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“Chelation” of metal ions by tripolyphosphate. 
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and Mg ions from water. 

Replaced by phosphate-free 
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Surfactant

Sodium Alkyl Benzene Sulfonate

The main ingredient to remove dirt from clothes.

What is the science behind surfactant – water system?  



Lecture 3

Surfactant Science

The functional chemical components inside detergents are the surfactants, which remove oil
from dishes and dirt from clothes. The term surfactant is short for surface active agent

1 that
“activates” the surface by reducing the surface / interfacial tension. In this lecture we will see
the chemistry and physics behind the surfactant science.

3.1 Basic mechanism of surfactants

Surfactants are a large group of amphiphilic molecules which contains both hydrophobic and
hydrophilic groups. Commercially available surfactants usually have a hydrophilic “head” (e.g.
small polar or charged group, like -OH, -COOH, -CN, -SO3

-, -OSO3
-, etc.) and a hydrophobic

“tail” (e.g. long hydrocarbon chains). The typical structure of a surfactant can be seen in Figure
3.1.
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Figure 3.1: Scheme of surfactants and its interfacial behavior. Left: chemical structure of
a typical industrial surfactant, sodium dodecyl sulfate (SDS), which consists of a hydrophilic
head and a hydrophobic tail. Right: assembly of surfactants on the water-air interface. The
hydrophilic heads are embedded in water and tails are in air.

The interaction work �Whw between the head and water is usually larger than �Wtw be-
tween the tail and water. Due to the large portion of tail, the energy dissolving a surfactant
molecule in bulk water is larger than putting the surfactant at the water surface. At the water-
air interface, the surfactants tend to have the heads towards water molecules, and the tails
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26 LECTURE 3. SURFACTANT SCIENCE

toward air (Figure 3.1). Experimentally, it is observed that the water surface tension �w of the
surfactant solution varies with the surfactant concentration c. By adding surfactants, �w drops
from the surface tension of pure water �L,0, before c reaches a critical concentration cCMC (Fig-
ure 3.2). When c > cCMC, �w no longer decreases with further addition of surfactants. The
concentration cCMC is called the critical micelle concentration.

Surface coverage < 100%

Micelle formation

Figure 3.2: Simulated Water surface tension �w as a function of surfactant concentration
c. When c < cCMC, �w decreases with adding surfactants, due to incomplete coverage of
surfactants. When c > cCMC, �w remains constant and micelles form.

The behavior of �w with c is related to the microscopic picture of surfactants in water.
When c < cCMC, surface coverage of surfactants is incomplete. Additional surfactants will first
occupy the water-air interface and �w gradually decreases. When cCMC is reached, the surface
area is fully covered by the surfactants, and extra surfactants will only form micelles in bulk
water (see insets of Figure 3.2). Therefore when c > cCMC, �w saturates. A micelle is the
aggregate of surfactants in bulk solution, that hydrophilic heads are towards water molecules
and the hydrophobic tails are embedded inside.2

So how do surfactants in detergents function? From our simple picture in Lecutre 1, the
interfacial tension �wo between water and oil can be approximated by �wo = (

p
�w �

p
�o)2.

Therefore if �w becomes smaller by additing surfactants, �wo also decreases. Consider an oil
droplet on cloth that immersed in water (Figure 3.3a), the total surface energy is:

Ec = �wcfAc + �oc(1� f)Ac + �woAo (3.1)

where �wc ⇡ �w is the interfacial tension between water and cloth, Ac is the total area of the
cloth, f is the fraction of unstained surface on the cloth, �oc is the interfacial tension between
oil and cloth, and Ao is the contact area between water and oil. When c < cCMC, �w and �wc
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gradually drops. which makes it easier to release the oil droplet from the cloth (Figure 3.3b).
Increasing c (but not larger than CCMC) improves the cleaning ability. When c > cCMC, the
cleaning ability of the surfactant does not further increase, since �w saturates. However, the
capacity of the detergent (the amount of oil stabilized in water) becomes higher due to the
formation of micelles which can stablize more oil droplets in water (Figure 3.3c).

Figure 3.3: The mechanism of surfactants in detergent. (a) A droplet of oil on cloth that
immersed in water. The oil droplet adheres to the cloth surface due to relatively low �oc. (b)
Same with (a) but immersed in surfactant solution at cmc, the surfactants assemble at the oil-
water interface and reduces both �wo and �wc. (c) Further increasing surfactant concentration
in (b) does not increasing the cleaning ability. Nevertheless the capacity is higher due to oil-
micelles stablized in water.

3.2 Adsorption and surface tension

The �w � c relation in Figure 3.2 indicates that �w decreases with higher surfactant coverage at
the water-air interface. This phenomenon can be explained by the thermodynamics of surface
adsorption. Consider a bulk closed system, the internal energy consists of the contribution from
entropy, external pressure-volume work and chemical potential of the species. If interfaces are
present in the system, the surface energy should also be considered. The internal energy with
all aforementioned contributions is expressed as:

U = TS|{z}
entropy

� PV|{z}
work

+ �A|{z}
surface energy

+
X

i

µini

| {z }
chemical energy

(3.2)

Where T is temperature, S is entropy, P is pressure, V is volume, � is surface tension, A is
surface area, µi and ni are chemical potential and amount of specie i, respectively. The intrinsic
properties of U are T , P , �, and µi, and the extrinsic properties (natural variables) are S, V , A
and ni.3 The differential form of U with the extrinsic properties is:

dU = TdS � PdV + �dA+
X

i

µidni (3.3)

Yet the total differential of U is:

dU = TdS + SdT� PdV � V dP + �dA+ Ad� +
X

i

µidni +
X

i

nidµi (3.4)
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In our system, we set both P and V to be constant. By comparing Equations 3.3 and 3.4, we
have:

SdT + Ad� +
X

i

nidµi = 0 (3.5)

This is the Gibbs (2D) adsorption equation,4 which is the 2D analog of the Gibbs Duhem
equation. The Gibbs adsorption equation states the interplay between the internal properties of
the system. At const T , the surface tension is related to the surface adsorption density:

d� = �

X

i

ni

A
dµi = �

X

i

�idµi (3.6)

where �i is the (excess) surface adsorption density for specie i compared with the bulk solution.
The 2D adsorption assumption is valid when the adsorption layer thickness is much smaller
than the characteristic size of the system (i.e. the surfactants at the water-air interface). The
change of µi can be derived from the thermodynamics of ideal mixtures:

dµi = RTd ln ai = RTd ln xi (3.7)

where ai is the activity of specie i, and xi is the molar fraction of i. We assume ai ⇡ xi under
the ideal solution assumption. Therefore the surface adsorption density �i is written as:

�i =
ni

A
= �

xi

RT

@�

@xi

= �
1

RT

@�

@ ln xi

(3.8)

@�

@ ln xi

behaves differently depending on the solute:

• Hydrophilic solute: i.e. hydrated ions (Na+, Cl-, etc)

The hydrophilic solute has lower free energy when immersed in the bulk solution com-
pared with the surface. Therefore �i < 0 and as a result �w increases with increasing
xi.

• Amphiphilic molecule: i.e. surfactants discussed here

As discussed previously, the amphiphilic molecules tends to stay at the interface. There-
fore �i > 0 and the surface tension �w decreases with adding salts.

The comparison between the two types of solutes is shown in Figure 3.4. The increase of �w
due to addition of hydrophilic solutes is usually much smaller than that induced by surfactants.

The adsorption density close to cCMC can be determined by plotting the slope of @�/@ ln xi

when c ⇡ cCMC (see Figure 3.2) Since �i = ni/A, by knowing the surface area, we can estimate
the size of the amphiphilic molecule.
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Hydrophilic solute (NaCl)

Amphiphilic solute (surfactant)

γw

i

γw
0

Γi < 0

Γi > 0

Figure 3.4: Change of surface tension as a function of xi for different solutes.

3.3 Emulsion

One application of surfactants is to stablize immisible liquids to form a emulsion. We know that
phase separation occurs sponatenously between pure water and oil, even after rigorous mixing.
However by adding surfactants and mixing, the oil phase splits into microscopic droplets that
are stablized in water (emulsion). By mixing and forming emulsion, the interfacial area change
�A> 0, the free energy of mixing the two phases is then:

�Gmix = �H � T�S = �ow �A|{z}
>0

�T �S|{z}
>0

(3.9)

Althou �ow is reduced by adding surfactants, �Gmix is still dominated by the surface energy,
and usually positive. As a result, the mixing and forming emulsion is always thermodynami-
cally unfavored.

However we normally observe that the emulsion is kinetically stable over a long period
of time. The kinetic stability comes from the potential barrier of repulsive forces (usually
electrostatic) in the system, when the barrier height is much larger than thermal activation
energy (remember at 300 K, kT ⇡ 26 meV). As can be expected, by increasing temperature
or reducing the repulsive forces in the emulsion, the stability is reduced and phase separation
occurs again. The detailed theory for the kinetic stability of colloidal solution will be discussed
in Lecutre 13.
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