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Solid-Liquid-Gas Equilibrium
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Thermodynamic Derivation of Young’s Equation

Small drop of liquid on solid:
(neglect gravity: spherical drop)
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Measurement of �
1) Direct Method (Sessile Drop)



Measurement of �

2) Drop Dimensions

3) Tilting Plate

Tilt until meniscus is flat



Measurement of �

4) Captive Bubble

5) Powders
a. compacted disk

the powders or granules are compressed into a flat cake, to 
which liquid drops are applied, and contact angles are measured 

Problem: Spontaneous liquid penetration might occur if the actual
contact angle between the liquid and the solid is lower than 90°. 
But penetration might occur slowly enough that reproducible 
results can be obtained through direct measurement.
- The contact angle obtained > on a smooth surface.
- influenced by surface roughness, particle swelling and tablet 

porosity 
- Furthermore, during sample preparation, the topmost powder 

particles are likely to undergo plastic deformation by the 
compression, which might give different results than the 
uncompressed powders



Measurement of �

5) Powders
a. porous plug

1. Compact into porous plug
2. Measure pressure needed to prevent liquid 

from entering pores

3. Repeat with wetting liquid (�=0)
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Measurement of �

It is known that the penetration rate of 
liquid into the powder is represented by 
the Washburn equation.

ｌ…Liquid Penetration Height
ｔ…Time
ｒ…Capillary radius of the filling powder

γ…Surface tension of the liquid 
η…The viscosity of the liquid 
θ…Contact angle

In actual measurement, a liquid sample is infiltrated into a 
column filled with powder, and the change in the weight W is 
tracked for the elapsed time t. Ideally, the linear relationship is 
obtained by plotting t for W2.  The contact angle and 
infiltration rate is calculated from the slope of this line. In 
addition, in order to calculate the contact angle, for the 
powder-filled capillary radius value is required besides the 
values of liquid surface tension and viscosity. 

5) Powders: c. Infiltration Method

�:	vol. fraction of solid in the packed bed

�: density of the solid 

�: specific surface area per gram of solid 



Dynamic contact angle
The dynamic contact angle is the contact angle which occurs in the course of wetting 
(advancing angle) or de-wetting (receding angle) of a solid.
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Microscopic Origin

- With increasing roughness H increases

- With increasing roughness ��	increases 
and �� 	decreases

High energy spots: low contact angle
Low energy spots:  high contact angle

Advancing liquids are held up by low energy sports and show high 
contact angles.
Receding liquids are help up by high energy sports and show low 
contact angles.



Calculation of �� and ��

Tilted Plane

Wilhelmy Plate



One criterion for deciding between dynamic and static contact angle is the technical 
wetting process observed. Dynamic processes, such as coating, are better modelled by 
means of dynamic measurements. Static contact angles are often more meaningful for 
assessing quasi-static processes, e.g. bonding in semiconductor technology.



• Although contact angle itself also gives indications on the wetting properties of the surface, 
contact angle always depends also on the liquid used for the measurements. 

• In Young’s eq, �� , ���	���� are easily measured but the problem is the unknown ��� which 
cannot be measured directly. 

• To be able to solve the equation, more assumptions of the relationship between 
�� , 	��� 	���	�� 	has to be made.

• To be able to understand the different methods, term “work of adhesion” has to be explained. 
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Calculation of Surface Free Energy of Solids



Work of Adhesion and Cohesion
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Work of Adhesion =
work involved in separating A and B
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Spreading

Spreading will be spontaneous if it lowers the energy of system.

Gibbs Free Energy Change

Define Work of Spreading or Spreading Coefficient
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Spreading
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Spreading occurs (S is positive) when the surface tension of the sub-layer
liquid is greater than the sum of the surface tension of the spreading liquid
and the interfacial tension between the sub-layer and the spreading liquid.
If not, the substance forms globules or a floating lens and fails to spread
over the surface.

Liquid 
Substrate
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Immersional Wetting
The immersional wetting process occurs, for example, when a plate of 
a solid is in a reversible process dipped into a liquid perpendicularly 
to the liquid surface (Fig. 13.6). Then, because the liquid surface 
tension vector is normal to the solid surface, it does not contribute to 
the work of immersion WI.



Liquid/Solid (A:Solid, B:Liquid)



Contact Angle and Work of Adhesion

Young-Dupre Eq.
L

S



Spreading Coefficient
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Wetting agents: Lower surface tension of liquid







Critical Surface Tension-Zisman Plot

But empirical approximation of it.





Any liquid with �� < �� will wet solid spontaneously

Values of ��

Teflon:   18.5
Polyethylene: 31
Polystyrene: 33
PVA: 37
PMMA: 39
PVC: 39
Coal: 46



Theory for Interfacial Tensions

The work of adhesion has been expressed by the geometric 
mean of the surface tensions.
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Φ	: Interaction parameter, 0.5<Φ< 1.15
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�� = ��(1 + ����)

Good and Girifalco (1960) Theory



Fowkes’ Theory



Interfacial Interaction
1) All solid or liquid surfaces or interfaces have dispersion interactions.
2) Only polar surfaces also have significant polar or acid-base interactions.
3) Only metal surfaces also have metallic interactions.

Owens and Wendt 

- assume that the sum of all the components, except     can be 

considered as associated with the polar interaction (    ). Consequently
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The objective now is to:

1) Obtain            for a series of liquids
2) Measure contact angle of these same liquids on different solids, and then
3) Use the q’s and           to estimate             for the different solids  
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Fowkes’ Theory
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- Dispersion component of any liquid can be can be calculated.
- Also, polar component since 
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of Water
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Calculation gs of any Solid (Fowkes)
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Therefore,      is calculated.
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Next, the contact angle (q) is measured using a liquid for which
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Calculation gs of any Solid (Owens and Wendt)
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And then the resulting two linear equations are solved for 
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To reduce the error, the liquid with a dominant polar component 
should be chosen as one of the liquids and the dispersion liquid as 
the other one (e.g., water/diiodomethane).



Values of ��

Hg 200
Graphite 100
Cu 60
Ag 74
Fe 100
Fe2O3 107
SiO2 78
TiO2 100





Prediction of Contact Angle

Example)  Hg on SiO2
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