase A, inte-

gration over f from J to oo gives the interaotion energy

‘between molecule X and the semi-infinite molecule of phase A;

.y @ _
2 Olf{ Ma eab”-dn.
J f
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Now take a slab of thickness 4] in phase B whose
surface nearest phase A goes through molecule X, and is
parallel to the surfaces of A’and B. Let Iy, be the number
of molecules per cm,3 in the 4) alab, Then the interaction
energy between the 4) slab and the semi-infinite volume of

phase A 18
o0 o0

2T Lo dj | df | myf,, ndn
J f

where; 18 the area of the surface of phase A or of phase B,
- The 1interaction energy of all of phase A with all
of phase B 1s derived by integrating over J from z %o

infinity which gives
o oo oo

[
2MT | mydi| 4y

2

Malay R dn
J  ‘F

a
Call this energy of interaction Z&Edb(z\per cm.g. Then,
dividing the triple integral by the surface area go as to
express 1t per unit area,
Q0 oo [~
Edm“ ' '
ABa (2= 2T m o, df My &

£ q NN (22)

2 J' j»
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Equation (22) gives the ensrgy required to separate
two phasgses from a distance z to an infinite dlistance apart.
When z = o, this 18 the energy of adhesive fallure discusged
yin the preceding seotion, i.,e,,

AES (2:0)= AES (o) = AE S,

’ 8ince force 1s the gradlent 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, 1s
£ D Eay
3 mdzvnf ()\.db - oar- Y= dfl—d"f‘
| xS dadfz zmnaf 3

The force acting between molscule X and the df slab 1s

arfdd [y 22 yp
N
*

and the force between the X molecule and the semi-infinite

volume of A is

IN

21| Folf | ma 9..5_1”’ dn

J f

Multiplying by myd};, the number of mclecules in
~the d) slab, gives the force acting between the 4J slab and
the semi-infinite volume of A, This 18
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Integrating thie expression over J from z to
infinity glves the force acting between the two phases when
their surfaces are a distance z apart, Reduced to unit arda,

this force is

_ ab
qfi (2) 277"%00/%«17‘[:& == dn (23)

To get the free énergy of adhésién as a funoction
of geparation dlstanoe, simply integrate the force as given
by (23) from the distance of separatlon to infinity, Thus
1t z&Fig(z) is the free energy of adhesion when A and B

are distance z apart,

AR, @) = 2WIJX/M<>U fof|m, &b (24)
$

Equations (22), (23), and (24) 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 diatance apart, in terms of the inter-
molecular potential functioné;b. Ifé}b » Ny and ny, were |

known exactly, the required energy, force, and free energy
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eould be directly calculated, For simple systems, n, and ny,
the "microscoplc densitiea"; could'be approximated from

+ radial distribution functions and bulk densities, and g
could be obtained, 1In general, however, none of these ruhc-
tions are known with any aocuraéy 8o that the results would
be only approximate, In any case, a separate set of long(
and involved calculations would be required for each system,
However, relationa of the form of (20) and (21) can be ob-
tained by expressing the adheeién 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 (24) themselves are not exact since they

_ assume planar, homogeneous surfaces and that the molecules in
the surface are in a state not very different rrom*molecules
yln the bulk phase.

In order to get usable formulae, an 1dea11zed model
muap be set up that enables the integrals to be evaluated or
eliminated, The model chosen in this work 1s embodied in |
two assumptlons:

A 1, and are constants, This amounts to assum-
: : ’ iNg that the molecular density is constant up to
& geomctrleal plane, where there 1s a sharp dis-

eontinulty, - -

2. The intermolecular potential funcgion'is given ‘
by the Lennard-Jones 6-m equation® as
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E - Adb Bab
7l _ (25)

Aab and Bab ere constants,

The constant B, oan be eliminated from (25) by
deternining the equilibrium dlstance between a molecule of A
and one of B, Thus, differentiating (25) gives the force

acting between two molecules,

agdb _ 6Adb_ ’Y‘r\B&b

26

At the equilibrium distance between the two molecules, d,,

the total foroce is zero, Therefore at r = dap

6Aéb v Bdb
S T
ddb d;:
g0 that ‘
- 6 ™
Bdb - Adbda}, (27)

Using (27), equations (25) and (26) can be written,

6d -
\ a
gabz'Aab ','{b”"“"b ]

m a7 (28)
b
DEab_gA E__‘____ dab }
B ab n7 /-l%?' (29)

N
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ITI. The Relation between the Adhesion and the Cohesion
Energles,

Putting (28) into (22), and ueing the assumption

that n, and ny are constants,

% o0 e m=-6
J .l_ __écﬁb :Id
AE,, cz)_zvnﬂl Al dildf ] an (30) -
z 4

To get dab out of the integral sign, make the change of
variable from r to y such that

Nz Yday and  dn = dap 0{7 (31)

Then (30) becomes

AE, (2) = 2T, Ay ol | df [g

2 J',(

é

N 'mg" 'J‘b

]J,u,ol;) <3;>-

Taking out the d,, terums,

e - 2T nbAd ] . 4 . é
AE,, () = _-_ﬁ_____b/t’[\jjdf [J, o ]cly (33)
db z f 5
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In both phases are the same, the energy of adhe-
a ¢
slon A[, (2) becomes the energy of cohesionAL 4 (2] or
AEg(z), depending on whether the phase is A or B, For

phase A,

2'”'4')‘9 < / 4
AES(2) = df|| 75 ~——=_ [
a*’ // J ™ 4 ] J | (3k)

and for phase B,

AE ()= .Z_T_rﬁé__/_‘\_‘:_t/olj[oli' [ ém_,]oa;,
dis i, & my

(35)

In these equations A , and Any, are the constants
in the intermoleocular potential functions for two molecules
of phase A and two molecules of phase B respectively; dgg
and 4, are the equilibrium distances of approach of two
molecules of phase A and phase B respectively, A Efz (z) 18
the energy required 'to separate to infinity two bulk portions
of A when the surface of each portion 1s at a distance z from

the other, AE: (2) 18 the similar quantity for phase B,
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Taking the ratlio of the energy of édhesion to the

geometric mean of the energlies of eohesion, using equations

(33), (34), and (35) gives
2

d 2
AEqg, (2) Aa daa Jbb

[AE;(Z) AE:(Z)]'/Z .'ana Abb] ~ c/,g:

(35)

Note that the right hand side of (35) does not con-
tain‘z-so that the ratlio of the energy of adhesion to the
geometric mean of the energles of coheslion 1s independent of
the distance between the two phases, Thﬁs, z can be dropped
as an argument in the left-hand side of (35). Then the
equation hold for the thermodynamic energles defined by

process (1),

., ,
_ AEgb - Adb J&d Jbb‘
[AEG AE, ]/" (A Au)” dab (36)

For convenience, denote the right hand side of (36) by @
go that

-
AEgq,

: = ¢ (37)

- C c I/
[AES AE, ™

Al though some fairly rough approximations to reality
were introduced in the derivation, equation (37) 1s probably
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not as inaccurate as these approximations would indicate,
In taking ratios, some of the errors introduced by the sim-
p;irying assumptions could be expected to cancel out, This’
point will be discusesed in detall later,

IV. The Relation between the Adhesion and Cohesion Free
Energiesn, '

By putting the expression for the force of attrac-
tion into the free energy integral and following a procedure
gimilar to that of the last sectlon, 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 (24), making

use of the assumptlion of constant ng and m,,

[« ]
o0 L a0 b

A ()= /27 mgm, Aa | dx |4 | {—,’5 i ]An

4D

(38)
Z N %

n

Again make the change of variable 3:;—' gon = ‘éJab and
ab

clll = qud\j . Then ,

o0 00

= |
AF%(Z) -ILW"’M”IbAab dx d CA§ {J J’ J jsﬁl} cngo!‘g
b day

z ,
x )

_ 12T m, A s
AF a’lp dbo!?d' ol ~—’--___'__
X JH[J, ]43

ab f"’“

(39)
2 x Ny
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¥hen both phases are the same, the free energy of adhesion
a
AFy (2) for two phases distant z apart, becomes the free
¢ \
energy of cohesion; AFa(2) for phase A and AF; (z) for

phase B,

l 2 A * w co 20

12T Mg Maa oy

(4 Ax dJ fo“ 3—} - mﬁ}O{;

aQ z Ix ~ (4o)

ZSIi;tz\::

‘ j2mwm> A !
AF:(z)= N, LL/J?/JJ H-j— -23!_’-'_;]—:’_']0[3

()
A vo(artm AR ]
Taking the ratio of Afy(: to{AFb(z) o],
q 33
T (42)

[AFiwarg]™  [AnAL)" T E

S8ince the right hand side does not contain z, the ratio on
’the left is independent of the separation dlstance so that i
equation (42) holds for the free energles defined by process

(1).
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] 3 3
AFab - 'A\db J&a Jbb
yo " h T e
fAFd‘ AFS]™ [AaPu] ™ 4y (3

Call the right hand side of (43) ?

AF,

g, = i)
o = Y (
[AF,§ AFb]

The same oconsiderations apply to thie equation as noted for

equation (37)

V. Surface Energy Relations,
Equation (44) permits the evaluation of the func-
tion f of equation (20),} As given in equation (U4),

aQ
AFie = Tat+ % = Yap

and from equations (4') and (h"),
¢ <
AFQ AFb = ‘f Yd)’b
%
8o that in terms of the surface and interfaclal free energies

(44) can be written

Ya t V= Yap

2,{”% Vs

= Y (45)
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Solving for 7£b ,

%b=7§+71,-—2327}y“2 (46)

8ince \J 1is symmetrical in the phases A and B, (46) satisfies
all the conditions imposed on f of equation (20),.
Similarly, starting with the energles of adhesion
~ and cohesion as given by (3), (3'), and (3''"),

~ 4
Ak, = €q +€, - €4,
AE; AEC;, = L‘l'éd 6,,
8o (37) becomes,

6& +€:b "eqb
(47)

i
voH

2 \¢, €,

8olving for édb ,

- ' 4
€= € v €~ 23 (€6, (&)
(48) satisfles all the conditions imposed on the function g
of equation (21), |

| The interfacial entropy Sab is related to the inter-
faclal free energy and the interfacial total energy by the

thermodynamic relation

’);b = €db - TSdb . (49)
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From (46) and (49)
€y ~TSo, " T+ N, - 2 ¥ %% (50)

and substituting for €, , its value from equation (h8)

€a ve ~28 e, —TSp= Mt h-2¥ny

80

————

TSa=€ave, - %a-% - 28 Jae, + 2 ¥iny

But
’):9 = éa-'TS,,;_
Y, =6 =TS,
80

Sws Sav S+ 2[afn -3laa]

VI, Summary of Derived Relatlons,

The main purpose of the above derivations 1is to
lead to a method of determining the surface energy of solids
8o that énergies ot édhesion 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

+

H
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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 hére for convenient reference,

| AEay -
lags ags]" ’
a
AFw =\ (53)

(aFs AFS]™

1

%L Ya + Yy - Z-\Y")G}; ‘ (54)

€ T € ~2¢ Jeqe (55)
Sdb = Sd + Sb + ‘_%'.’[’\P\,h'rb ~§ Iéiéb ] (56)

kS

2
/xdb dqa Jbb
< Ya Y
[Aqa Abb] a8 B

Eas

11

®

‘ (58)

-\}f - Aab d; 41»
| {AQ& Abb] a :b
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VII. The Surface Energy of Solids from Heats of Wetting,

When a oclean, dry so0lid 1s immersed in a liquid, a
80114 surface of energy €, disappears and a solid-liquid
interface of energy &, 1is formed, The heat evolved is given
in terme of the surface and interfacial énergies by equation
(6) as

AW, = €& — €& (59)

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

Writing equation (U47) for a system in which one
phase 18 s0lld and the other liguid,

és "5,_-65._ - @ (50)
L ,}65 €,
Making use of (59) gives,
6\_"AHW )
= 9 (61)
l é.S éL
and solving for 65,
pA
(¢, - an
€, = :) (62)
b€ &
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AW, and €_ are measurable quantities, so provided
that §> can be evaluated, (62) can be used to compute the sur-

face energy of solids,

VIII., The Surface Free Energy of Sollids and the Free Energy
of Adhesion,

When phase A 1s & s80l1d and phase B a liquid, equa-
tion (U45) becomes

YS*YA. ’YSL

= ¥ (63)
2 ,‘KY»
But since 7,

a
Lt Y- X = AY, , the free energy
of adhesion of the solld to the liquid,

Fo
A% = Y (64)
2 [y,
Solving for ’)g s
o2
(2F.)

(65)

q'): ?2. v ‘

Q
The free energy of adhesion AF,. 1s a measurable
quantity as shown by equations (9) to (12) so that 7 can
be computed from (65) if ’\}7 is known,
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¢
IX, Contact Angles and Surface Tension,
Young's equation gives the angle of contact of a

1iquid with a 80lid in terms of the surface tenslons a89

Y, *YLWB:-W;V (66)

8 = contact angle
‘ﬁk = free energy of the solid-liquild interface
7. = surface free energy of the liquid

¥y = surface free energy of the solid in contact with the
vapor of the liquiad,

The difference (7, - 7V, ) is the equilibrium

£1lm pressure e , 1.6,
Te =% - Ty . (67)
g0 equation (66) ean be expressed in terms of VY, as
To + Tt 6 = 7, - T (68)

Applying equation (63) to (68) gives
Vo (1+wdd) + T = 2V I)ﬁyL (69)

This equation shows how the contact angle depends
on the surface free energies of the so0lid and 1liquid phases,

8olving for R f 2
' ”; EVL(V-fﬁodS ) *‘WE:]

s ’)/S -
v Y (70)
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Cos g 18 reatridtgd to the range of values between
-1 and +1, Putting these extreme values for cos § into (70)
shows that in order for a liquid solid system to exhibit a
contact angle between 02 and 1%0°, the following inequality

migt hold,
.
e, Y, + Te)
— LAY < - | (71)
t/‘j/ ~rl. Y ’\If 71.. |

The inequality (71) is consistent with the fact
that low surface energy liquids, such as hydrocarbons, on
high‘eurfaoe energy solide, such as metal oxides, show no
contact angle; whereas high energy liquids, such as water,
on low energy sollds, such as paraffin, have contact angles

greater than zero,

X. ?he 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 in-

vestigatorslo’ll’le

, but no satisfactory method has been
gilven in the llterature for the direct experimental deter-
mination of the distribution funetion for the surface energy
of 80lids, The following developrment 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 1s the deter-
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mination of the heat of wetting as & function of the amount
of preadsorbed material on the solid surface,

Let 8 = the fraction of the surface that has
energy greater than € .

ES = the average energy of that part of the
- surface having energy less than .

In general, € will decrease with increasing ¢ and a graphic
representation of the variation of ES with ¢ will have the
form of Figure II

O
9 )
Figure II

é; is the average energy of the shaded portion in Figure II

and is given by

i
- l

€ =TT €s d6 | (72)
' e

Differentiating under the integral sign and solving for 65’
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Equation (73) is a relationship between the actual energy
65 at some point on the surface, and the average energy of
all parts of the surface having energy less than 65' It
oan be used to calculate €¢ as a functlon of ¢ if a
meagure of é% can be obtalned,

; Assume that a fraction g of a so0lld surface is
ddvered with some material such as stearic or perfluoro-
décanoic acld, Then, 1f the organic acid 1s preferentidlly
adsorbed at high energy sites, this ¢ 1s identical with the
8 in the previous equations, Let AW, be the heat of wetting
per om.2 of surface, § of which 1s covered with some pre-
adsorbed material, Also, let

}Lna heat of wetting per cm,2 of that part of the sur-
face which is covered with the preadsorbed film,
This value is constant, for a given film-forming
substance, with varylng coverage if the pre-

adsorbed molecules are large enough to "lag out”
* surface heterogenelty,.

>
"

average heat of wetting of the bare part of the
surface,

The total heat of wetting AH, 1s the sum of the
heats of wetting of the bare part and of the covered part of

the surface according to the equation
AHw = (1-8)h + Oham (7%4)
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Solving for H ,

- \

= 5 [aHw - Oh.] (75)

In effect, preadsorption blocks out the upper
range of energles, The céntribution of the bare part of
the surface to the heat of wetting 1s given by (75), and
this glves information about the variation of the energy
with coverage,

The average heat of wetting for the bare part of

the surface is also given by

h= €~ €5 (76)

where E;L 18 the average energy of the solid-liquid inter-
face for that fraction of the surface having energy less
than €, . Now all that 1s needed to apply (73) 1s an in-

~ dependent relation between € and E;. This relation has
already been given by equation (62)., Applied to the average

energy of the bare part of the surface, (62) is
- 2
é‘ (*h *ét)
= — (77)
S 4e, 3

Differentiating,

(78)

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



Putting (77) and (78) into (73)

~ 2 N -
€ = ('h *é"\ Y (6.-h _(.J_._-
Gy = vy §z + (1-8 ¢ §2 d6 (79)
or |
_(E-h) h

d
S ye 3P X(E ) *('-9)5] (80)

Even if @ were completely unknown, equation (£0)
would make possible the calculation of & as a function of
8, (1.e, the surface energy distribution function) within a

constant fsotor since § 18 a constant for a given system,

‘XI. The Evaluation of i} and ’\Y.
From 1ts definition above, @ is given

2 2
@ - Aab dl” Jbb (&1)
[Asa Au]™ T d7,

To evaluate @ exactly, not only the equilibrium

distance between moleculés, but also the constants in the
potential energy functions must be known, Since this method
Qf calculation can be appllied to only the simplest of sys-

tems, an alternate procedure will be sdopted here,
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First, it is assumed that the equilibrium distance
of approach can be taken as proportional to the cube root of

the molar volume:

iy
dag = C V4 (82)

1/3
dy, = OV, (83)

V, = molar volume of phase A,
Vb = 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 arithmetie mean of the

‘distance of closest approach of the like molecules,

ddb = —é— (fjad T dbb) (84)

Equations (82), (&%), and (&4) give
( 73 %
das = %‘(Va; A ) (85)

Substituting (82), (83), and (85) into (&1) gives as

I £

i§ _ /Aﬂb /5\V§ VL y
- Y — ¢ . .
iAae Asb]/[va/g*\/bvs] .
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Strictly, equations (82) through (85) are valid
only for spherical moieoules, but 1f the molecules of both
phases are of similar geometvry, the ratio term of the molar
volumes 18 sufficlently accurate for computing § .

To simplify (&6) even further, mske the additional

agsumption that

if
A = (A Au) (s

This assumption is not completely unwarranted, and 1s in

fact very nearly true for molecules that have similar types

of potential runctionel3. Using (87), equation (8&6) becomes
2 Y,

/3
_ /¢ Vq Vo (88)

= (%’/3 N \//3)7

If the value of é given by (88) 1s used, the

theory 1is strictly valid only for syétems whose two phases
are sufficiently alike in two respects, First, thelr molec-
ular force fields mus{: be gimilar enough to make (87) at
least approxlimately true, Second, the molecular geometry

must be similar enough so that the ratio term involving

equilibrium distances can be replaced by the ratio term in-

volving molar volumes,
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gf 18 defined by

A
’T (AMA%) (89)

An exactly similar argument is employed to expresa‘Q/in
terms of molar volumes as was used in obtaining equation (88).
The only difference is in the power of the d'®, so that the

result 1is

£ Y V& Ve
! VEY 6
<vﬂ'/3+ \/b )

The same limitations apply to equation (90) as to

(90)

_equation (88),

The mathematical form of § and \J/ 1s such that
they are in general of the order of magnitude of unity; and
‘An ‘a large number of cases, the deviation from unity 1is small.
If both phases are identical, dgg = dpy = dgp and Agy = App =
Agy 80 that %* and \J are both exactly equal to one, The
rule can be given that the more alike the two phases, the

" closer § and y approach un1t~y.

A8 a simplification in calculating the surface
‘energy of solids from heat of wetting data by equation (62),

’and the surfsce free energy from work of adhesion by equatilon
(65), § and  can be taken equal to unity, provided that
the wetting liquid is relatively similar to the solid in
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molecular size and in polarity., This means that for a non-
polar solid such as grephite, the wetting data of a liquid
such as benzene should be used; while for polar solids such
as metalllc oxides, polar llqulds such as water should be
ueed. Indeed, 1t will be shown that the equations hold when
a hydroxyl containing polar compound is used with polar
‘solids. This 1s interpreted in terms of molecular orlenta-
tion at the interface., This orientation presents & hydroxyl
containing layer to the solid which is very similar to the
solid 1itself,

The approximstion introduced by calling @ and’i'[
equal to one when like phases are considered is no greater
than the other approximations of the theory. Besides, 1t
greatly simplifies matters since the necessity of deciding
on the values for the A'B and the d'® 1s avoided. The range
of validity of the equations in this form will be investi-

gated in a later section.
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 PHEORETICAL DEVELOPMENT, II, DISCUSSION AND LIMITATIONS

I. The Validity of the Fowler~Guggenheim Integrals,

| The integrals (22), (23), and (24) form the basils
on which the rest of the theory is bullt, and it is impor-
tant to examine the approximationg that went into them, and
the extent to whioch they affect the final formula,

As ls 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 distribut;on of these
centere in space being described by the funetions n, and ny,.
In other words, the equations compute the molecular attrac-
tions only when each molecule 18 in an average position of
minimum potential energy, The effect of thermal motion is

"neglected, It 1s difficult to estimate thé inaccuracy
introduced by thils treatment, but it 1s probably no greater
than that due to the subsequent assumptions., 8ince the same
type of error would be expected in the adheslon and cohesion
Aintegrals, a considerable part of this error would cancel on
taking the ratios indicated by equations (37) and (44),

The second important idealization in the Fowler-
Guggenhelim integrals 1s the complete planarity and homoge-
neity of the surfaces and interfaces involved, As long as

- the adhesive system consists of two 1liquid phases this intro-

duces no error; but if one of the phases 1s so0lid, there 1is
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oconsiderable departure from a plane, homogeneous interface,
In the oase of & powdered solid immersed in a 11quid for
example, the solid-liquid interface is jagged and heteroge-
neous, Thus, the energy of adhesion willl be greatef than
41f the interfacs were completely planar, The following

' diégram 11Justrates how corners and edges oontribﬁte more

than planes to the adhesion energy,

/ O
f ' Liquip $ J
SoLAD 22 Som10} i F‘q b
mo
a b
Figure III

Figqure IIIa represents a plane solid-liquid inter-
face and Figure IIIb represents a Jagged solid—liquiq inter-
face of the same area, The figure shows that the Jagged
solld surface interacts with a greater amount of 1iquid than
the plane s0lid surface, The excess of liquid contribﬁting
to the adhesion energy is that between the dotted lines,

Ir the solid surface is not too heterogeneous and
the corners not too sharp, the adhesion energy will not be
greatly different from that for a plane 1nterface; This is
because the interaction energy between moieoules dles ouy

rapidly with diitanoe, and only the few molecules in the
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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 corrected for in
taking ratios of adhesion to cohesion enefgies because the
oohesional energy of a liquid 1s defined in terma of surface

energy referred to a plane surface, Cohesive failure of the
solid, however, may'be defined in such a way as to produce
:the 80l11d surface taking part in the interface, so that the
gsame kind of error occurs in the energy of cohesion for the
' 8011d 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 Assumptlon of Spherioal Molecules,

The assumption of spherlical molecules was used in
two places: flrst, in choosing the potentialf ab a8 a fune-
tion of distance it was aassumed that the potentlal fleld was
‘spherically symmetrical about the molecule so that only the
radialydistance parameter appeared in the equation, Second,
in evaluating @ and ’qf , the equilibrium dlstances were
'related to the molar volumes in a way that can be strictly
true only for spheres, The particles in solids such as |
graphite or metallic oxides oan generally be taken as spher-
joal, At ordinary temperatures liquids usually possess
enough rotational motion to make the sphericity appro§1mation

!
L}

¥
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fairly accurate™ unless the molecules are extremely polar
‘or agymmetric 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 (82) and (83) are not
the same and equation (84) 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-
- tore being equal, they will give best results with systems
whose molecules are spherical, Systems vwhose two phases have
molecules that are not spherilcal and have greatly different
molecular geometries would be expected to glve 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
cages would be introduced, Later, 1t will be seen that moleec-

ular geometry 1s sometlimea completely overshadowed by other

factors,

I1I, The Assumption of Constant'niorOBGOpic Densities.

The microscoplc densitles ng and m, in the integrals
of Fowler and Guggenheim are not constants, but depend on the
distance parameters, 1In general, ng 1s a functlon of r, f,
and §, and iy, 18 a funetion of §, For liquid phases, slnce
there 1s only short-range order, n, may be taken to be the
radial distribution functions for the phase A, and n, the
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density distribution funetion of phase B,

Probably the greater part of the error in assuming
ng and ny 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 1s less than in the bulk phase so the
values of n, and n, increase rather abruptly at phase boun-
daries, Since the molecular 1ntarac§;on energy dles 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 occurred in the bulk phase at some distance from
the interface,

u If the molecules are asymmetric, orientation may
occur at the interface when one of the phases 1s 1liquid,
Evidence for such orientation is well known15’16, In the
~cage of adheslon between a long chailn alcohol or fatty acid
'and sone polar phase such as water or metallickbxides, the
Qafboxyl or hydroxyl group 1s directed toward the interface,

~and most of the adheslon energy is due to interaction between
polar-polar groups, Use wlll be made of this situation later
in obtaining the surface energy of solids from heat of wetting
data,
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IV. The Nature of the Intermolecular Potential Funotion,

It has been falirly well established that many
simple moleoules attrast each other according to the inverse
sixth power rulel7. The form of the repulsive term is some-~
what more doubtful, but the funotion Bagl“ geemg a reason-
able approximation where m is somewhere between & and 12, As
the derivation shows, the exact value of m is immaterial in
this work,

If the ratio A,a,/(AMAM,)”L is not unity, the
‘values of $ and ¥ given above are, of courss, in error and
& oonsideration of the possible deviation of this ratio from

unity is necessary,

The eonstant Agy is given 'byl8
Aab = '-'3—5\? 'T(Mddb*ubmd) + m h g, Vot Vs (1)

where p, is the dipole moment of a molecule of phase A,
ag 18 the polarizability of a molecule of phase A

B 7 18 the natural frequency of osolillation of a mole-
RRE oule of phase A

up, ap and 7/, are the corresponding quantities for a
moleouls of phase B '

k is Boltzmann's constant, and

T the absolute temperature

~h s Planck's constant
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Similarly A,p &nd Ay, are

| 4
| l/,l LA
- o( +~ho& — 2)
A s | 3kT + 2/“& q > (9
Z/Ub 3 Y
Abb IRT b H b 5 (93)

The first term in these equations arises from the
di;\pole-dipole interaction between molecules, the second term
n:;om the dipole~induced dipole interactions, and the third
tpjrm. from dispersion interastions,

If ug = 1y, = O so that only dispersion foroes are
opémtive between the molecules, (91), (92), and (93) give

"y

Aav (7, Vbl_ (9%)
(Asa A Yh_ (Vat V)

The right hand side of (94) is the ratio of a geometris to

an arithmetic mean., 8ince 7, and 7/17 are generally of the
same Qrdor of magnitude the ratio may be taken as unity with
an error that is certainly less than the other errors intro-

duoed in the derivations,

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



In general
U, VaZ
2iadhy o Taa) F 2 R xad gt
_Ad 3T r(Ha%s + M) g n T Vat Y

(Asa Aub)'/l 2 ,ud /"( Ay 2 V)'/‘
3 2% o +2 het! 28} (95)
( RI‘ 2/15 Q* h 2) 3\\1*2}&" ”wh‘z

If the dispersion forces ares small compared to the dipole
forces, the terme containing/, and}y can be neglected and

A _ 25;;“» s st 124,) e
(Asa Anl: (3.

e zuf,ota) '3 IJ '*'Zﬂbo( 3

Forthermore, 1f n, = i,

g

Aaw  _ 3RT + Mg (davd) - (97)

'/2 -

'(Aad Abb)

Y
If in addition g, = o, the ratio Agn/(Agg App) 2 becomes
unity, Even if ag and o), are somewhat different, this ratlo

will not deviate too much from unity.

From these sonsiderations, the following statements
ean be made:
Py ',a
1. For adheaive systenms, Aab/(Aaa App) > 1 when:

a, Both phases are non-polar
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b, Both phaaee are polar, the dipole moments
of molecules of both types are the sams,
and the polarizability of both types of
molesules are the same,

b, 8light deviations from the above condi-~
tions will not seriously alter the value
of the ratlo,

For best results therefore, the derived equations should be
applied to systems composed of phases that are almilar in
polarity and polarizabllity, It will be shown later that
when the two phases differ widely in polarity, the deviation
of the caloulated from experimental values is greater than
when the two phaaes are of similar polarity. Fortunately,
in computing the surface energy of solids by equation (62)
4t 18 in general possible to choose heat of wetting data for
polar 1iquids on polar solids and non-polar liquids on non-

polar solids,

‘v. The Caneellation of Errors in the Energy Ratios,
| Because the same assumptions were applied to the

- gdhosion and coheslon integrsals, the errors in the numerator
and denominator of the ratlos of equations (52) and (53) ean
be expeoted to be of roughly the same magnitude, C(onse- |
quently, part of the errors will cancel in the ratlos, an&
ktha equations should be better than the assumptions indlocate,
The energy ratio is glven by
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A Eay

- (AES AEﬁ)'h‘ (98)

The error in ¢ 1s approximated by the total
differential o ¢

0% =4
- d(aFa) | 22 3¢
% = ) NatS )d( ) S )J( )

(99)

The relative error is

g _ 23 Judu) | > ¢ o((AEfz)*gé d(2E)
é Q(Aras)—r c)(ae";) ? g(deg) § "~ (100)

O(Q 9«6\«&’ d(aES )+3 éol( £q) *&ic{(ééc
¢ B(AEAb) a(db“) (L) ’ (101)

Taking logarithme of (98)

Ln G = Anlafy,) - +In(0E) L ) o2

A
from which
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e

= A = - = —
S(oES) CEan  dpEY)  AERL C JE) 2E

Therefore

d® OI(AE;) \ K-d(m-:;) 4 d(aEy)
- - - - R (103)

3 pel,  fLeEs AR

b
Equation (10%) shows that the peroontagé error in the ratio
@ is 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
’tho integrals, the error in the ratio will be small provided
the adhesion and cchesion 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'acouracy in the ratios can be_determined from (103),
If an socuraey in $ of plus or minus(100 x)% 1s desired,
then (103) imposes the condition |

_q ¢ ¢
d(ot'aQ: _I_(J:.M_Ef} +°.!_(_’_3.Ei)‘)t K (10%)
AES 2\ NEg AES

This result indicates that considerable latitude
1:, permitted in the error of the adhesion integral, for a
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given error in the cohesion integrals, For example, 1if

x = 0,05, and the ocohesion integrals are each 10% in error,

o d
cé(“:ab) 1
AE,, ‘

go the error in the adheslon integral ean vary anywhere from
5. to 15% and still not mzk(oA ;:5103 error in § greater than 5%,
Of course, the ocloser -ZE%5& is to 0,1, the less the
error in § . If a larger error in § is permitted, a ocorre-
spondingly larger range is permitted to the adhesion error,
If x = 0,1 80 that an error of + 10%f is tolerated, and if

the cohesion integrals are in error by 20%,
-A(AE:b) |
— = =~ (0.4) +0,1 = 0,2 +0,1
ADEay 2
80 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 thelr polarity, moleoular geometry, denaity, and
type of intermolecular potential funotiona, The explanation
of serious deviations from the squations 18 to be looked for
in wide differences betwesn the two phases in one of these

particulars,
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These limitations apply of course only to equa-
tions in which ¢ or -} appear, As will be shown below, the
adhesion energy, which is the most important quantity in

this work, oan be obtained exactly in the case of ice-golid

systems,
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THEORETICAL DEVELOPMENT, 1IXI, APPLICATION TO ICE ADHESION

I. The Surface Energy of Ice from Adsorption Data,
According to equation (14) the energy of adhesion
18 related to the energy of adsorption by ' "

Q) L,
AEZ&:(-——-——-Q“,: Ly 2¢, (#)

Applying this equation to the adsorption of water
vapor on solids below 0° C., 1.e, the case of 1ce-80l1d adhe~-

sion, and ocalling the net heat of adsorption per om.Z _ Hg

AEL, = Ha + 2€; (105)

.8 |
AE;, = adhesion energy of lice to the other solid

Ha = net integral heat of adsorption of isce on the solild
per em.‘? of surface

~ €, = the surface energy of ice,

From equation (52)
, '/2. ‘
AL = (AE; AE;) (106)
AE; = energy of cohesion of ice

" AE : = energy of oochesion of the solid
Q‘ refers to the ice-solid system,
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The energy of cohesion is Just half the surface energy

AEL = 26,
AE; = 2€&,

T
a
AEI.S =2 ét &GI € (107)

~ From (105) ,
Haq+2€2= 289, ié_lés - | (108)

Solving for

&= (86 Hy)t(He- B2 -HE o)

But from equation (62) €; 18 given by

2
¢ = @r‘ AHQ (110)
Ye, 2 |

Here, @ 5 refers to the water-solid system,
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ing equation (&1),

)

The ratio of @,, to §2 can
It 1s

dII d CJ::

3,

2
_ du JF

~56—~

be obtained by apply-

(111)
Y rd T ————
JI.S JNNJS& djw d;:
or, in terms of molar volumes from equation (36)
| 2/ %
VAL (VALY *)
X (112)

d:r =
duw
dss =

dig =

dw;"
Vo=
'~\VQ \Va
\/5"

@2 vzla (v'/a //3)

intermolecular distance betwsen

intermoleoular distance between

intermolaecular distance betwaen
molecule of solid

intermolecular distance between
molecule of the solid

molar volume of ice

= molar volume of water

molar volume of the solid

ice molecules

= intermolecular distance between water molecules

molecules of the solid

molecule of ice and

water molecule and

These ratios are quite insensitive to moderate

changes 1in the 4'% or v'® and a difference between Vr and

Vy Of about 10% 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,

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



-57-

and their structure 1s largely independent of the structure
of the bulk phase, Thus the intermolecular distances for
these first layers i1s the same regardless of the state of

the bulk phase. 8Since most of the adhesion energy is due to
these first layers, it is really 1ncorgect to use Vy, and Vg
separately in the above equations, Rather some molar volume
term should be used that refers to the molecules in the dur-
kfaoe phase, This molar volume term would be the same whether
the bulk phase be water or ice, Thus the ratio Q, / @i can

‘be taken as unity to an excellent degree of approximation,

b,

I : (113)
%

i.e,

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

N N
(1€ - an) j le-op )T (W
. — H o [ H, - (O w ]-

‘
8o the surface energy éf ice can be ocomputed,

There 1s no 4ifficulty in choosing between the
plua and minus sign of the quadratic aolutioh. The minus
slgn gives a surface energy valﬁe that is far beloi that of

| water, so the positive sign is chosen,
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IX. The Energy of Adheslion of Joce to Sollds,
The value of ¢ oaloulated from experiments using
~ the theory desoribed above, 1is préctioally independent of
the approximations of the theory, Hence it is possible to
computé & value for the adheslion energy of lce to solids
that 1s also independent of the theory, From (107) and
(110), using (113) '

€r

F)
ABq = (€ - RN & (115)

Q
€5 1s known from (114) so AE;; can be ealoulated, In these
equations €, must be the surface energy of water and AHw
the heat of wetting of the solid with water, |
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TEST OF THE THEORY USING LITERATURE DATA

I. Liquid-liquid Systems

To show that the theory leads to reasonable equa~
tlons, a brief comparison of theory with literature data will
be given for liquid-liquid systems, Equations (52) through

| 1(55), using the values of ® and \[* given by (&%) and (90),
oontain quantities that are all measurable if both phases
are liquid, This provides a direct cheok on the theory.
Tables I and II compare the experimental and theoretical
v&luea for the energy ratios, Tables III and IV compare the
sxperimental and theoretical values for the interfacial ten-
sion and the interfacial energy respeotively.

| " The results in Table I inducate that the theoret-

, 1oh1 energy ratio can be in oconsiderable error for polar-
nonpolar systemse, In the ocases cited the deviations range
from 10 to 36%. Aesuming P = 1 for héptylic acid, n-ostanol

k'aﬁd sec.—oaténol gives reasonable results, the deviation
renging from 6 to 104, For such polar-polar systems, orien-

’ tatioﬁ is expected and the orienting group 1s about the same
jisa a8 the water moleocule,

Table II shows that the theory works much bétter
for the free energy ratio than for the energy ratilo.
Although the deviation for water-nonpolar systems is etill
in the range of 20 to 30%, the deviation for water-polar
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Test of equation (52)

Table I

q
AE ov

' (AEG B T

&, at 20° c,

Systenm a e < ' 5 Deviation
Phase A Phase B Aty AEa AL, §<)‘ @% @w Pea Qs
Water n~-Heptane 92.8 236 99,8 0,602 0,788 -~ 31 -
Water n-Tetradecane 97.7 236 105.,2 0,620 0,682 --- 10 -
Water  Benzene | 134 236 138.0 O0.742 0.875 == 18 - s
Water  Ethylene bromide 126,4 236 156, %4 0,654+ 0,888 --—- 36 = --
Water Heptylic acid 150.5 236 105.,2 0,954 o.78: 1.0 18 6
Water n~-Octanol 164, 6 236 101.0 1.07 0.780 1.0 o7 7
Water sec-0ctanol 170,1 236 100,38 1,10 0.7 1.0 29 10
All energy values are given in ergs/cm,
The energy data 1s ta.ken‘ from reference 19, y

d - 3/ 3 '

AEas 3 —

B 16V4" Ve C d, =1

(MBS AELYR )

The molar volume data is taken from references 20 and 21,

§¢a~

(Vo "+ V")

»
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Table IT
AFS, o
Test ‘Of equation (53),(m71 = ‘y, at 25 c.
System : | q -
» FQ ¢ I 4 Deviation
Phase A Phase B Alay  AFs AF, ’\P;X '\yuz \I/Q' a b
Water  Carbon tetra-  55.8 145.6 53,4 0,635 0.790  --- 2h.§ -
chloride
Water Benzene 67.6 145.6 gg,s 0.738 0.820 -— 11,1 -
Water Heptane k3.0 145.6 8 0,559 0,700 -——- 26,2 -~
Water Bromobenzene 69.9 15,6 lp.h 0.692 0,703 === 15,9 =~
Water Ethyl bromide 65.7 145.6 g4 0,793 o0.8%0 -— 1,6 =~
Water Nitrobenzene 90.6 15,6 86,0 0,89 0,775 —-—- Y2 -
Yater Methylene ilodide 75.1 1456 101.6 0.618 0,830 -—— 3.3 -
Yater Heptylie acid g93.4 145,64 56,2 1,03 0.686 1,0 "33 3
Water n-Ootanol 91,8 1u45.6 55.0 1,02 0.690 1.0 32,4 2
Water sec-Octanol 89,9 145.6 52,6 1,03 0,690 1,0 32,4 3
Water Caprylic acid 1456 1,03 —— 1,0 - 3
| AF‘ZL | | VRVRY/
4 4 VaWs
“Ii: = —/ 1? - !
x ¢ e\ ) caa — - = l
| AGFEIQFL) (L//"*\élg) > 'gpot'

Energy data taken from references 19 and 22, :
# Deviations under "a® were computed using qpaiunder "a¥® and deviations under "b"
were computed using TP&L under *b",

—19-
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pable III

Test of equation (54), Vap = Ya + 7% - 2117}7&\(% at 20° ¢,

System 'ysb -7Gb
-~ - £ Deviation
Phase A Phase B Ya ’)1 Té( - Expt.  Cale,
Water Carbon tetra- 72.8 26.7 0.790 43 7 29.0 33,6
hloride

Water  Benz&ne 72.8 28, 2 0.820 34,1  26.4 22.8
Water Heptane 72.8 0.700 50,2 39.E 21.9
Water Bromobenzene 72.8 3 2 0,703 38,1 6. 30.7
‘Water Ethyl bromide 72.8 24, 2 0,840 31,3 26.5 15.3
Water Nitrobenzene 72.8 43,0 0.775 25.2 19 2 23 s
Water Methylene 1odide 72.8 50.% 0.830 he,5 2.6 3.l
Water Heptylic acid 72.8 28,1 1.0 7.54 0.5 39.8
Water n-0Octancl 72.8 27.5 1.0 8.53 0.9 28,2
Water gsec-0ctanol 72.8 26.3 1.0 9,2 1.9 29.3
Water Caprylic acid 72.8 1,0 -

Energy data from references 19 and 22,
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o —

Table IV -

Test of equation (U); éab =& *éb - 29 1‘6 €

~a

yeten c €ap €ap "~ % Deviatlon
Phase Phase B =d éb § Expt, Calc,
Water n-nepte.he 119 %9.9 0.788 74,3 47.4 36,2
Water n-Tetradecane 119 52,6 0,682 72.2 86,0 . 19,1
Water  Benzene 119 69.0 0.875 51.7 30,0 ‘42,0
Water Ethylene bromide 119 78,2 0.888 68.% 32,0 53.5 '
Water Heptylic acid 119 52,6 1.0 19,2 13,4 30,2
Yater n-Octanol 119 50,5 1.0 -3.0 14,5 58k
Water sec-Octanol 119 50, 1t 1.0 -2.6 14 .4 5&h

Energy data from reference 19
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l1iquid systems is only about 2%, if aé is taken as unity,
As pointed out by Hildebrand and Scott?oaimplified 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
&[ = 1 and jp = 1 are fairly good assumptions for polar-polar
- systems of about the same molecular si:ze,
Although the theory gives fair results for calou-
lating the ratios @ and‘\y in terms of molar volumes, pro-
. vided certaln conditions of polarity and geometry are met,
it gives poor results when interfacial tension or energy 1ls
calculated,  As shown by Tables III and IV, equations (54)
and (55) are very sensitive to slight errors in @ and J .
Therefore no attempt 1s made to use (54) and (55) to compute
interfacial properties, The main application of the theory
1§ 1ts utilizétion in obtaining energles of adhesion and

estimates of the surface energy of sollids,

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

enables a calculation of the surface free energy from contact

angle data,

2
v [MO#wi) +TR] (70)
A

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



65~

To test this equation, the free energy of a hydro-
earbon surface can be ecomputed from the contact angle of
water on a hydrocarbon such as parafrin, 1@; is not accu-

'rately given by the molar voluﬁe ratio for polar-nonpolar
gystems, so rather than attempting to caloulate it, the
;; ‘axperimentallvalue‘of‘ﬂ? for the water-heptane system will

‘be used, From Table II’?laﬁgonhept#ne = 0,559,

Observed values for the contact angle of water on
paraffin range from 90° to 110°23,2% 4 non et EL-25'26
‘ hava»reported #8° for water on a stearic acid monolayer and
89°ito 102° for an octadecylamine monolayer, In this orude
yxcaiculation, the contact angle will be taken as 90°, g0 that
| 008 8 = O, Y. for water is 72.8 ergs/om.2 le 1is generally
_small for low energy surfaces, For graphite it 1s about
’2 qrgs/cn.2 (reference 3), Since it would be exbected to be
even smaller for hydrocarbon surfaces, i1t will be neglected
in this calculation, Using these values, the oalculated
valﬁe for the free energy of a hydrocarbon surface 1s about
o 58 ergs/cm,2. The surface tension of liquid hydrocarbons is
i about 25 ergs/cm.z. since solids would be expected to have
higher surface tensions than 1iquids, the result of 58 ergs/
"qm;zvia of the right order of magnitude and is consaistent

with experimental data,
A more reliable check of equation (70) ecan be ob-
tained by computing values for 73 from the contact angle of

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



geveral liquids on a given solid surface, The contact
angles of varlous liquids on a perfluorolauric acid surface
adsorbed on platinum have been measured27. For hydrocarbons
and halogenated liquids in oontact with the adsorbed film,
ﬂp'will‘be taken equal to unity, andT%. will agaln be assumed
negligible, If the equation in this form is correct, the
calculated value of 7; ghould be consfant for different
liquids, Table V gshows that equation (70) gives a constant
Y for twelve different llquids, Furthermore, the surface
tensions of 1liquid perfluorinated hydrocarbons such as CSFIZ
and CgFyg range from 9 to 1k ergs/cm.2 (reference 28). The
adsorbed film presents a ~CF3 surface to the wetting liquid,
and since the surface tension of a -CF3 surface 1is less than
that of a ~CFp~ surface27, the theory gives good results as

far as equation (70) 1s concerned,

III, The Surface Energy of Solids,
The energy of solid surfaces has been eétimated by
various authors and some of the results will be given here
~for purposes of comparison,
| Using intermolecular potential‘energy funetions,
tﬁe surface enerzy has been computed from theory for some
s0lids of simble crystalline form, All such calculations
“are made by summing the potentilal energy change per particle
pair as the particles approach from infinity to their posi-
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Test of equation (70),

\
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2
n oo L% (1 +cos ) +T6]
s T

fof perfluorolauric acid film

% Deviation

Liquid q:- g 72 from Mean
Hexadecane 7.6 78 g,3h 4.6
Tetradecane 26.7 76 8.30 5.0
Dodecane o5 .4 T4 8,10 7.3
Decane 23.9 70 ~ 8&,03% 8,1
Octane 21,8 - 65 ’s.oo 8,5
OFCl,-CF,-CC1, 27.8 66 9.77 11,8
H(CF5) 5CHy0H 27.6 68 9,49 8.l
p-Difluorobenzene 27.0 66 9,49 g.u
H(CF,) ) CHy0H 245 65 &.73 0.1
H(OF2)6OH20H 23,8 62 g, T4 0.0
CF,CL-C0Lp~CF,C1 22,8 U9 9,43 7.9
Perfluoroalkane (FCD-330) 20,2 hg 8.4 3.9

Mean value for Y = g, 74

Average deviation from the mean = 6,.2%
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tions in the orystal, The results are valid only at 0° K
and 1t is assumed that the solids consist of ideal orystals,
As shown by the values in Table VI; the work of different
inveatigators 1s in serious disagreement and therefore ocan-
not be consldered very reliable,

From the nature of th surface energy, it 1ls clear
that a finely divided solid will have a greater heat of solu-
fion than a large single orystal 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 en;rgy. Studies based on thies .
.phenomenon have been performed and some of the results are
listed in Table VII, Three factors sontribute to making

" these values uncertain, The first 1s that the difference
between the heats of gsolution of finely divided and bulk
material 1s very small, so that very senasitive calorimetric
‘equipment is required to attain a reasonable degree of
‘aocuracy, 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 avallable method was
that of photomicrography. Microscoplcally measured areas are
correct only i1f the particles are smooth and regular as in
the case of spheres or éubes; otherwise the measured area can
be considerably in error, Third, finely divided solids may
have distorted crystal‘lﬁttioes, 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 megsuring surface area and using differential micro-
calorimetry however, the heat of solution method offers an
opportunity for direot determination of surface energies,
o It s well known that the solubility of a fine
powder is greater than the solubllity of the corresponding
coarée 80114, This solubllity difference is related to the

gurface free energy of the so0lid according to the equation

; an M
/6"'?;' /Zf) RT (116)

8 = solubillfy of a fine powder consisting of apheres of
radius 1L

= g80olubility of the coarse s0lid of negligible area
= gurface free energy of the solid

density of the solid

= molecular weighé of the solid

= the gas constant

B RS X
i

= the absolute temperature |

Equation (116) can be used to determine the surface
free energy of solids, From the variation of 72 with temper-
ature, the surface total energy can be calculated by the use

of the Gibbs~Helmholtz equation,
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€. =% + T =2 |
3 ST (117)

s

Such a calculation, however, requires accurately known values
of 7; , and to attain sufficient aoccuracy, the solid parti-
cles must be perfect spheres of accurately known‘area.'
Since this condition is never fulfilled for ény 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?9 has carried out such measurements
for several aalts, and his data 18 given in Table VIII, His
work was performed before dependable methods of meaauriﬁg |

" surface area were known and so these values must be consid-

~ ered only as rough approximations of the surface free energy,

A 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 aoccurate they are, However,
they can serve as a baslis of comparison with the values cal-
culated from heats of wetting, and at least a rough esatimatey
df the consistency of the results can be obtained,
A method of oom%?ting surface energy values from

heats of wetting 1s given by equation (62), If the theory 1is
c?rreet, this equation should give a value of &g for a given

80lid 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 1iquid 1s of relatively
,almilar‘polarity to the so0lid, and assuming that gf =1,
For purposes of comparison, some gurface energy values com-
‘puted from heats of wetting of liquids dissimllar to the

"sblid have beeh included, The results of theae calculations
for high energy surfaces are shown in Table IX, The mean

: vﬁlues_or the calculated surface energles, using data for

' ?difrorent polar liquids, are giveh 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 sgreement,
‘excapt for the case of ethyl alcohol, The reason for this
is obsocure, All the ethyl alcohol dats are ffom the same

' literature source and the difficulty might be experimental
*father than theoretical, Ethyl alcohol data have not been
inoluded in computing the values of Table X, The average
deviation from the mean for different liquids on the same

' g011d ranges from 2.5 to 11%. Considering that the heat of

 ,,wett1ng and the surface energy of the liquld enter as square

terms in equation (62), this can be taken as evidence that
the caloulated €g 1s conatant for different 11qu1d§ on the

game solid,

R
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- The data of Bartell and 8uggitt3° iare used to
compute the surface energy of graphite as shown in Table XI,
The different caleulated surface energies are again in good
agreement for systems of non-polar liquids on graphite,

IV, The Interfacial EntrOpj.
| The interfacial entropy of the mercury-benzene
system has been reported to be + 0,004 ergs/om.z/degree. It
equation (56) 1s used to calculate the ehtropy of the benzene-
.mercury interface, a value of -0,QO75,erge/om.2/degree is
obtained, 1In this caleulation, @ and ¥ were computed from
the molar volumes as given by equations (57) and (58), 8ince
mereury and benzene have widely different types of potential
funotions, the ratio A, /(AaaAbb) o 1s probably considerably
less than one, This 1s a possible explanation for the dis-
‘crOpancy between the calculated and observed valubs, Assum-
ing Aab/(AaaAbb)'l‘ ~ 0,8 gives a calculated interfacial
entropy of 40,0065, which is closer to the experimental
value, Until more interfacial entropy data becomes avall-
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 Energles of 8Solids
in ergs/em.®

So0l1id Surface Energy Reference
NaF ~ 304 71
NaF 265 32
NaF 176 3
NaF 202 z
NaCl 150 35
NaCl 96 3]
NaCl 77 22
NaCl & 3
NaCl 11 3
NaBr 119 3
NaBr 106 3
NaBr 6 32
NaBr 9 : 33
Nal 79 32
Nal a8 4
Nal 51 33
KF 180 31
KF 149 32
KF ' 135 ‘ 33
KC1 108 35
KCl 72 71
KC1 5 32
KCl 91 33
KBr 92 35
KBr 5k 72
KBr 17 33
KI 75 35
KI 58 32
KI 59 » 33
M 100 pl 1360 1
né% 011 %1222 33%0 1
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Table VI (Continued)

Theoreticel Values for the Surface Energles of Solids

in ergs/cm,°
Solid Surface Energy Reference
MgS 100 plane 357 31
MgS 011 plane 1730 21
Ca0 100 plane 1030 7]
Ca0 011 plane 2850 31
Cas 100 plane Rgg 3]
Ca8 011 plane 1 31
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Table VII
Surface Energy Values from Heate of Solution
in ergs/om,°

8o0l1id Surface Energy Reference
NaCl. 386 36
cdo0 500 37
-Al503 560 37
cuo 760 37
-Fe 05 350 37
Mg0 1400 38
Hg(OH)2 330 37
8,05 140 39
Au 670 ho
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Table VIII

Burface Free Energy Values from 8olubility Measurements
in ergs/em,° - Reference 29

80114 Surface Free Energy
PbI, o 130
Casoy, (Hn0), 370
AgCroy 575
PbF,, | 900
8rsoy 1400
Bag0), | 1250
CaFy 2500
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Table IX

Surface Energy Values from Heat of Wetting Data
in ergs/em.2 - Caloulated from Equation (62)

All values at 25° C. unless otherwlse indicated,

80114 Wetting Liquid €, -4H, ¢, Reference
Bas0y, H,0 610 | 790 41
'v H,0 520 (0°) 575 b2

HpO 575 (20°) 700 k3

CH5OH 400 (20°) 800 43

C,HOH 390 (20°) 760 43

n-CH,OH 390 (20°) 760 43

n-CyyHOH 385 (20°) 720 b3

n-CyHyOH ho ghs 43

n-065130H 385 (209) 720 43

n-CgHy 7OH 385 (20°) 720 43

T102 anatase H50 640 860 ho
| CoH OH 550 1510 ho
n-CHy0H %00 800 ko

n-C4H,COH 455 1050 b2

can5ooccn3 uaq 735 b2

CgHgNO, 360 hok ho

CCly 300 420 o

CgHg 220 210 ko

180-Cgly g 155 120 ko

T40, rutile H,0 900 (0°) 1690 Lth
H50 670 960 45

810, H,0 720 1090 th ]
Hs0 1000 2080 b6

Ho0 680 985 b5

570 1620 'h ]

CEHSOH

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



Table IX (COntinued)

Surface Energy Values from Heat of Wetting Data
in erga/cm.2 - Caleculated from Equation-(éa)

All values at 25° C. unless otherwise indicated

Solid Wetting Liquid ¢ _ AHw Ec neferenée ‘
EPR A ' f ' N e HARE kit i gl W’WWMW b
K 3192 n-c;,ngoa 470 " 1170 i
, 3ooocan5 520 150 ¢ W
CCly ' 180 150 I
CgHg 220 216 - k6
‘n-.o-,ulg 230 265 Lol
Zro,, H,0 g 720 1100 4
CCly 340 535 H
CgHg 260 290 Lo}
1'0"'08H18 B 190 . 130 ¢ u'l
CeHgNO, 390 hes W
Cuo | Ho0 700 (0°) 1000 b
8no,, H,0 800 1330 I LR
 'n=CyHgoH’ 550 1510 © W
CH COOC,Hs 590 1450 h ]
CCly % 380 600 by
CeHg i 290 300 b}
180-CgHl; g 170 s i
Zr810y, Hp0 970 1980 W
CCl), 470 920 - 41
06H6 330 ' . koo !&1‘{ '
180-CgHy « 240 290 W
CeHgNO, 510 g0 W
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Table IX (Continued)

Surface Energy Values from Heat of Wetting Data
in ergs/em.Z - Caleulated from Equation {62)

All values at 25° C, unless otherwise indicated.

8olid | Wetting Liquiad (.k -‘ AH';N és Rererenoe
‘Graphite Hn0 385 310 3]
L CoHOH 300 50 L I
ool 255 300 h ]
06H6 285 350 iy
Graphon  Hu0 170 62 k5
' CaF,, H,0 1170 2900 b6
| ' cc1y, 160 110 46
5 n-C7Hy 225 . 250 M6
Zns HY 2170 10,000 46
CCLy, 1360 7,700 46
R H,0 2750 16, 200 46
| Co1y 185 140 46
ﬂ n-CHy ¢ 635 2,000 b6
xa - cay, 185 760 - b6
n-CoHy -390 _, 760 L6
ersoy Hyo - 435 (20°) %o 7
| CHOH 250 (20°) 315 LY
| n-CgHy70H 265 (20°) 350 W7
~ Pbso H 10 (20° 't
o, 5 WMEN B
s n-CgHy 70H 360 (20°) 650 47
PbCroy Ha0 Wy (0°) 13 hg

¥
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Table X
Surface Energy Values of Sollds - High Energy Surfaces

Number Average

Temperature 8o0l1d g::ig;ee Ligiids ?ggiagég“
: ‘ >5§ ergs/em, . used Mean
0° Baso), " 575 1 —
20° Basoy 740 7 3.9%
25° Basoy 818 2 3,48
259 T10, (anatase) 903 3 10,.8%
0° T10, (rutile) 1690 1 J—
25°  T10, (rutile) 960 1 —
25° 810, 1117 3 2.5%
25° Zr0, 1100 1 —
0° Cuo 1000 1 —
25° 8no,, 1420 o 6.3%
25° Zrsioy 1980 1 —
25° CaF, 2900 1 —
25° ' Zns 10,000 1 —
25° . PbS 16, 200 1 —
20° Sr80y 382 3 10.2%
20° PoSOy 625 3 8.5%
0° FbCroy, 113 1 —
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Table XI
Surface Energy of Graphite - Using Data of Reference 30

-AHw €. €

Wetting Liquid ergn/cm.z erge/cm.2 ergs/cm.2
C6H6 114 69 121
Cyclohexane 101 66,3 105
p-Xylene 124 58,9 1l2
Hexane 118 kg 2 142
n-Octane 120 50.2 139
ooy, . 115 62.9 - 126
n~-BuOH 106 hg,5 12k
CHOH. 19 48,8 1hY

H,0 47.5 118 56.7

' Mean of eight values = 130 ergs/om,2
Average deviation from the mean = 11,4%
Mean of seven values (not using cyclohexane) = 134 ergs/cm.a

Average deviation from the mean = 8,9%
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EXPERIMENTAL
I. Materilals

The powders used in this étudy were: Mallinckrodt's
analyticel reagent grade copper oxide‘(CuO) and lead chromate,
a laboratory stockroom gample of silica gel, Baker's C, P,
aluminum oxide and barium éulfate, Harshaw's bone charcoal,
and graphon (1L-2808) from Godfrey L. Cabot Inc, Stearic acid
was obtained in 99% purity from Emery Industries through the
courtesy of J, D, Fltzpatrick, Perfluorodecanoic acid was
obtained from the Minnesota Mining and Manufacturing Co.

All water used in the adsorption and wetting exper-
iments was first deilonized énd then distilled, It had a con-
duetivity less than 5 x 106 ohms-l.

Most of the powders were not of sufficient purity,
but contained 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‘6 ohms'l. This
procedure minimized as far as possible errors in the heats
of wetting due to heats of solutilon,
| The above powders were chosen to fulflll the follow-
ing conditionsa: l

1, The powdeﬁ must be insoluble in water so that

ite heat of wetting, rather than a heat of solu-
tlon 1s measured,
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2. The powder must be available in a finely
divided form of high specific eurface area so
as to give reasonable accuracy in the adsorption
and wetting experiments,

3. The powders used should cover a range of surface

energles so that a comparison of high energy and
low energy surfaces can be made,

*

4, The powders used should have varying typda of
particle geometry, so that the effect of
poroeity and surface heterogeneity on the
results could be determined, Thus graphon is
spherical, sillca and bone charcoal are porous,
and the remaining powders are non-spherical and
non-porous, .

II. The Surface Area of the Powders,

The surface aress of the powders were determined
by the nitrogen adeorption methods of Brunauer, Emmett, and
Tellerh9 and Harkins and Jura50, and by the gas flow method

~ of Kraus, Ross, and Girifalcosl. A comparison and detalled
discussion of the methods used has been given elsewher051'52.

The surface area of the graphon was supplied by
Godfrey L., Cabot Inec,, along}with the sample, 'The surface

area of the aluminum oxide waes determined by J. W. Ross'at
the Applied Science Research Laboratory using the gas flow
method, All other areas were determined by the aufhor. The

surface area values obtalned are given in Table XII,

III. The Adsorption Measurements,
| A schematle drawing of the Adaorption apparatus,
designed both for nitrogen and water vapor adsorption, is

shown in Flgure IV, The method essentlally conslsts of
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Table XIIX

* The Surface Area of Powders

B Pomer Surfgoe Area Method &r:g;;mma
. n”/gn Mean Value
ol 81,11"3 391 701 BET :101
- morgy - 3.75 BET 3.83
S o i, ‘
3.73 gas flow
 Basoy 4,68 BET 4. 70
e 4,97 HJ
4,46 gas flow
41203 7.69 gas flow 7.69
_ @raphon 95 BET 95
y,“;\,‘Béne: charcoal 245 *BET 243
. 21 HJ
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measuring the preasure 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 Taylor53 differential micromanometer MM with a
‘magnification factor of 1&&; a dibutyl phthalate manometer
DB; and a meroury manometer H, In this way, pressures from

0,01 mm, to atmospherlc bressure could be measured,

An adsgorption isotherm is determined as follows:
the powder sample is placed in the bulb 8 and outgassed at
250° for six hours at less than five microns pressure, with
all stopoocks open except 2 and 3, After outgassing, all
stopcocks are closed and a constant temperature bath 1s
‘placed around the sample bulb S, For nitrogen adsorption
i1sotherms, the bath consists ofvliquid nitrogen, For water
vapor adsorpfion, the bath oonsists of freezing water glycol
mixtures, If nitrogen adsorption is beling meaauréd, the

7~d§sired quantity of nitrogen is admitted from I through
stopeock 2, The pressure in the system 1s then measured
with one of the manometers, Stopcosck 1 is then opened,
thereby allowing the gas to come in contact with the powder
in 8, and the pressure 1s again measured, From the two
pressures and the dimensions of the apparatus, the amount

adqoﬁbed may be calculated, If water vapor adsorption is
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‘being measured, the procedure is the same except that in-

atoad of admitting nitrogen from I, water vapor 1s admitted

from the water reservoir W,

IV, Preparation of Powlders Contalning Preadsorbed Material,
Figure V shows the apparatus used in preparing

powder containing a given amount of preadsorbed material,
70 VaAC,

C

Figure v

The powdered solld is contained in bulb A, and the
material to be adsorbed (stearic or perfluorodecanoic acid)
in iulh B, A dry ice bath is placed around B and a furnace

, around A, The asystem i1s then pumped down to five miocrons
pressure or less, and the bulb A brought to 250° ¢, After
outgassing for six hou}s, the glass tube 18 sealed off with
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a toreh at C. The powder in A 1s then transferred to B by
,tipping, and the bulb B 1a then sealed off at D, The buldb B,
now contalning both solid powder and material to be pre-
adsorbed, 1s placed in an oven a few degrees above the melt-
ing point of the preadsorbate for five days. This allows the
stearic or perfluorodecancic acld to dlstribute itself over
the surface of the powder,
The fraction of the surface covered with organic
acid can be calculated in two ways, From the specific area
- of the powder and the weight of organic acid, the fractional
- goverage can be computed 1if it is assumed that each acid
\ molecule is gtanding upright with its carboxyl group at the
jfaurfaoe. Then each acid molecule oceupies an area equal to
/tha area it would occupy in a close-packed film on a liquid
_surface, This assumption is probably good for all but the
lowest coverages when long-chain acids are used, The cross
sectional areas of the acids have been determined experi-
mentally®, |
The second method of computing fractional coverage
18 to determine the entire heat of wetting versus ooverage
curve, with the coverage plotted in mgms, per gm, powder,
- At the completion of a monolayer, there will be no further
. Aeoréase in the heat of wetting as the coverage increases,
i~Then, asauminé that equal weights of aocid givg equal ocover-
. age, the fractional coverage 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 avalilable for
the molecular cross-sectional area9, 80 the two methods c¢an
be checked against eaéh other, The results are found tb be

in falir agreement using a cross-gectional area of 20

V. Calorimetric Measurements,

| The magnitude of the heat of wetting is generally
of the order of a few calories. 1In order to attaln a reason-
able accuracy tharefore, an extremely sensitive calorimeter
i8 required, A twin differential microcalorimeter which was

54,55, 56

built by Berghausen, Fauser, and Buelteman , and
modified by Paynter57, was used in this investigation, The
details of the instrument are given in references 54 through
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
1ntroduot10n of known heats, 1Initlally, the temperature
:difference between the two units 1s 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 1s agasin zero,
If 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 18 not necessary to measure the absolute tem-
peratures or the heat capacities of the calorimeter units,
To detect temperature differences, a thermel was used con-
gisting of 125 series connected copper-constantan thermo-
couples, With the use of auxiliary eleetronic apparatus,
temperature differences as small as & millionth of a degree
could he detedted.

The powder whose heat of wetting is to be measured
ig placed in a glaas bulb and outgassed at 250° C. for six
hours under & pressure of five microns or less, The glass
bulb is then placed in one of the twin calorimeter units,
both of which contain pure water, A weight is then allowed
to fall on the bulb thereby shattering 1it., The heat of
wetting 1s evolved as the water comes in contact with the
powder, and 1s measured as described above, A éertain amount
of heat is also evolved due to the breaking of the dbulb,
Paynter57 hag conduocted a detailed gtudy of the heat of
breaking by using empty bulbs, For the bulba used in this
invastigation the heat of breaking was ,25 + ,10 Joules, and

this amount mist 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° ¢, and -25.5° C. The
results obtained are given numericélly in Table XIII and
'graphioally in Graphs I and II, The curves are typical
sigmold type isotherms in which the initlial rate of change
-of adsorption with pressure 1s 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, donsistent
curves and indicate that the accuréoy of the adsorption
measurements is satisfactory.

A plot of the differentlial heat of adsorption as
calculated by equation (17) 1s shown in Graph IIT. At low
coverage, the heat of adsorptlion is quite high, 4s the amount
adgorbed increaseg, the differential hseat of adeérptlon drops
very rapidly until monolayer coverage 1s reached, (5.5 x lO'u
moles adsorbed corresponds to monolayer coverace.) after
which it rises and levels off at a value of 12,4 koal/mole,
This is Just the heat of sublimation of ice at -20° C, and
indicates that the adsorbed water a few molecular layers
rrom,tﬁe surface has the properties of ice,

The high initisl heat may be interpreted as being

due to high-enersy sites on the solid surface, Water mole-
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Table XIII
The Adsorption of Water Vapor on Barium Sulfate

Weight eample = 6,873 grams
8pecific Surface Area = 4,70 me/gram

‘Tompérature = -19.2° C. Temperature = j--25.‘5° c.
Pregsure Moles gdgorbed Pressure Moles adsorbed
-~ mm, Hg x 10 mm, Hg x 10
0.009 1,249 1 0.000 1,344
0.129 2.534 0,003 2,200
0,137 3,480 0,083 | 3,096
0.3% 4,673 0,274 4,390
0,452 5. 423 0.375 5,352
0,528 6.021 0,b58 6.357
 0.615 6.636 0,468 7.582
 0.601 7.308 o462 8,856
0.816 8,215 : 0,462 10,077
0,833 ' 9.127
0.836 10,123
- 0.837 11,393
0.835 13.908 |
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Greph 2
‘l'ho Aﬂsorption Isotherm of Water on Barium Sulfate at -25.5° ¢
Data Taken From Table XIXII
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culeg are adsorbed on these sites first, thus iiberating
unusually large amounts of heat in the early stages of ad-
éorption. By the time 40% of the surface is covered, no
vaoant 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 inoreasingly important, These interactions contribute
 ‘to the heat of adsorption which therefore rlses; A8 the
number of adsorbed layers increases, the adsorption process
becomes 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
erystalline form of ice, but rather exist in an amorphous
“1liquid=~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,
Graphlcal integration of the differential heat of
| adsorption curves gives the integral heat of adsorption as

o282 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 clean, dry powders at 0,65° C., are given in Table XIV,
buplicates were run on some of the systems to give an esti-
mate of the accuracy of the method, In general an error of
5-10% can be expected, This error is less in cases where a
large amount of heat 1s evolved and greater where 8 small
amount of heat 1s evolved, When more than one méasﬁrement
was performed, mean values were used in subsequent calcula-
tiona.

The values,-421 ergs/cm,2 for the heat of wetting
of barium sulfate, 282 ergs/om.Z for the integral heat of
adsorption of ice on barium sulfate, and 119 ergs/em.2 for
the surface energy of water, were used to compute the sur-

- face energy of ice by equation (114), The ecalculated value

| of the surface energy of ice is then 172 ergs/om.e. Using
this value for fj;, the adhesion energles of ice to solids
were calculated, These results are given in Table XV,

8ince these are the first known values for the
‘energy of adhesion of solld-so0lid systems, no literature
data are avallable which mey be used as a basis of compari-
gson with these results, That the results are quite reason-
able, however, may be seen from the following conslderations,
The surface energy of water, 119 ergs/cm.% 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.

Weight  yneorrected  Corrected  Corrected
Powder of Heat Heat Heat
Sample
gms, Joules Joules/gm., ergs/em,?2
BasSoy, . 7.200 -14,.50 -1,980 =ty
b 2,740 -3.86 -1,218 34l
Fooroy 2 Len 38 2176 hos
Al,0 h 4 -24 .90 -5.1 -670
23 u.9§§ -22,90 -2.53 =591
10 . 780 —4“9,5 -118.9 -169
5102 %,Zou -372.9 <120.0 171
602 -202, -56.2 -231
Bone charcoal %.ggo -352. -2069 -2
Graphon 2,391 -6, 84 -2.75 -29.0
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Table XV

The Adheslon Energy of Ice to Solids

Using = 172 ergs/cm,; = 119 ergs/om,?2

&

So11d AEzs

ergs/om,

Bas0), 639

Pb CI‘Ou 580

A1,05 8a5

8102 339

Bone charcoal Wioh

Graphon 174
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ice, 8Since the surface energy of solids can be expected to
be above that of liquids, 172 ergs/em.Z 1s certainly of the
correct order of magnitude for the surface energy of ice.

- Also, the polar hydrophilic solids have a high energy 6! ice
adhesion, vwhile the non-polar hydrophoble graphon surface
has a low energy of 1ce adhesion, This is entirely 4in line
wlth general expestations,

Beyond the general consistency of these dats with
known facts, no more specific check on the results can be

made because of the lack of literature data on the subjeot,
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~II1. The Heat of Wetting a8 a Function of Preadsorbed
Material and Surface Heterogenelity.

Measurements of the heat of wetting as a funetion
of the amount of preasdsorbed material were carried out on
lead chromate and sluminum oxide, On lead chronmate, two

- different preadsorbates were used; perfluorodecanolec acid
and stearic acid, On aluminum oxide, stearic acld was used
‘as the preadéorbate. The results of the heat of wetting
measurements are given in Tables XVI, XVII, and XVIII and
in Graphs 4, 5, and 6, (For convenience, these tables ana
graphs are colleoted at the end of this section.)
v Usine the value 20.5 22 for the cross-seotional
area of the steario aoid moleoule, monolayer coverage for

b

- 8tearic acid corresponds to 2,31 x 10°  mg, of stearies acid

per cm.2 of surface, This value was used in calculating o,
“the fraction of the surface covered,

No cross-gectional area values for perfluoro-
decanoclic acid are avallable in the literature, At a coverage

4

of 2,0 x 10” mg. of perfluorodecanoic acid per cm.a of sur-

1‘face, the heat of wetting of 1eéd chromate was observed %o
bécoho zero, as may be seen from Graph 4, Furthermore,
‘increaaing the coverage does not change‘thé heat of wetting,
Thie coverage was therefore assumed to correspond to a mono-
layer; i,e,, 8 =1, The oross-sectlonal area calculated from
this value 18 h2.5 3?, whiéh 18 about twice the cross-sec-

tional area of stearic acid, While the oross-sectional area
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of the perfluoro acld would be expeoted to be conslderably
larger than that of stearic acid, the value 42,5 %2 1s
probably too high, The heat of wetting method does not
give an unéqui%doél value for the area per molecule of pere-
fluorocdecanoic aeid, but the velue is well within the right
order of magnitude., Examination of Graph U4 shows that if
the point at 1,86 x 10'” mg, per om.2 surface were too low,
- the curve could be drawn in such a way that zero heat of

watting would not be attained until a coverage of 2.7 x lO'h

mng., per om.2 were reached, Thls would correspond to a
. ~oross-sectional area of 31,5 32.
At any rate, until independent data on the oross-
~seotional area of perfluorodecanclo acid beccmes avéilable,
no course can be empirically Justified other than taking
monolayer coverage to corregpond to 2,0 x 1o‘u mg, per cm.2
eurféce. As long as the same curve is used in computing
both monolayer coverage and the wvalues of ﬁ; the errors in
the final curve_or 65 ve, 8§ are not likely to be great,
With the values of g ocalculated on the baals of
the above valuesg for monolayer coverage,.i, the heat of
wetting due to the bare part of the surface, and ¢, , the
vsurface energy at g coverage, were calculated from the
smoothed out curves using equations (75) and (80). The
| aarivative gg*
h va, 8. The results of these calculations are shown in

was oomputed graphically from a plot of
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Tables YIX, XX, and ¥XXI, and 4in Grephs 7, &, 9, 10, and 11,
Graphs 4 and 5§ shcw that perfluorodecanoic acid
and etearic acld are equally effective in lowerinz the heat
of wetting of lead chromate, up to about 10 mg./cm.g sur-
face coverage, Reyond this coverage, perfluorodecancic acid
18 more effective than stearic acid in lowering the heat of
wetting, The stearic acid monolayer has a heat of wetting
of about 40 ergs/cm.z whereas the perfluorodecancic acid has
a zero heat of wetting, This 48 in accord with the observa-
tion made in a previous sectinn that hydrocarbon surfaces
have a considerably higher energy than‘perfluoro surfaces,
The heat of wetting curve for aluminum oxide,
shown in Graph 6, 18 seen to be of the same general form as
the curves for lead chromate., Several discrepancies should
be noted, however.. A comparison of Graphs 5 and 6 shows
that the same amount 6f sBtedrlc acld, at low coverages of .
aoid, produces & conslderably greater drop in the heat of
wetting of alumlnum oxlde than 1in that of lead chromate,
This indlocstes that a smaller percentage of the sites on
the alumina surface have very high energy. On the lead
chromate surfacs, the same amount of energy is distributed
over a greater number of sites, Thils conclusion is verified
by the surfasce energy distribution curves of Graphs 10 and 11.
| The curve of Graph 6, for stearic acid on alumina,

was the only one that showed a slight, but definite, rise
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after the completlon of a menslayver, Thls rige could be due
to adsorptior in %the second layer teking place in such a way
that carboxyli sroups are stleking outward rather than hydro=-
earbon chains, Why this vhenomenon wes not observed in the
lead chromate systems is not clear., The srecific surface
area of the lead chromate was about half that of the aluminum
oxide, The same rise in thé heat of wetting of the lead
chromate samples would be twice as difficult to detect, so

it 18 possitle that experimentsl errcr masked a siight rige
in the heat of wettine,

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 wettinsg becomes con-
stant at only about 35% of the monolayer coverage, A |

péasible explanation of this 1is given below,
| Graphs 5 and 6 show that the heat of wetting of
stearic acid adsorbed orn lead chromate is about 40 ergs/em.Z,
but the heat of wetting of stearic fcid adscrbed on &lumina
is about 7% ergs/cmoe. The stearicéacid molecule 18 long
enough so that the ends of tha hydrocarbon chains are far

- removed from the influence of the surface, A stearic apgid
?ilm therefore would he expected to give the same hsat of
wetting regardless of the nature of the underlying substrate.
The heats of watting for powders contalning large aéounts of

stearic acid were quite small, and 1t is possible that the
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experimental error of these low heats 1s sufficlent to
account for the discrepancy. The facts that the heats of
wetting were falrly constant with coverage in this reglon,
and that the scatter of the points wag not sufficiently
great to cover a band of 7O ergs/cm.e in width seem to
argue against this possibility. An slternative 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 muoch more baslic than lead
chromate, Thus 1n approaching the alumina surfdace a stearioc
acid molecule could 1ibérate a proton which could migrate
into the aluminum oxidg. The basic alumina surface could

 then repel the stearate ion and the f£ilm would then be
loosely packed, If this repulsion were strong enough, an
inversion could ocour such that the astearate ion would be
adsorbed with its hydrocarbon towards the surface and 1ts
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 expected
on the relatively nonbasic lead chromate surface, so the
resulte would be as indicated in Graphs 5 and 6.

Graphs 7, &, and 9 give the dlstribution funations

for the heat of wetting on lead chromate and aluminum oxide,

For lead chromate, two curves were computed, one from heat
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of wetting datae ruslng perfluorcdecarcic acld and the other
stearic acid as the film forming substance, The method of
caloulation 1s such that the results should be independent
of the nature of the film and, sinoce the subatrate is the
game in both cases, Graphs 7 and & should be 1dentical,
Actually, the two curves differ considerably. Part of this
difference is certainly due to the inaccuracles inherent in
Chooeing values for monolayer coverage and in drawing the
proper curve to fit the original heat of wetting data, The
greatest disorepancy is seen to exist for values of ¢ below
0.25; 1.,e., at low coverages of organic acid, 1In computing
8, 1t was assumed that each acid molecule stood upright and
covered an area on the surface equalito its oross~sectional
area. At low coverages this assumption may be inaccurate,
It 18 more probable that the long=-chain molecules either lle
flat on the surface or are tilted at an appreciable inclina-
tion from the normal, 1In elther case, each molecule would
cbver 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 acid, the greater the reduction in
the heat of wetting by a given number of molecules, The
curves show that at lcw coverages stearic acid 1s more
effective than perfluorodecanoic acid in decreasing the heat

of wetting as required by this hypothesis,
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Graph 9 glves the distribution function for the
heat of wetting of aluminum oxide, The heat of wetting 1s
seen to become constant after a value of § = 0.2 18 reached.

Graph 10 gives the surface energy distribution for
lead chromate, using two different preadsorbates in the
measgurements, The two sets of data were computed from
Graphs 7 and &8, 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 obtalnsd with perfluorodecanocic acid and stearic acid
8111 exist but to & lesser degree. As shown by the distri-
bution curve, only a small part of the lead chromate surfaoe

“has a very high snergy: only 10% of the surface has energy
above 1100 ergs/cm.2 and only 20% has energy sbove 500 ergs/
om,2, About 60% of the surface has enersy less than
200 erzs/cm.2. The surface of lead chromate tharefore 1s
qulte heterogeneous in that sites having energles of greatly

~differing magnitudes are present,

The distribution of surface energy for aluminum
oxitde 18 shown in Graph 11, About 40% of this surface is

lkhighly hetercqapequs, and’sites of zreatly varying enercles

are present, The curve indlcates that the remeininz 50% ~f
=
the surface, however, has a constant energy of 77 erze/em.<.

- The alumina surface therefore is wmore homooeneous in its
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homogeneous portion, and more heterogeneous 1n 1ts heteroge-
ﬁeous porticn, than the lead chromate surface,

These data provide an interpretation for the faoct
that the heat of wetting of the aluminum oxide system levelS
off at 35% of monolayer coverage. The value of 77 ergs/om,°
1§ only a 1ittle higher thén the surface energy of a hydro-
carhon surface previously computed from contact angle dats,
If the preadsorbed film and the bare part of the surface
have the same surface energy, the heat of wetting would be

. gonstant with doveras;eo

It wouldkseem gurprising, however, that an A1203
surface should have such a low energy, Alumina 1s known to
have a great affinity for water and 1t 1g possible that a
'hydrate was formed on part of the surface that was not de-
composed during the outeassing procedure, The chemisorbed
water would be expected to lower the surface energy and
smooth out surface heterogené&ties. Thus 1t would be
expeoted that the low value of 77 ergs/om.2 corresponds to
a hydrated surface and not to the substance A1203.

The experimental levelling off of ¢, vs, 6 for
aluninum oxide 18 believed to be resal for the following
reasons;

1. The error due to loose packing of the film, or

the preserce of '"inverted" atearate ions is
gusbtracted out by the method of calculation,

2, A larre error in the surface area of the
alumine is unlirely, '
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3. Chemisorbed water would tend to lower the sur-
face energy and smooth out heterogeneities,
The présenoe of chemisorbed water leads onevto
expeot that the homogeneous portion of alumina would be
mbre homogeneous than the homogeneous portion of lead
- chromate, Alumina is prepared by dehydration of a hydrate,
and lead chromate by precipitation from solution. As a
result, the lead chromate ¢rystals are more homogeneous and
more perfectly formed than those of alumina, Béoause of
this 1t 18 to be expected that the heterogeneous portion of
’the alumina would be more heterogeneous than the heteroge-
neous portion of lead chromate,
It 18 evident fpom thease curves that the high
‘ ‘énerglea of 1ce adheslon for alumina and lead chromate,
liated in Table‘xv, are largely the result of about 30% of
the avallable surface having energy gréatly in excess of the
average value, Most of the ice is bound to the surface
rather 1dosely, but the presence of some very high energy
sites results in a fraction of the surface being attached 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 condition, so that the contribution
"of the ice to the adhesion energy may be considered as con-
stant over the surface, Because of this, the distribution
function for the energy of ice adhesion would be expeocted to

have the same form a8 Graphs 10 and 11,
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It 1s falrly certain that the results just given
represent correctly the general form of the energy distribu-
_fioh of the lead chromate and aluminum oxide surfaces, Be-
ocause of the theoretical and experimental limitations in-
herent in the method, the absolute values of the surface
enerzy 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 @ wag equal to
unity. A 5% error in this assumption gives a 10% error in
the surface energy values, since é enters as a square term
in the equation for the surface energy. On account of this
and the other approxlmations discussed above it 18 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 surface energy and the general trend of the distribﬁ-

- %ion funetion,

In spite of thelr approximate nature, the results
are valuable in that they are the first direct measurements
of surface heterogeneity, The distribution of surface
‘eﬁergy hag been investigated previously by means of adsorp-
tion experimentslo. The differential heat of adsorption was
piotted against the amount of gas adgorbed and, by assuming
that all differences in the differential heats were due to
differencea in the solild surface, a distribution function

was computed, A serious limitation %o this procedure is that
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adasorbed molecules interact with esch other as well as with
thé surface, Thus at all but the lowest coverages, the heaat
of adsorption includes not only the energy of interactlon
with the surface, but also the energy of interaction between
adsorbed gae moleculee. The heat of wetting method is not
subject to this limitation since the heat of wetting is an
integral property and interaotions between water molecules

is only very slightly involved in the wetting pfocess.
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Table XVI
The Heat of Wetting as a Function of Preadsorbed
Perfluorodescanoic Acid on FbCro) at 0.65° ¢.

Specific Surface Area = U4, 42 m.2/gm.

ggé%g; PFA peiFgm,e Uncg:;zcted Corrected Heat*®
&n. mg, s;r{gAei Joules joules/gn. ergs/om.Z
2,74 0.00 0.00 3.862 1,32 3k
2,864 0.00 0,00 3,604 1.17 Lod
5.014 1,54 0.08 5.ho9 1,03 268
5.009 864  0.450 2,583 0.1465 121
I, 989 15.05 0,788 1.917 0.335 87
4,966 35,46 1.861 0.178 -0.01k4 - 4
5.017 53.50 2.79 0.125 -0.02k4 - 6
5.005 70.67  3.69 0.631 0.076 20
4.977 73.50 3,86 0.121 «0,026 - 7
5,002 102,23 5.35 0.563 0,062 16
4,103 104,59 6.66 0.095 -0,037 - 10

* 0,25 jourles was the heat of breaking, so this value was
subtracted from the uncorrected heat, and the result used

in computing the corrected heat per gram and per om.a.
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Table XVII
The Heat of Wetting as a Function of Preadsorbed
Steario Aoid on PbCro), at 0.65° ¢C.
Specific Surface Area = 4,82 m.elgm.

g:éggz an pegAcm,z Uncg:z:cted Corrected Heat ,
g, me, surfage Joules joules/gm, ergs/cm,
x 10
2,740 0.00 0.00 3,862 1.32 4
2,864 0,00 0.00 3,604 1.17 hos
4L.991 0.64 0.034 3,438 0,720 144
5.004 7.57 0.396 2.861 0.522 136
h,993 1k.52 0,760 1.528 10,257 67
5,003 30,62 1,599  1.799 0.310 8
5.007 51,62 2.70 1.131 0.176 46
k999 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 Lo
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Table XVIII
The Heat of Wetting as a Function of Preadsorbed
Stearic Acid on A1203 at 0.65° C,
Specific Surface Area = 7.69 m.2/gm,

SA

Weight 2 Uncorrected Corrected Heat
‘Aléé? 2:. gggiggé Jgﬁizs Joules/gm. ergs/om.2
4, 835 0.00 0,00 ol 9 5.15 670
14,93 “‘o;oo‘ 0.00 22,9 by 591
k.98 3.95 0.103 7.32 1.bk2 185
4,93 8,51 0.225 7.59 1.h49 19k
5.03 7.29 0.189 3.74 0.70. 91
4,98 141 0.368 4,85 0,92 120
5.02 23,2 0,601 3,19 0.65 gl
5.02 31.1 0.808 3,10 0.57 74
4,98 35.0 0.915 L.75 0.90 114
5.13 46,1 1.170 3.11 0.55 72
5.10 59.0 1,508 3,15 0.57 T4
5.05 64,9 1,670 1,78 0.30 39
5.02 76.9 1.990 3.19 0.59 76
5,00 . 2.22 3. U2 0.563 &2
' 5.01 98.6 2.57 4,01 0.75 98
k.99 102,k 2.68 3.52 0.66 85
S.oh 109.1 2.82 4. %0 0.90 118
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Table XIX
The Surface Energzy Distribution of PbCrOu Caloculated
from the Heat of Wetting, as a Funotion of Preadsorbed
Perfluorodecanoic Acid, at 0.65° c.

- B Hw - h - 4 €,

8 ergs/em, 2 ergs/cm, 2 ae erge/om.ef
0.0 380 340 3170 7200
0.05 290 305 1212 ol
0.10 220 2u5 852 1450
0.20 150 187 Lug 662
0.30 105 150 350 k11
0.% 70 117 088 287
0,60 27 68 213 139
0.80 5 25 162 62
1.00 0 0 110 30
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The Surface Energy Distribution of P’bCrOu Calculated

from the Heat of Wetting, as a Funetion of Preadsorbed

stearic Acid, at 0.65° C.

- AHw -h ah €
8 ergs /om, 2 ergs/om,2 “ag ergs/cm, 2

0.05 190 194 1435 2030
0.10 154 167 502 755
0.20 109 125 250 329
0.30 &9 109 172 223
0,40 73 93 115 155
0,60 56 75 9l 110
0.%0 hg 70 T4 86
1,00 b3 43 57 55
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Table XXI
The Surface Energy Distribution of A1203 Calculated
from the Heat of Wetting, as a Functlion of Preadsorbed

Stearic Acid, at 0.65° ¢.

- e

o - AHw 5 - h _ah Es 0
| ergs/om, ergs/cm, 2 e ergs/om,
0.05 310 322 3335 6275
0.10 170 1% 1270 1630
0.20 102 109 372 395
0.30 8 9l 168 201
0.ko 73 73 | 68 111
0,60 73 73 0 77
0.80 73 73 0 77
1.00 73 73 0 17
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Graph 4
The Heat of Wetting of Lead Chromate as a Function
of the Amount of Preadsorbed Perfluorodecanoic Acid
Data Taken From Table XVI |
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Graph 5
The Heat of Wetting of Lead Chromate as a Funetion
of the Amount of Preadsorbed Stearic Acld
Data Teken From Table XVII
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Graph 6

The Heat of Wetting of Aluminum Oxide as a Funetion

of the Amount of Preadsorbed Stearic Acid
Deta Taken From Table XVIIIX
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Graph 7

The Contribution of the Bare Part of the Surface to

the Heat of Wetting of lLead Chromate Containing Preadsorbed

Perfluorodecanoic Acld,
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Graph &
The Contribution of the Bare Part of the Surface to
the Heat of Wetting of lLead Chromate Containing Preadsorbed
8tesaric 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 From Table XXI
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Graph 11

The Surface Energy Distribution of Aluminum Oxlde
. | 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 1ce
adhesion caloulated for them, The results of these calou-
lations were conslstent with known faets, A specific check
of the data with the literature was not possible since no
adhesion energy values for solid-solld 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 surface
energy, surface tenslon, and contact angle relations, All

~of these gave reasonsble agreement with experiments,

A method has also been developed for investigasting
surface heterogenelty and determining the distribution func-
~tion for the energy over a surface., The above mentioned
theory was used to compute this distribution function fronm
the heat of wetting as & 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 propertlies of
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these substances, the remaining 70% having relatively low
energy.

Although experimental and computational A4iffi-
culties make this work somewhat approximate, the results
afe thoﬁght to be of great value, These data represent
the first adhesion energles measured for solid-solid systems,
and the first direct measure of the heterogeneity of surfaces

4n regard to their energy,.

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



~12¢-

BIBLIOGRAPHY

1, Kraus, Gerard, Progress Report No, 2 (Nov, 1 - Feb, 1,
1950-53) Army Alr Force Contract AF 33 (616) 231,
University of Cincinnati,

2, Powler, R,, and Guggenhelm, E. A, "Statistical Thermo-

g%namics "  Cambridge University Press (1949)
. X.

3, Harkins, W, D,, and Jura, G, "The Surfaces of Solids
. and Liquids and the Films that Form upon Them,"
in "Colloid Chemistry." Vol, VI, p. 1-76, edited
by J. Alexander Reinhold Publishing Corp.
New York (1946), \

4, Bangham, D, H,, Trans, Fafad. goc,, 33, 805 (1937).

5. Bangham, D, H.,, and Razouk, R, I,, Transg, Farad, Soc,,
33, 1463 (1937).

6. Bangham, D. H,, and Razouk, R, I., Prce, Royal Soc,
(London) A166 572 (1938).

7. Brunauver, S, "The Adsorption of Gases and Vapors "
Princeton University Press (1943). ch., &,

&g, Fowler, R, "Statlstical Mechaniecs," (ambridge Univer-
sity Press (1936). Ch. X.

9, Bikerman, J. J. "Surface Chemistry for Industrial
Research.” Academic Press Inc,, New York (1948),
Ch, V,

10, Drain, L, E,, and Morrison, J. A,, Trans, Farad, Soc,,
48, 315 (1952),

11, Bhodin, T. N., J. Am, Chem, Soc., 72, 5691 (1950),

12, deBoer, J, H, "The Dynamical Character of Adsorption,"
Cxford Clarendon Press (1953), Ch, V.

13, Beattie, J. A,, and Stockmayer, W, H, "The Thermo-
dynamicg and Statistical Mechanics of Real Gasesg” .
in "A Treatise on Physical Chemistry.," vVvol, II,
Ch, II. Edited by H, 8. Taylor and 8, Glasstone,
D, Van Yostrand Ine, New York (1951),

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



1k,

15,

16,
17,

18,

19,

20.

21,
22,
23.
ok,
25,
26,

27.

-129- .

glater, J, C, "Introduction to Chemical Physics. "
Ch, IX, MoGraw-Hill Book Co, Inc, New York (1939).

Willliams, J. W,, and Alberty, R, A, "The Colloidal
State and Surface Chemistry® in %A Treatise on
Physical Chemistry." Vol, II, Ch, IV, Edited by
H., 8. Taylor and 8, Glasstone, D, Van Nostrand
Inc, New York (1951).

Harkins, W, D., A. A. A, S, Publication No, 21, 1 (1943),

8later, J, C. "Introduction to Chemical Physics,®
Ch, XXII. McGraw=-Hill Book Co, Inc, New York

(1939).

8yrkin, Y, K,, and Dyatkina, M. E, "3Structure of
Molecules and the Chemical Bond," Ch, 12, Inter-
science Publishers Inc, New York (1950).

Harkins, W, D. '"Determination of Surface and Inter-
faclal Tenslon' in "Physlcal Methods of Organie
Chemistry." Vol. I. 2nd ed, Edited by A, Weisg-
berger, Intersclence Publishers Inc, New York

Hildebrand, J, H,, and Scott, R. L, "Solubility of Non-
Electrolytes.” 3rd ed., Reinhold Publishing Corp,
New York (19%0).

Handbook of Chemistry and Physics, 30th edition,
Chemical Rubber Publishing Co. (1947).

Donahue, D, J., and Bartell, F, E,, J. Phys, Chem, 76,
L8 (1952).

Adams, N, K, "Physics and Chemistry of Surfaces,"
3rd ed, Oxford University Press (1941),

Ray, B. R., and Bartell, F, E., J. Coll. Seci, &, 21k
(1953).

Shafrin, E, G,, and Zisman, W, A,, J, Coll, 8ei, 7,
166 (1952). |

Baker, H, R., Shafrin, E, G,, and Zisman, W, A,, J. Phys.
Chem. 56, 405 (1952).

Hare, E. F,, Bhafrin, E, G,, and Zisman, W, A., J. Phys,
Chem, 58, 236 {1954),

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



~130-
28, Scholberg, H., M,, Guenther, R, A,, and Coon, R, I,,
J. Phys, Chem, 57, 923 (1953).
29, Dundon, M. L., J. Am. Chem, Soc, 45, 2654 (1923),

30, Bartell, F, E., and Suggitt, R. M,, J. Fhys, Chem,
58, 26 (1954),

31, Lennard-Jones, J. E,, and Taylor, H. S., Proc, Royal
goc, (London) A109, 476 (1925),

32, Dent, B, M., Phil. Mag, (7), & 530 (1929).
33, Beimuller, Zeit, F, Physik, 38, 759 (1936).
34, Jaeger, Zeit, Anorg, Chem, 101, 152 (1917),
35. Born, M., Ency., D, Math, Wiss, 5, 743 (1923),

36, Lipsett, 8. G,, Johnson, F, M. G,, and Maass, O.,
J. Am, Chem, Soc., 49, 925 (1gl0), |

37, Fricket R,, and Blaschke, F,, Z, Elektrochem, 46, 46

1950) .,
24, Jura, G., J. Chem, Phys. 12, 1335 (1949),
39, Fricke, R., and Dorger, Z, Anorg, Chem. 253, 2 (1945),

ko, Fricke?lgéé)and Meyer, F. R., 2. Phys. Chem, al&l, 409

41, Harkine, W. D,, and Boyd, G, E,, J. Am, Chem, Soc, 64,
; 1195 (19k2),

Yo, Kraus, ¢., Fauser, D., and Berghausen, P,, unpublished
data (1951).

43, I1'in, B. V,, and Kiselev, V. F.,, Doklady Akad, Nauk,
g2, 85 (1952),

Lh, Boyd, G, E., A. A, A, S,, Publication No, 21, 131 (1943),

&5;vZettlemoyer, A, C., Young, G. J., Chessick, J, J., and
Healey, 8. H.,, J. Phys, Chen, {7, 6&9 (1953).

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



-131.

46, Howard, H, L., and Culbertson, J. L,, J. Am, Chem, Soo,
72, 1185 (1950),

47, T1'in, B, V., Kiselev, V. F., Kiselev, Ya, E., Likhacheva,
0. A., and shecherbakova, X, D,, Doklady Akad,
Nauk, 75, 827 (1950).

Lg, Girifa%co, %. A., and Paynter, D., unpublished data
1953).,

49, Brunauer, S8,, Emmett, P, H,, and Teller, E,, J. Am,
Chem. 8oc, 60, 309 (1938),

50. Harkins, W, D,, and Jurs, G,, J. Am, Chem; 80c.y66
1366 (15hy), ’ =

51, Kraus, G,, Ross, J. W., and Girifalco, L, A., J. Phys,
Chem. 57, 330 (1953).

52. Girifa%co, %, A,, M, 8. Thesls, University of Cincinnati
1952).

53, Young,(iéugs, and Taylor, R. C., Anal, Chem. 19, 133

°

54, Berghausen, P, Presented at Symposium on Adhesion,
Case Institute of Technology, April (19%2).

55. Fauser, D,, M. §, Thesls, University of Cinocinnati (1952)

56. Buelte?an, ?., M. 8. Thesis, University of Cincinnati
1952).

57. paynte?, D&S Ph, D, Thesls, Unlversity of Cincinnati

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



