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Summary of lecture

Interface: the boundary region between two bulk phases in which the
properties change from those of one of the bulk phases to those of the other.

Surface: usually used if one of the phases is gaseous although this usage is not
strict.

Surface tension or Interfacial tension: the tension associated with a surface or

interface. It is usually symbolized by the Greek symbol gamma, y but sometimes in older
texts the Greek symbol sigma (o) is used. Qualitatively the tension acts at any interface
trying to minimize the interfacial area, A. It is the pressure acting over the thickness of
the interface, i.e. a force per unit length.

Adsorption: the accumulation of matter at interfaces. Tendencies to adsorb vary
widely between substances and interfaces. Surfactants are molecules that are surface
active, the concentration at interfaces is much higher at the interface than in bulk solution.

When the interfacial accumulation is lower than that in the bulk one describes it as hegative
adsorption. Anexample where one observes both positive and negative adsorption is the
electrical double layer.

Gibb's Adsorption Equation the most important equation of interface science and hence

of interfacial thermodynamics. Adsorption and surface tension are intimately related
through Gibb's adsorption law.



Surface tension: mathematical description

Definition of tension at a point:

- Imagine a curve AB in the surface, passing through point P
and dividing the region into 2 phases.

* If across an element 8l of AB region 2 exerts a force Yol
tangenital to the surface thenyis called the surface or
interfacial tension at this point and for this particular
method of dividing the surface.

* If vy has the same value at all points on the surface then
the surface is said to be in a state of uniform tension.

B \//\ surface

5| I_P ¥l tangenital force

> 7

Region 1 r\ Region 2

A \/ Imaginary curve AB on surface




Water forms hydrogen bonds

O Hydrogen

"l
Oxygens form tetrahedral

structure in Ice

o
Hydrogen bond
0.18 nm
) m

O Oxygen
0.1nm

In liquid water the hydrogen bonds break and form in order
of pico seconds-long range order vanishes,



Molecular description
Surface Tension of Water

at the interface water

cannot form as many

hydrogen bonds there is a
air‘ force imbalance

water

In the bulk, water can freely form
hydrogen bonds

Interfacial tension of pure water at air water
interface y,, air-at 25 °C is about 72 N/m.

Water molecules act to
decrease the area exposed
to the air which often
cause the shape of the

interface to curve.
contractile
ﬁ force

water

If we try and enlarge a given interface
the interfacial tension opposes the
action.



Example:

Water Strider can walk-on-water because

of surface tension

* Their legs have a waxy, hydrophobic
surface that repels water, so they are
nhot wet by the water they stand on.

* Because the legs are not wet by the
water, the animal does not become
submerged.

* Unless the downward pull of gravity
(the animal's weight) exceeds the
opposing vertical component of the
water's surface tension.

Water strider in water

Water strider submerged in water
with 0.005 M sodium dodecyl sulphate
(detergent) dissolved in it.




How do we describe the properties of aflat interface

Uo usB

Phase o Phase 3

\
UG

Interface is flat

Lets assume that the total energy, U of a
system is known with respect to the sum of the
standard energies. U is now considered to be
composed of three contributions, the energy
associated with the phases and the energy
associated with the interface

U= U+ UB+Ue E1

Lets do a thought experiment and move a
probe from the interior of o phase to interior
of B phase.

As we do this we would start o notice
deviations in composition, density and
structure. The closer to phase B the larger
the deviations until eventually the probe
arrives in the homogenous phase, § . The
thickness of the transition or interfacial layer
will depend upon the nature of the two phases
and on other factors. For solid surfaces and
solid-liquid interfaces it is usually not more
than a few atomic layers thick, but in other
cases it can readily become 10s to hundreds of
nms thick.

It is this finite thickness of the interface
that renders the division of U into three parts
inoperable. We have no reasonable means to
determine where o ends or § starts and hence
no thermodynamic means to determine the
interfacial energy, Uc




We reguire an assumption or convention to define
the interfacial energy, U° or US

- If we wish to study the thermodynamic properties of a beaker of water
we can determine exactly how much liquid is present in the system.

* The same is not true for the surface or the interface of a phase,
because we do not know how thick the interface is, i.e., we do not know
the extent of the surface.

* So inherent in the thermodynamic study of interfaces is the adoption of
an assumption or convention to define the interfacial energy, U°.

* There are two conventions and they are the
(1) Guggenheim, and
(2) Gibb's conventions.

* It is usually a matter of taste or convenience which approach is used.

 The Gibb's convention is usually denoted by the superscript, G the
Guggenheim convention by the symbol, "s".



Guggenheim Convention

Phase o, Surface = Phase 3
phase s — USB

e
/ T
The interfacial excess of internal energy is
its fotal amount in the volume At

two dividing planes

The interface is treated as a phase, which has finite thickness and volume. The thermodynamic
treatment of this phase is then analogous to that of the bulk phases. Consider the /nterphase
denoted by s between two bulk phases, coined o and  two dividing planes are drawn, one in phase o
the other in phase . The planes are sufficiently far outside the interfacial region that beyond them
the two phases exhibit their bulk behavior. The volume of this interphase is At, where the thickness, t
is not less than one molecular diameter. The extensive thermodynamic properties and numbers of
moles, n, are fotal quantities associated with the interphase.




Gibb's convention

Phase o

Phase 3

Gibb’s dividing plane

Vo=0

In this convention, phases o and § are thought to be separated by an infinitesimally thin
boundary layer, the Gibb's dividing plane. All excess energy is located in this plane which
has zero thickness and zero volume. Even though this convention is not in agreement with
physical reality it works mathematically. When thermodynamics is applied to real systems,
the question of the /focation of the dividing plane must be addressed. Specifically, what is

the best location of the plane? To that end it is usually necessary to consider the

accumulation or depletion of matter in the interfacial region i.e adsorption or desorption.

The symbol, (o) sigma usually denotes the use of this convention.




Thermodynamic characteristic functions for two
homogenous bulk phases separated by a flat interface

Reversible closed system where dq and

dw are infinitesimally small amounts of
heat and work then Then E.3 becomes

dU =dg+dw=dq-pdv  E2 dU =dg- pdV +ydA  E4

Previously we defined the force acting
tangenital to the interface dl as ydl. To
extend a surface, by L in the direction

of the force then the interfacial work For an open system E.4 can be written as

term would be

dU =dgq- pdV +ydA +Z“i dn E.5

dw(int) = ydIL = ydA E.3

W; : chemical potential of i
ny @ moles of i

g: heat

w: work

p: pressure

V: volume

A interfacial area




Y equals the differential Gibb's energy per unit area

From second Law S the entropy is

dS=dq/T reversible process

Then for a reversible process E.5 becomes

dU =TdS- pdV +ydA  E6

In terms of Gibb's energy, G (also called free
enthalpy or Gibb's free energy) E.6 becomes

In an open system Gibb's energy is

dG = -SdT+Vdp+ydA+ > p,dn E.8

Therefore for a one component, two phase
system such as a pure liquid in contact with its
water, it follows from E.8 that

dA Jorn

G=H-TS=U + pV -TS
dG = dU+pdV+Vdp-TdS- AT
dG = TdSpdV+ydA+ pdV+Vdp-TdS- AT

That is at a given p and T the surface tension of
a pure liquid is the increment of the Gibb's
energy of the system if the area is increased an
infinitesimal amount at fixed p, T and n. For a
multicomponent sys‘rem the surface tension is

from E.7
Y= (dgj E.10
dG = -SdT+Vdp+ydA E.7 dA Jorns '
S: entropy
H : enthalpy It equals the differential Gibb's energy per unit area this is NOT the
same as the integral Gibb's energy per unit area




Integral functions (U, G, and H) for two homogenous
phases in equilibrium separated by a flat interface

For an open system

dU=TdS-pdV+ydA  E6

U=U[SV Al =TS-pV+yA+>wn EIl

U is a linear function of extensive

properties, S, V, and A and therefore

may be integrated. Recall Gibb's energy is defined

Mathematically, the integration is possible G=U+pV-T5

because of Euler's theorem which without Then from E.11
proof is
If f=f(x.y) is a homogenous function of G=pV-TS+ TS-pV +yA+ Z“' n
degree n then : o
o {df} G=yA+Zuini E.12
Y | +X|— =nf i

dy |, dx ]y

Likewise the enthalpy

[d_U} S_{d_u} VJ{d_U} AU H=U+pV
dsS VA dv SA dA SV

H = TS+yA+ > wn E.13
[




But how do we define the interfacial energy, Uc or Us?

Ue ub
Phase o Phase 3
\

UG

Interface is flat



Characteristic functions at a flat interface:

Gibb's convention, V° =0
And likewise Gibb's energy is defined

Internal energy G=G"+GP+G° 4+ YA E 17
U =U*+UP4+U° E1l %

The interfacial energy for flat interface is
from E.11 and E.5 after subtracting

Entropy contribution from bulk phase o.and B
S=5"+5"+5° E. 14 U° =TS® +7A+ Y wn®  E18
i
Lets define the interfacial enthalpy c _ c c
by the sum of the volume and surface dU” =TdS" +ydA + Zui dn E.19
work contribution | !
H°=U°+ pV°® —yA The Gibb's energy for flat interface
G°=H°-TS°
By Gibb's convention V°=0 then Using E.15 becomes
H® =U° —yA E15 G°=U° —yA-TS’
| U sing E.18 becomes
Internal consistency then requires that 6_TcO 6 . A_TQO
interfacial enthalpy G=TS"+ YA+Z“i N —YA-TS
5 ; [
g B c
H=H"+H"+H" +vyA E.16§ GG=ZMiniG E 20
i




Gibb's Adsorption Law

The Gibb's energy for flat interface

G® = HO _TS® Defining the surface excess
entropy and surface

dG° =dH® —TdS® — S°dT concentration as

U sing E.15 it becomes <o o

dG° =dU° —ydA— Ady-TdS® - S°dT S = N and I; = %

U sing E.19 it becomes

dG° =TdS” +ydA+ >, dn® — ydA— Ady - TdS® - S°dT
i

dG° =-S°dT — Ady+ > _p; dn’ E.21

Gibb's adsorption equation is

FromE.20 G° = ZM‘ n’ then dy=-S7dT - Zri du, E.24
i i

dG® => wdn® +> n’dw; E.22

that if a substance adsorbs and its
concentration is increased the

S°dT + Ady + Z n"du. =0 EZ23 interfacial tension decreases.
[

ting E.21 with E.22 Because of equilibrium between
Equating E.21 with € interface and bulk, u in E.24 equals bulk
—S°dT — Ady + Zui dn’ = Zui an® + Z n°du. concentration. Therefore it follows
[ [ [




Position of the Dividing Plane

- The adsorption equation is a central equation in interfacial
thermodynamics, but its application to to real systems is not always
straightforward.

- Remember we still have not defined the position of the plane or as
Gibb's called it the "surface of tension” we have just assumed that
it exists and that it has zero thickness and zero volume.

- So does it matter?

* How do we define it?
The usual procedure is to position the GDP so that
adsorption of one of the major components is zero i.e., I';
orI',=0.



Graphical Illustration for locating GDP

Lets consider a three
component system two partially
miscible liquids and a solute.

+ Component (1) (e.g. water) is
associated with phase B,

+ Component (2) (e.g hexane) is
associated with phase o

- Component (3) is the solute
(e.g. protein molecules) which
are adsorbed at the interface.

conc

conc

conc

o

cf

PHASE B

GDP C,

Deficit of component 1 in phase
because of interface

<+—— Excess of component 1 in phase o
because of interface

EE L LT LT TP PPN RSEE L o

<— Adsorption of component 3

relative to component 1

S

.




Why does this work?

Adsorption from solution usually means desorption of
another component there is exchange

B g B g i p '.l
.l. .l i’ ) .l.l’l
m B : .l.'

Therefore with Gibb's adsorption equation the adsorption
of a component can be described relative to the adsorption
of another component and often locating GDP is not critical
especially if one component is surface active.




Gibb's Adsorption Law explains the plight of water
striders in streams polluted by detergent

Gibb's adsorption law at
constant temperature is

Clean lake

—dy =) Iidu

If a substance adsorbs and its
concentration is increased the
interfacial tension decreases.

Polluted lake
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Chemical Potential, u is defined as the molar
Gibb's energy

Gibb's adsorption law at constant
temperature is For a one component homogenous system (i.e no

interface) at givenpand T

dG =-AdT+Vdp+udn E.8a

—dy =2 T dy,

Therefore the chemical potential of a
homogenous monocomponent phase is

If a substance adsorbs and its
concentration is increased the dG
interfacial tension decreases. u= (_

dn

j =G. ES8b
p.T

What is the chemical potential ?

- _ This is the definition of u , where the units are in
In an open system Gibb's energy is J/mole and 6, is the molar Gibb's energy

For a multicomponent system

dG = -SdT+Vdp+ydA+ > p;dn E.8

Mi = [d—G j :Gi E8b
dni p,T.n,
J#1




Chemical Potential of solutions

For ideal liquids

dG

M =(d—n ] =G E8b W =u’+RTInx E.8c
1 p,T.n_

J#1 :

Mio : chemical potential of iin standard statei.eat standardpand T

Where G, is the partial molar Gibb's energy of
component i. The abbreviation n, ;all n's except n,
is constant. Consider a multicomponent
homogenous phase at fixed pand T. Add a
infinitesimal amount of dn, of component I and
measure the concomitant increase in 6. The

increase per unit of n,added is the chemical X = K
potential of i. Z X
j

wherexi : mole fraction of i

E.8d

Very few real liquid systems satisfy E.8¢
over the entire range of x, but almost any
system approaches this behavior when
dilute.



Real solutions and the notion of activity coefficients

Consider a binary (dilute) ideal mixture of

solvent X, (water) and solute X, then
X=1-X, = 1 because x,< <1

For the solvent and solute

U, = uo+RTIn(x, ) E.8e

Wy = Uy +RTIN(1-%; )= py -RTIN(x, )

ug and uj : chemical potential
of solvent and solute in standard state

But, as concentration of solute is
increased the chemical potential of
the solute in the standard state u°
also becomes dependent upon x, due
to solvation effects.

For systems where the deviations from
ideality are not large, the ideal equations
can be used if we make some empirical
adjustment. One of the more familiar
procedures involves the introduction of
the notion of activity

1, =pg+RTIn(a) E8F

Where activity , a is defined as

a= fx E.8g

where f is the concentration dependent activity
coefficient and a is the activity or the effective
mole fraction of the solute. Note f is unitless term

On page 86 of Haynie the chemical potential of
substance A is defined as

W =Ur+RTINa, E.8f

Where the activity is defined in ferms of the
activity coefficient, (y,) and the concentration
[A]. This is just defining the solute and activity
coefficient on a different scale, i.e. in this case
we use we use the molarity scale. Activity is a
dimensionless quantity the units of the molar
activity coefficient are liters/mol.



Example of use of Gibb’s adsorption equation

Example:

The interfacial or surface tension y,, of water
samples taken from a small lake in Northern
Minnesota were found to decrease by about
10mN/m over a 2 year period. Chemical analysis
of the water samples taken at the same time of
the year when the water temperature was about
25° C, suggested that there was a 5 fold
increase in concentration of a detergent. It
increased form about 1 femta molar (1x10-15
M)to 5 x10-4 M. Calculate the number of moles
of detergent adsorbed at the lake surface
(water-air interface) by use of Gibb's
adsorption equation. Assume the solution
behaves ideally and the lake is pseudo-
cylindrical with radius 1000m and depth 20 m.
Determine the approximate area available for
each molecule adsorbed at the surface? If the
nominal head group area is 0.3 nm? . Is there
likely to be a significant surface pressure at the
interface in the sense that we might expect a
phase transition.

Gibb's adsorption equation at constant temperature

—dYZZFidMi
i

N moles J _

m m° mole
_Nm_N
m?> m

Chemical potential of detergent is defined as

Mg =Mg+RTINa,

Solution behaves ideally therefore

a=cy x1

Change in chemical potential is
1

Aud=RTln[%}

Qy

A I

mole mole’K
J

mole




Example cont.

—L-r
dMi
LHS Nominal head group area of detergent molecule is
— =3.0 x1019 m?
In{M}S 31x 298
5x10 P x1] This is about 2 times less than the calculated area available

therefore although there is a surface pressure at the
interface it is unlikely that it is significant in the sense that
there will be any phase transition.

= 2.5umoles of detergent/ m?

Area of lake

Area of lake =nR? No significant head-group r:'epulsu:on air

=3.141x106 m?

water

Total number of moles and molecules

=3.141x108 x 2.5 x10-¢ moles b4 b4 b4
=7.87 moles

Significant head-group repulsion air

=4 74506x1024 molecules

water
=1.5104x1018 molecules/m?2

area available per head-group region

=6.62077101° m2/molecule




Therefore with Gibb's adsorption equation the adsorption of a
component can be described relative to the adsorption of
another component and often locating GDP is not critical

At constant temperature Gibb's adsorption equation
becomes

—dy = Zri du;
i

Lets Phase o largely consist of component 1 and
phase P of component 2; the surface active solute,
component 3 is present at low concentrations in o 3
or both

First consider adsorption from o to the liquid-vapor
phase surface.

—dy=T7dp, +3dp,

If we chose the Gibb's surface such

If we now use surface-phase (Guggenheim) convention then

—dy =Tydu, +3dp,

which combined with the appropriate Gibb's-Duheim
relationship

xdu, =—xdus
X =mole fraction

then v ]
—dv=[F§——3Fi ST
X

and rd = {Fg —ﬁrf}
X

Therefore adsorption of component 3 is relative
to adsorption of 1 and for surface-active
compound x3 << x; and both are equivalent

1
Y =r;




Lets consider the general case of adsorption from mulitcomponent phases

Lets consider a three component system two partially miscible liquids and a solute .
Component (1) (e.g. water) is associated with phase o, Component (2) (e.g hexane) is associated with phase 3
Component (3) is the solute (e.g. protein molecules) which are adsorbed at the interface.

We STILL have a problem because we do not
Wen-n—rf Eo know which part of the total volume must be
A o called Ve and Ve,

nig : moles of substance, i i n interfacial region Now ir'r'espec‘rive of the pOSiTiOI’\ of GDP
we can write for component 1

Lets start

nia : moles of substance, i in phase o

p. ii ;
n;” : moles of substance, i in phase 8 §F1A=nf:n1—Cf(V0‘—C1ﬁ\/B E4

i : component 1, 2 or 3

I';: adsorption of component 1 at interface
(moles/m? ).

In terms of concentration E.2 becomes Since by Gibb's convention

V=V*+vP E5

W =n-cv*-cNf E3

n’ : moles of substance, i i n interfacial region Rearranging E.4 using E.5
Cia - concentration of substance, i in phase o
o
V™ : volume of phase o %VOL_FlA_nl‘FClBV VB_FlA_nl+C1BV £6
CiB : concentration of substance, i in phase 3 Cf) - Cf( Cf B Cfc

VB : volume of phase 8



Mathematical Phenomenological equations

Substituting E.6 into E.2 we find after some
rearrangements

¢ -q ¢ -c o -cf

RHS of E 7 contains measurable quantities it is
operable, hence LHS is thermodynamically
defined. Note this definition is independent of
the GDP we have only assumed that there isa
GDP through use of E. 5 We now define the
adsorption if (i) with respect to component 1
mathematically through

| a B

B_ o
r(_l)zri—rl[q q} ES
G -G

Showing that adsorption of (i) is relative to
component (1)

The usual convention is to locate the position of
the dividing plane so that adsorption of one of the
major components e.g component 1is zero then T,
=0 then from E.7

rPA=n ‘qa{nla_qﬁ}s/}—qﬁ[nls_q:/} E9
Q-a Q-G

Therefore adsorption of component i with
respect to component 1 equals number of
moles of component (i) /ess the number of
moles of (i) that would be present in the
same region if phase o and phase f3
extended unchanged in properties up to the
GDP defined at I';=0.
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