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Abstract:	 Adhesion of colloids and bacteria to various surfaces is important for 
a variety of environmental phenomena including microbial biofouling 
and contamination prevention. Under saturated conditions, both colloids 
and bacteria have the opportunity to attach to porous medium surfaces. 
Under water unsaturated conditions or in the presence of the air-water 
interface, besides the porous medium surfaces, colloids and bacteria can 
also attach to the air-water interface, including the air-water-solid three-
phase interface. The magnitudes of adhesion of colloids and bacteria are 
correlated to the interactions of the colloids and bacteria with the surfaces, 
which are a function of their surface physicochemical properties. In this 
review, adhesion theories are revisited and adhesion of colloids and bacteria 
to porous media and the air-water interface is discussed. The interaction 
forces are quantified using various theoretical models including the DLVO 
models and used to interpret related adhesion. The impact of surfactants on 
colloid and bacterial adhesion is also discussed. The review also includes the 
implementation of the adhesion theory in interpreting colloid and bacterial 
fate and transport in the subsurface soil.

Keywords:	 Adhesion, colloids, bacteria, porous media, air-water interface,  
interaction force

1.	 Introduction

Colloidal particles are small discrete solid particles present in natural porous 
media, which can be mobilized by means of hydrodynamic and other forces. They 
are composed of clay minerals with dimensions of micrometers and generally 
possess electric charges on their surfaces [1–3]. Colloids play important roles in 
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many natural and engineered systems. For instance, colloids present a potential 
health risk due to their propensity to associate with contaminants and facilitate 
their transport [3]. Bacteria are in the same size range as the colloids [4]. Similarly, 
bacteria pose health risk to human beings in the natural and engineered systems. 
Attachment of colloids and bacteria to various surfaces is important for a variety 
of environmental phenomena including microbial biofouling and contamination 
prevention. Though biological colloids (e.g., bacteria) and non-biological colloids 
(e.g., mineral colloids) differ in terms of surface characteristics, their attachment 
behaviors in the porous media share important similarities. The most fundamental 
similarity is that they are subjected to DLVO forces [5, 6]. Under saturated condi-
tions, both colloids and bacteria have the opportunity to attach to porous media. 
However, under water unsaturated conditions or in the presence of the air-water 
interface, besides the porous media, colloids and bacteria can also attach to the 
air-water interface. Especially, at the air-water-solid three-phase interface, the 
attachment of colloids and bacteria is a complex phenomenon, which depends on 
the surface characteristics of the colloids, bacteria, porous media and the air-water 
interface and subsequent interactions [1, 2, 7].  

There is a correlation between the magnitude of adhesion and the interactions 
of the colloids and bacteria with the surfaces, which are a function of their sur-
face physicochemical properties [8]. Various theoretical models have been devel-
oped for the quantification of the interactions, which are then used to interpret the 
adhesion observations. In recent years, significant achievement has been made in 
investigation and development of adhesion theories of colloids and bacteria to 
the air-water interface. Accordingly, DLVO theory has been expanded to provide 
support for the adhesion observations [9–11]. It is necessary to identify the theory 
for adhesion of colloids and bacteria under various environmental conditions to 
rationalize the adhesion phenomena. 

Adhesion of colloids and bacteria to porous media and the air-water interface 
controls their transport in the subsurface, which has received considerable atten-
tion either because they may contaminate drinking water supplies or because of 
their roles in in situ bioremediation [12, 13]. Since the adhesion is governed by the 
propensity to adhere to either the porous media or the air-water interface and is 
influenced by solution chemistry, the surface physicochemical properties of col-
loids, bacteria, porous media and the air-water interface as well as the transport 
conditions need to be characterized in order to quantify the adhesion kinetics and 
affinity of colloids and bacteria to these interfaces. 

2.	 Adhesion Theory 

2.1	 Dupré Energy of Adhesion 

Adhesion of colloids and bacteria to porous media or the air-water interface 
is attributed to their interactions with the surfaces or the interface, which is 
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determined by the surface free energies of colloids and bacteria. The solid surface 
free energy is often described in terms of the contact angle of a liquid on the given 
solid surface [14]. The relationship of contact angle θ, an indication of the balance 
of interfacial tensions between the liquid and solid, γsl, liquid and vapor, γlv, and 
solid and vapor, γsv can be described by the Young’s equation [10] (Figure 1):

	 γsl = γsv − γlvcosθ	 (1)

Based on the Young equation, Owens-Wendt-Rabel-Kaelble (OWRK) developed 
a two-component model to describe the liquid-solid interfacial tension, including 
the dispersion (d) and polar (p) interactions between the phases [15]:

	
γ γ γ γ γ γ γsl lv sv lv

d
sv
d

lv
p

sv
p= + − +( )2 	

(2)

where γ lv
d , γ sv

d , γ lv
p , and γ sv

p  are the dispersion and polar components of the inter-
facial tension between the liquid and vapor and between solid and vapor. After 
combining the above equations, the OWRK equation is obtained [16]:

	 γ θ γ γ γ γlv lv
d

sv
d

lv
p

sv
p( )1 2+ = +( )cos 	

(3)

The OWRK equation is used to find two unknowns, γ sv
d  and γ sv

p , and thus contact 
angle measurements with at least two liquids with known γ lv

d  and γ lv
p  are needed. 

One liquid should be dominantly polar (e.g., water or glycerol) and the other liquid 
should be dispersive (e.g., diiodomethane) [10]. With the determined γ sv

d  and γ sv
p , 

the total interfacial free energy of the solid-vapor interface, γsv can be calculated as 
γ γ γsv sv

d
sv
p= + . The OWRK method is one of the commonly used approaches to deter-

mine the surface free energy of solids using contact angle measurements [17, 18].

Gas phase

γsolid-gas

γliquid-gas

γliquid-solid

Solid phase

θ Liquid phase

Figure 1  The Relationship of Contact Angle and Interfacial Tensions by the Young 
Equation.  A liquid drop forms a contact angle θ on a solid surface, which is an indication 
of the balance of interfacial tensions between the liquid and solid, γliquid-solid, liquid and gas, 
γliquid-gas and solid and gas γsolid-gas.
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In the above two-component model, the interfacial tension depends on whether 
the polar and dispersion components of the surface tension are involved in the 
interactions with the corresponding components of the bordering phase. Although 
it was originally developed to interpret wettability, the two-component model 
has contributed much more beyond that. The two-component model has been 
extended to a three-component model, in which the polar component has been 
further split into a fraction for dipole-dipole interactions, γp and a hydrogen bond-
ing fraction, γh [19]: 

	
γ γ γ γ γ γ γ γ γsl lv sv lv

d
sv
d

lv
p

sv
p

lv
h

sv
h= + − + +( )2 	 (4)

where γ lv
p , γ sv

p , γ lv
h  and γ sv

h  are the dipole-dipole component and hydrogen bond-
ing component of the interfacial tension between the liquid and vapor and between 
the solid and vapor. It should be noted that hydrogen bonds have greater bonding 
energy than the dispersion and dipole-dipole interactions [19]. The wettability of a 
solid by water depends to a great extent on the ability of the solid to form hydro-
gen bonds [19]. Correspondingly, the OWRK equation is expressed as:

	
γ θ γ γ γ γ γ γlv lv

d
sv
d

lv
p

sv
p

lv
h

sv
hcos( )1 2+ = + +( ) 	 (5)

Based on the acid-base concept model, van Oss, Chaudhury and Good further 
split the polar component into an electron-acceptor parameter, γ+ and an electron- 
donor parameter, γ-. They further advanced the approach by replacing the disper-
sion and dipole-dipole interactions with the Lifshitz-van der Waals component 
[19]: 

	
γ γ γ γ γ γ γ γ γsl lv sv lv

LW
sv
LW

lv sv sv lv= + − + +( )+ − + −2 	 (6)

where γLW is the Lifshitz-van der Waals component of surface tension, consisting 
of dispersion, polar, and induced polar interactions, and γ+ and γ- are the electron- 
acceptor and electron-donor parameters of the acid-base component of surface ten-
sion. On the other hand, Wu proposed a reciprocal or harmonic mean as opposed 
to the geometric mean, claiming the geometric mean approach was not applicable 
to polar-polar system [20–22]: 
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The van Oss-Chaudhury-Good equation is finally obtained [10]: 

	
γ θ γ γ γ γ γ γlv lv

LW
sv
LW

lv sv sv lvcos( )1 2+ = + +( )+ − + −

	
(8)

Since the van Oss-Chaudhury-Good method has three unknows, γ sv
LW , γ sv

+  and 
γ sv

− , three contact angle measurements with three liquids are required: one disper-
sive liquid (e.g., diiodomethane), and two polar liquids (e.g., water and glycerol). 
This approach has the potential to provide more in-depth insight into the surface 
properties. Accordingly, when combining with the OWRK equation, the Wu equa-
tion can be extended as [15, 23]:
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(9)

Like the OWRK method, two liquids: one polar and one dispersive, are needed 
to determine the surface free energy. In practice, the OWRK method is generally 
more accurate than the Wu method.

2.2	 Lifshitz-van der Waals Forces

Lifshitz-van der Waals forces, as non-covalent forces, arise from the fluctuations 
in the electric dipole moments of molecules. In 1893, a thermodynamic theory was 
developed by Johannes D. van der Waals to include three force contributions of 
different origins [24]:

	
w r

C C C
r

C
r

ind orient disp vdW( )=
+ +

= −6 6 	
(10)

where w(r) is the van der Waals force, which is a function of r, the distance between 
the molecules, Cind, Corient, and Cdisp are the force coefficients due to induction, ori-
entation and dispersion, respectively. All the three force contributions are propor-
tional to 1/r6 and the total van der Waals force coefficient, CvdW is given by [24]:
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where α1 and α2 are the electronic polarizabilities of the molecules, μ1 and μ2 are 
the dipole moments, ε0 is the vacuum permittivity, kB is the Boltzmann constant,  
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T is the absolute temperature, hv1 and hv2 are the first ionization potentials of the 
molecules, v1 and v2 are the ionized frequencies, and h is the Planck constant. The 
first term on the right side of the equation (i.e., v=0) is attributed to the Keesom 
and Debye contributions and is only valid for interactions between polar mole-
cules. The second term (i.e., v>0) is attributed to the dispersion or London contri-
bution and is valid for all molecules. 

Keesom force is initiated by permanent dipole-permanent dipole interactions 
between polar molecules; Debye force is initiated by permanent dipole-induced 
dipole interactions between a polar molecule and a temporarily polarized non-
polar molecule that is induced by the distortion of charge cloud and subsequent 
charge fluctuations in the electron distribution; and London force is initiated by 
instantaneous induced dipole-induced dipole interactions between temporarily 
polarized non-polar molecules caused by the movement of electrons (Figure 2). 
It should be noted that Keesom force and Debye force are much stronger than 
London force for molecules of equivalent size. For all of these three forces, 
the strength is related to the number of electrons and hence to the size of the 
molecules. 

The van der Waals force is the sum of Keesom, Debye and London forces, and is 
responsible for aggregation and adhesion. The Keesom, Debye and London forces 
can be quantified by the enthalpy associated with the phase transition from liquid 
to gas, ΔHvap [25]. Thus, gas-phase measurements and computational methods are 
commonly combined to quantify the van der Waals force [26]. However, solvent 
effects such as solvent cohesion or solvophobic effects complicate the quantifica-
tion of van der Waals force in the solution, which is described by the Hildebrand 
solubility parameter, δH [27]:

	
δH

vap

m

H RT
V

=
−∆

	
(12)

where R is the gas constant and Vm is the molar volume of the particular solvent 
at temperature T. 

2.3	 Lewis Acid/Base Forces

Water-mediated Lewis acid/base interactions are initiated by the different water 
density in the solvation or hydration layer [28]. Near the particle surface, the dis-
tribution of water molecules is impacted by the electron-donor (i.e., hydrogen- 
acceptor) and electron-acceptor (i.e., hydrogen-donor) potentials of the parti-
cle surfaces. For particles having both γ- and γ+ values greater or smaller than 
those of water, the hydrogen-donor and hydrogen-acceptor parameters of the 
acid-base component of surface tension are nearly balanced relative to that of 
water within the very thin water layer. Thus, the solvation layer has a density  
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less than that of the bulk liquid [29]. Under these conditions, a negative surface 
excess of water occurs, leading to the surfaces being pushed together by the bulk 
liquid. The interactions between the surfaces are thus attractive with the strength 
proportional to the absolute value of the negative surface excess. In contrast, for 
particles having unmatched γ- and γ+ values (i.e., one is greater and the other 
is smaller than those of water), more water molecules are needed to balance 
the hydrogen-donor and hydrogen-acceptor potentials. The solvation layer thus 
has a greater density than that of the bulk liquid, resulting in a positive surface 
excess of water, which separates the surfaces [30]. Correspondingly, the interac-
tions between the surfaces are repulsive and the strength is proportional to the 
absolute value of the positive surface excess. 

(a)

(b)

(c)

Permanent dipole

Permanent dipole

Permanent dipole

Induced dipole

Induced dipole Induced dipole

δ–

δ–

δ–

δ–

δ–

δ–

δ+

δ+

δ+

δ+

δ+

δ+

Figure 2  Keesom (a), Debye (b) and London (c) contributions to van der Waals Forces: 
(a) Keesom force is initiated by permanent dipole-permanent dipole interactions between 
polar molecules; (b) Debye force is initiated by permanent dipole-induced dipole 
interactions between a polar molecule and a temporarily polarized non-polar molecule 
that is induced by the distortion of charge cloud and subsequent charge fluctuations in the 
electron distribution; and (c) London force is initiated by instantaneously induced dipole-
induced dipole interactions between temporarily polarized non-polar molecules caused by 
the movement of electrons.
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As discussed above, three contact angle measurements with three liquids are 
required to quantify γ sv

LW , γ sv
+  and γ sv

− : one dispersive liquid (e.g., diiodometh-
ane), and two polar liquids (e.g., water and glycerol). With the introduction of 
the Lewis acid/base concept, the surface tension of the measuring liquids and the 
surface free energy of the solid surfaces can be expressed as [10]:

	 γ γ γ γ= + + −LW 2 	 (13)

Subsequently, the van Oss-Chaudhury-Good equation becomes [10]:

	
( )1 2 2+ +( ) = + +− + + −cos lv

LW
lv lv sv

LW
lv
LW

sv lvθ γ γ γ γ γ γ γ γγ γsv lv
− +( ) 	 (14)

Polar liquids with both the largest and smallest polar components should be 
included in the measurement [31, 32]. As a polar liquid, water, whose surface ther-
modynamic properties are well known, is a frequently measuring liquid paired 
with two other liquids. Diiodomethane, on the other hand, is an ideal dispersive 
liquid as it has a relatively high surface tension and forms easily measurable con-
tact angles with many solids [33].

2.4	 Hydration Forces

Hydration forces are short range interactions, which become important when the 
separation distances are in the range of nanometers [34]. As additional contribu-
tions to the disjoining pressure of Lewis acid/base forces, they are usually ignored 
when the separation distances are greater than 1 to 2 nm [35]. The hydration forces, 
F(D) as a function of separation distance D are typically approximated from the 
Lifshitz-van der Waals forces [35]:

	 F(D) = πR2ΠvdW(D)	 (15)

where ΠvdW(D) is the Lifshitz-van der Waals force and R is the size of the molecules 
or particles. By ignoring retardation effects, 

	
ΠvdW D A

D
( )= −

6 3π 	 (16)

where A is the Hamaker constant.
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2.5	 Electrical Double Layer Forces

Electrical double layer forces are interactions between charged molecules or parti-
cles. Owing to the difficulty of the direct measurement, expression of the electrical 
double layer interactions, Πel is limited to indirect quantification [36]:

	
Πel B i i

i

k T C z C d
dz

= −( )− 



∞∑ ( ) ,

εε ψ0
2

2
	

(17)

where Ci(z) is the ion concentration of species i at distance z, Ci,∞ is the bulk con-
centration of the corresponding ion, ε and ε0 are the relative dielectric permittivity 
of water and permittivity of vacuum, respectively, and ψ is the surface potential, 
which can be calculated by [37]:

	
ψ ξ κ= +





1 z

R
zexp( )

	
(18)

where ζ is the zeta potential, R is the size of colloids or bacteria, k is the Boltzmann 
constant, and 1/κ is the Debye-Hückel length, which is also an estimation of the 
effective thickness of the electrical double layer. 

In the electrical double layer force equation, the first term is the contribution 
due to osmotic repulsion caused by local variation of the ion concentration of all 
ionic species in the system and the second one is due to direct electrostatic inter-
action, which can be attractive or repulsive depending on the surface charges [38]. 
The solution of the equation depends on the unknown functions Ci(z) and ψ(z), i.e., 
the concentration profiles of all ionic species and electrostatic potential in the elec-
trolyte at an arbitrary position. The concentration of ions follows the Boltzmann 
distribution [39]: 

	 C z C ei i

Z e z
k T
i

B( ) ,

( )

= ∞

−






ψ

	 (19)

where e represents the electron charge, zi is the valency of corresponding ion, kB is 
the Boltzmann constant, and T is the absolute temperature. The potential distribu-
tion ψ(z) can be numerically obtained by solving the Poisson–Boltzmann equation 
using the standard Runge–Kutta algorithm [40]:

	

d
dz

z e Z C Z e z
k Ti i
i

Bi

2

2
0

ψ
εε

ψ( ) exp ( )= − −




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(20)
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Above equations further indicate that electrical double layer forces depend 
directly on the ion distribution in the diffuse part of the double layer. 

The diffusion of ions can be determined from electrical conductivities or diffu-
sion experiments, which is related to the ionic mobility μ by the Nernst-Einstein 
equation [41]:

	
D RT

zF
= µ

	
(21)

where D is the diffusion coefficient, R is the universal gas constant, T is the abso-
lute temperature, z is the ionic valence, and F is the Faraday constant. The equiva-
lent conductivity of an ion, Λ, is related to its mobility by Λ = F μ and is quantified 
by [41]: 

	
Λ = K

C 	
(22)

where K is the specific conductivity of the bulk solution and C is the concentration 
of the solution. 

2.6	 Quantitative Structure–Activity Relationship (QSAR) Analysis

Interactions can also be quantified based on the quantitative structure–activity 
relationship (QSAR) analysis, a practical approach to quantitatively correlate the 
chemical structures of the functional groups on the surfaces with the molecular 
interactions [42]. A wide variety of molecular descriptors, including molecular 
weight, molar volume, numbers of the specific types of atoms or bonds, molec-
ular connectivity index, and complex 3-D geometrical descriptors are used in 
the interaction quantification by QSAR analysis [43]. Singly-descriptor-based 
and multi-descriptor-based predictive statistical QSAR models have been devel-
oped with the chemical structure information numerically encoded in the form of 
descriptors [44]. Currently, there is a constant effort in developing more efficient 
QSAR techniques to accurately quantify molecular interactions. A typical exam-
ple is the use of 3-D geometrical descriptors, which more accurately estimate the 
intermolecular interactions by taking the geometric structure of the molecule into 
consideration.

2.7	 Capillary Forces 

In the presence of the air-water interface, colloids and bacteria are also subject 
to the capillary forces. Capillarity is the result of adhesion of water molecules to 
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a solid surface by surface tension [45]. The most commonly observed case is a 
narrow glass tube inserted in water with openings at both ends, in which water is 
drawn upward. The narrower the tube is, the greater the rise of water is. The rise 
of water is also a function of water surface tension and ratio of adhesion to cohe-
sion [46]. Capillary forces lead to the formation of a meniscus for the liquid that is 
confined in a tube. For a meniscus with principal radii of curvature R1 and R2, the 
pressure difference across the meniscus is described by the Laplace equation [46] 
(Figure 3): 

	
P P

R Ratm liquid− = +






γ 1 1

1 2 	
(23)

where Patm is the atmospheric pressure, Pliquid is the Laplace pressure in the liquid, 
and γ is the surface tension of the liquid. For meniscus with a small radius, the 
gravitational effects are negligible. 

The shape of the meniscus forms a section of a cylinder with a radius governed 
by the contact angle of the rinsing liquid on the sidewall, θ. Under these condi-
tions, R1 = R2 = R [46]: 

	
R cos

gh
= 2γ θ

ρ 	
(24)

where h is the height of the meniscus and ρ is the density of the liquid. For 0o con-
tact angle, the above equation becomes: 

R1

R2

h1
h2θ

θ

Figure 3  Capillary Force by Laplace Equation. Menisci with principal radii of curvature 
R1 and R2 are shown in this figure with water rise of h1 and h2. For meniscus with a small 
radius like R2, the gravitational effects are negligible.
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R

gh
= 2γ
ρ 	

(25)

When a narrow glass tube is inserted into mercury, because the contact angle 
is > 90o, the mercury level is not raised but depressed below the level of the sur-
rounding liquid. 

Equilibrium surface tension can be measured based on capillary rise using the 
wicking method following the Young–Laplace equation [47]. The applied pres-
sure, ΔP, across a curved interface with a radius of curvature, Rc has the following 
relationship with interfacial tension, γ,

	
∆P

Rc
= 2γ

	
(26)

Rc is the radius of curvature that equals the radius of the circular arc. The accu-
racy and reproducibility of the measurement system can be checked by making an 
equilibrium surface tension measurement on a clean air-water interface. 

3.	 Adhesion of Colloids and Bacteria at Interfaces

3.1	 Adhesion at the Liquid-Solid Interface

Under water saturated conditions, colloids and bacteria attach to the porous 
media as a result of the net force between colloids or bacteria and the porous 
media, which is strongly dependent on the separation distance [48, 49]. For most 
cases, the colloids and bacteria as well as the porous media are negatively charged. 
Subsequently, colloids and bacteria have repulsive electrical double layer forces 
with the porous media. In addition, the electrical double layer forces are greatly 
affected by the solution chemistry in terms of solution ionic strength and pH. 
Subsequently, change of solution ionic strength and pH impacts the adhesion of 
colloids and bacteria to the porous media [50, 51]. Because of the nature of the 
forces, colloids and bacteria have attractive Lifshitz–van der Waals forces and 
Lewis acid/base forces. With the decrease of the separation distance, electrical 
double layer forces and Lifshitz–van der Waals forces drop, while Lewis acid/base 
forces increase (Figure 4). It should be noted that the decrease of electrical double 
layer forces is more pronounced than those of Lifshitz-van der Waals forces and 
Lewis acid/base forces [52, 53]. At the equilibrium distance where the adhesion of 
colloids and bacteria to the porous media occurs, the attractive Lewis acid/base 
forces dominate over repulsive electrical double layer forces, resulting in colloid 
and bacterial adhesion [10, 54–56].
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In the solution, when colloids or bacteria get close to the porous media, they 
first suffer from the long-range repulsive electrical double layer forces. Therefore, 
reduction of the repulsive electrical double layer forces in the system would be 
favorable for colloid and bacterial adhesion. The lowing of the repulsive electri-
cal double layer forces can be achieved by increase of the solution ionic strength, 
which compresses the double layers of both the colloids or bacteria and the porous 
media [57]. Solution pH also impacts the repulsive electrical double layer forces 
through the adsorption of OH- and H+ on the colloid, bacterial and porous medium 
surfaces [58]. At high pH, colloid, bacteria and porous media are more negatively 
charged owing to the predominant existence of OH-, resulting in increased repul-
sive electrical double layer forces. At low pH, colloid, bacteria and porous media 
are more positively charged owing to the predominant existence of H+, resulting in 
increased oppositely charged repulsive electrical double layer forces. At interme-
diate pH, the charges on colloids, bacteria and porous media decrease, leading to 
decreased repulsive electrical double layer forces and possibly adhesion [2, 59, 60]. 

Adhesion of colloids and bacteria to porous media leads to variations in system’s 
Gibbs free energy due to the change of the surfaces (i.e., colloid-liquid, bacterial- 
liquid and porous medium-liquid interfaces become colloid-porous medium or 
bacterial-porous medium interfaces by adhesion), which can be related to interfa-
cial tensions [10, 61]:

	 ΔGadh = (γps – γpl – γsl)A	 (27)

where ΔGadh is system’s Gibbs free energy change due to adhesion, γps, γpl and γsl  are 
colloid- or bacterial (p)-porous medium (s), colloid- or bacterial (p)-liquid (l), and 
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Figure 4  Interaction Force as a Function of Separation Distance. After overcoming the 
repulsive force barrier, electrical double layer forces and Lifshitz–van der Waals forces 
decrease, while Lewis acid/base forces increase with the decrease of the separation distance.
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porous medium (s)-liquid (l) interfacial tensions, respectively, and A is the adhe-
sion area. Change in solution chemistry such as the presence of surfactant (which 
will be discussed in the later sections) leads to variations of γps, γpl and γsl, which 
eventually results in different adhesion (Figure 5).

The interfacial tension can be calculated according to equations described 
before. The adhesion is favored if ΔGadh is negative and unfavored if ΔGadh is posi-
tive. Interfacial tensions γpl and γsl are also correlated with ΔGplp and ΔGsls, the inter-
action free energy between colloids or bacteria or between the porous medium 
when immersed in the liquid [10]:

	 ΔGplp = −2γpl	 (28)

	 ΔGsls = −2γsl	 (29)

From the surface thermodynamic perspective, colloids, bacteria or porous 
media are hydrophilic with respect to the liquid “l” if ΔGplp or ΔGsls > 0 and hydro-
phobic if ΔGplp or ΔGsls < 0. The hydrophilicity or hydrophobicity increases with the 
increase of absolute value of ΔGplp or ΔGsls.

 When colloids and bacteria are in solution, they are also subjected to hydro-
dynamic forces in addition to the DLVO forces. It should be noted that the 
hydrodynamic forces are at a 90o angle to the DLVO forces that include electri-
cal double layer forces, Lifshitz–van der Waals forces and Lewis acid/base forces 
[62]. Adhesion of colloids and bacteria to porous media is possible if the torque of 
the net effect of attractive Lifshitz–van der Waals and Lewis acid/base forces and 
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∆Gadh = (γps – γpl – γsl)A

Figure 5  Gibbs Free Energy Change after Adhesion. Adhesion of colloids and bacteria 
to porous media leads to variations in system’s Gibbs free energy due to the change of 
the surfaces (i.e., colloid-liquid, bacterial-liquid and porous medium-liquid interfaces 
become colloid-porous medium or bacterial-porous medium interfaces by adhesion. ΔGadh 
is system’s Gibbs free energy change due to adhesion, γps, γpl and γsl are colloid- or bacterial 
(p)-porous medium (s), colloid- or bacterial (p)-liquid (l), and porous medium (s)-liquid (l) 
interfacial tensions, respectively, and A is the adhesion area. 
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repulsive electrical double layer forces balances the torque of the hydrodynamic 
forces at the equilibrium distance where colloids or bacteria adhere to porous 
media [6]. On the contrary, if the torque of the hydrodynamic forces cannot be 
balanced by the net effect of attractive Lifshitz–van der Waals and Lewis acid/
base forces and repulsive electrical double layer forces, adhesion cannot occur and 
colloids and bacteria move along with the flow of the solution.

3.2	 Adhesion at the Air-Water Interface

The air-water interface is responsible for capillary forces. Besides, the air-water 
interface also has direct interactions with colloids and bacteria, making it possi-
ble for them to attach [63, 64]. Adhesion of colloids and bacteria to the air-water 
interface is determined by their mutual interactions, which can be estimated by 
the thermodynamic quantification in terms of Gibbs free energy to interpret the 
adhesion. Similarly to adhesion of colloids and bacteria to the porous media, the 
interactions between colloids and bacteria begin with repulsive electrical dou-
ble layer forces since colloids, bacteria and the air-water interface are negatively 
charged [1, 2, 7, 65]. The repulsive electrical double layer forces are separation dis-
tance dependent, which decrease significantly with the increase of the separation 
distance. When colloids and bacteria are in the nanometer range to the air-water 
interface, hydrophobic interactions lead to the adhesion of colloids and bacteria to 
the air-water interface [6, 66]. When colloids and bacteria are exposed to both the 
gas phase and the liquid phase, capillary forces are also involved in the adhesion, 
which are usually the dominant forces over others. Moving air-water interface 
can also mobilize the attached colloids and bacteria. Thermodynamic calculations 
indicate that the air-water interface is more favorable for colloids and bacteria to 
attach as compared with the suspension phase, except for hydrophilic colloids in 
the nanometer size range [67]. 

3.2.1	 Water Structure and Hydrogen Bonding

Water structure must be clearly understood for an accurate quantification of the 
interactions between colloids or bacteria and the air-water interface. In water, 
water molecules are attracted to each other by forming hydrogen bonds, which 
are initiated by attractive interactions between the hydrogen atoms and the oxy-
gen atoms [68]. In such systems, each water molecule has four hydrogen bonding 
arms, with each arm having the capacity to form a single hydrogen bond and 
adopt a continuum of orientations [69]. The oxygen atom of a water molecule is 
located at the center of the symmetric tetrahedral configuration with the inter-arm 
angle equal to 109o (Figure 6). For water molecules to form hydrogen bonds with 
each other, the tips of two hydrogen atoms are positioned towards one oxygen 
atom with the length of the hydrogen bonding-arms equal to the hydrogen bond 
length, which is assumed to be independent of whether the water molecules are in 
the bulk or at the surface [70]. 
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At the air-water interface, water molecules are subject to interactions in three 
directions instead of four (i.e., no interactions in the direction of the air). The thus 
unbalanced interactions lead to the establishment of stronger hydrogen bonds at 
the water surface, resulting in the formation of the surface tension, which makes 
the surface area as small as possible to minimize the required work [71]. Hydrogen-
bonding energy, the energy of the interactions between the hydrogen and oxygen 
atoms, is commonly used to describe the hydrogen bond strength, which has a typ-
ical enthalpy of 21 kJ/mol or 5.0 kcal/mol in vapor [72]. Similarly to the air-water  
interface, when two different phases (i.e., gas/liquid, liquid/liquid, gas/solid or 
liquid/solid) are in contact with each other, interfaces are formed. At the inter-
faces, the molecules experience imbalanced forces, leading to an accumulation of 
free energy. The excess free energy is usually quantified by the measurement of the 
energy to area ratio or the energy required to increase the unit area of the interface 
[73, 74]. Another way to describe the above phenomena is through interfacial ten-
sion. The interfacial tension or the excess free energy at the interface, which is also 
called adhesion force, is attributed to the interactions between different molecules 
[75, 76].

Hydrogen bonds can also be formed between water molecules and functional 
groups including hydroxyl, carbonyl, and carboxyl groups, etc., which commonly 
exist on colloid and bacterial surfaces [77–79]. The hydroxyl group, denoted by 
-OH, consists of a hydrogen atom covalently bonded to an oxygen atom and is 
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Figure 6  Symmetric Tetrahedral Configuration of Water Molecule. The oxygen atom of a 
water molecule is located at the center of the symmetric tetrahedral configuration with the 
inter-arm angle equal to 109o.
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present in alcohols and carboxylic acid molecules. The carbonyl group contains 
a covalent C=O double bond and is present in aldehydes, ketones, esters, anhy-
drides, and carboxylic acids. The carboxyl group is the monovalent group of 
-COOH, consisting of a carbonyl group bound to a hydroxyl group and is the main 
functional group in organic acids (i.e., carboxylic acids) [80]. Carboxylic acids 
also form hydrogen bonds with each other (Figure 7). Unique to carboxylic acids, 
hydrogen bonding can occur between two molecules to produce a dimer [81, 82]. 
The presence of dimers increases the strength of the van der Waals dispersion 
forces. As illustrated in Figure 8, formation of hydrogen bonds occurs between the 
C=O bonds of carboxylic group and the O-H bonds of water. Although the hydro-
gen bonds are relatively weak compared to the covalent bonds within the water 
molecule itself, the formed hydrogen bonds lead to changes in physical properties 
[83]. For instance, hydrogen bonds result in relatively higher boiling point because 
more heat energy is required to break the hydrogen bonds. Similarly, the hydro-
gen bonds also provide water a higher cohesiveness and, consequently, a greater 
surface tension. 

The polarity of the H−O bonds plays the key role for the formation of the 
hydrogen bonds as the hydrogen bonding arises from the attraction between 
electron-deficient hydrogen atoms (i.e., δ+) and lone pairs of electrons on oxygen 
atoms (i.e., δ-), which are sufficiently electronegative to withdraw electron den-
sity in the H−O bonds away from the hydrogen atoms, resulting in the hydrogen 
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Figure 7  Hydrogen Bond Formation between Carboxylic Acids. Carboxylic acids consist 
of -COOH, i.e., a carbonyl group bound to a hydroxyl group. Carboxylic acids thus form 
hydrogen bonds with each other.
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Figure 8  Hydrogen Bond Formation between Carboxylic Acids and Water. The C=O bonds 
of carboxylic group and the O-H bonds of water form hydrogen bonds.
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atoms being attracted to the lone pairs (Figure 8) [84, 85]. Carboxylic acids are 
weak acids. Subsequently, deprotonation due to the strong stabilizing resonance 
formed by two oxygen atoms, releasing H+ cations and RCOO- anions in neutral 
aqueous solvents such as water [86]. [H+]0 deviates from the bulk concentration 
[H+]∞, which is fixed by the pH, i.e., pH = −log[H+]∞. [H+]0 is assumed to follow the 
Boltzmann distribution [87]:

	 [ ] [ ] /H H e e k TB+ +
∞

−=0
0ψ

	 (30)

where e is the charge of the electron, ψ0 is the potential measured at the surface, kB 
is the Boltzmann constant, and T is the absolute temperature.

Hydrogen-bonds are also used to define acidity and basicity. Hydrogen-bond 
donors (D-H) are acids (i.e., A-H) with dissociation constant K Ka AH= 0  and hydro-
gen-bond acceptors (:A) are bases (i.e., B or carboxyl functional groups) with dis-
sociation constant K Ka BH= +

0  according to [88, 89]:
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Hydrogen bonds are symbolized as D-H∙∙∙:A. When hydrogen bonds are 
formed, the difference in the acidity constants, ΔpKa, is calculated as:

	 ΔpKa(D – H ⋯: A) = pKa(D – H) – pKa(A – H
+)	 (33)

ΔpKa is negative or positive depending on whether or not the D:−⋯ H – A+ pro-
ton transfer occurs. The strength of hydrogen bonds is determined by |ΔpKa|. The 
smaller the |ΔpKa| is, the shorter and stronger the hydrogen bond is. Hydrogen 
bonds between carboxyl functional groups and between carboxyl functional 
groups and water should have a |ΔpKa| value of ~16 – 18 based on the fundamen-
tal force of dipole-dipole interactions [88, 89]. Accordingly, the hydrogen-bonds 
strength is ~ 4 – 17 kJ/mole.

3.2.2	 Air-Water Interface Charges

The charge at the air-water interface is negative as measured by electrophoresis on 
air bubbles, which arises from an excess of OH- as a result of the preferential ori-
entation of water molecules at the air-water interface [2, 67]. The ζ-potential of the 
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air-water interface ranges from -110 mV at pH 10.5 to 20 mV at pH of 2 or 3 with a 
typical ζ-potential value of -65 mV commonly used for neutral water. There is a gen-
eral trend of negative ζ-potential at higher pH and positive ζ-potential at low pH 
(Figure 9). The ζ-potential is also influenced by ionic strength. High ironic strength 
compresses the double layer and decreases the ζ-potential [64]. The ζ-potential  
plays the key role in the determination of repulsive electrical double layer forces. 
Once the repulsive electrical double layer forces are overcome, hydration forces 
will result in the colloid and bacterial adhesion. Most of the adhesion observations 
indicate that adhesion of colloids and bacteria at the air-water interface depends 
on the solution hydrophobicity, which is greatly influenced by the presence of sur-
factants in the solution [90].

3.2.3	 Impact of Surfactants

Air-water interfacial tension as well as water-porous medium interfacial ten-
sion can be lowered in the presence of surface active agents, or surfactants [91]. 
Surfactants are amphiphilic compounds, containing a hydrophobic tail and a 
hydrophilic head. The hydrophilic head can be either negatively, positively, dually 
or neutrally charged (Figure 10). Correspondingly, the surfactants are classified 
as anionic, cationic, zwitterionic or nonionic surfactants [92]. Anionic surfactants 
such as sulfates, sulfonates, and gluconates tend to create foam and are popularly 
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Figure 9  ζ-Potential of the Air-Water Interface as a Function of Solution pH. The ζ-potential 
of the air-water interface ranges from -110 mV at pH 10.5 to 20 mV at pH of 2 or 3 with a 
typical ζ-potential value of -65 mV commonly used for neutral water. There is a general 
trend of negative ζ-potential at higher pH and positive ζ-potential at low pH. 
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used for lifting and suspending colloids [93]. Cationic surfactants such as alkyl 
ammonium chlorides are commonly used in antistatic products such as fabric soft-
eners and antimicrobial agents such as disinfectants [94]. It should be noted that 
anionic surfactants cannot work together with cationic surfactants as they may 
fall out of solution owing to charge neutralization. Zwitterionic surfactants have 
both positive and negative charges on their hydrophilic heads, which cancel each 
other to create a net zero charge. Solution pH thus plays a key role in the perfor-
mance of zwitterionic surfactants. In acidic solutions, the zwitterionic surfactants 
are positively charged, acting as cationic surfactants. In alkaline solutions, they act 
as anionic surfactants by developing negative charges. Zwitterionic surfactants 
are commonly used in personal care products such as shampoos and cosmetics 
[95]. Nonionic surfactants such as ethoxylates, alkoxylates, and cocamides can 
be non-foaming or low-foaming, and are good at emulsifying oils [96]. Nonionic 
surfactants can be used together with anionic surfactants to create dual-action, 
multi-purpose cleaners that can not only lift and suspend colloids, but also emul-
sify oily soils [97]. The decrease of surface tension in the presence of surfactants is 
described by the Szyszkowski equation [98]:
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Figure 10  Illustration of Anionic, Cationic, Zwitterionic and Nonionic Surfactants. 
Surfactants are amphiphilic compounds, containing a hydrophobic tail and a hydrophilic 
head. The hydrophilic head can be either negatively, positively, dually or neutrally charged. 
Correspondingly, the surfactants are classified as (a) anionic, (b) cationic, (c) zwitterionic, 
and (d) nonionic surfactants. 
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where γ0 is the interfacial tension in the absence of surfactant (e.g., the surface 
tension of pure water), C is the surfactant concentration, and A and B are variables 
related to properties of the surfactant. 

3.2.4	 Air-Water Interface in a Porous Medium

In the subsurface soil, the air-water interface is created by the trapped air in the 
pore space, which plays an important role in the fate and transport of colloids 
and bacteria in the porous media by creating an extra sink to adsorb not only 
hydrophobic particles but also hydrophilic ones [99]. The degree of adhesion at 
the air-water interface is controlled by the colloid and bacterial surface hydropho-
bicity, solution ionic strength, and surface charges, etc. Adhesion of colloids and 
bacteria increases with the increase of colloid and bacterial hydrophobicity and 
solution ionic strength [100]. In addition, positively charged colloids have very 
strong affinity to the air-water interface since the air-water interface is negatively 
charged [101]. Similarly to adhesion of hydrophobic substances at the air-water 
interface, adhesion of colloids and bacteria to the air-water interface is essentially 
irreversible, in that the capillary forces hold them on the air-water interface after 
the rupture [64, 67]. 

The air-water interface complicates the fate and transport of colloids and bac-
teria in the subsurface soil. Since the very specific molecular properties of the 
air-water interface differ from those of the bulk solution, air-water interface may 
retain colloids and bacteria [102]. Air at the air-water interface behaves like a flat 
hydrophobic surface, making the air-water interface attractive to hydrophobic 
substances. In addition, because of the capillary forces, the adsorption of hydro-
phobic substances to the air-water interface is essentially irreversible. This prefer-
ential and irreversible adsorption at the air-water interface strongly influences the 
movement and spatial distribution of hydrophobic substances including micro-
organisms [103]. The water surface tension is influenced by the pH of water. The 
electrokinetic data indicate that the isoelectric point of the air-water interface is 
pH 3.8, at which the air-water interface exhibits a minimum surface tension [104]. 
Also, ions are not distributed equally between the air-water interface and the bulk 
solution. At the air-water interface, a significantly higher concentration of ions 
accumulates as compared to the bulk phase, which is reflected by the ionization 
equilibrium constant obtained from the surface and electrokinetic potential data 
[105]. Specifically, hydrogen and hydroxide ions have higher tendency to accumu-
late at the air-water interface than in the bulk solution, with hydroxide ions being 
more pronounced. The accumulation of ions at the air-water interface is reflected 
in ζ-potential, another important physicochemical parameter that is commonly 
used to describe the adsorption at the air-water interface [106]. ζ-potential is a 
function of surface conductivity and is induced by the air and the excess electrical 
charges at the interface. The protons or hydrogen ions adsorb on the air-water 
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interface, outside of which is a diffuse layer. ζ-potential can be quantified by the 
electrical potential at the Stern layer [107]. 

At the air-water interface, free O-H groups of water account for 28% of the 
interfacial water [108, 109]. Lack of polarizability at the air-water interface induces 
the accumulation of large, unfavorable anions with high electrostatic potentials 
at the interface. Consequently, surface tension of salt solutions increases with the 
increase of solution ionic strength [110]. The free energy changes due to anion 
adsorption at the air-water interface is dominated by a balance between favorable 
cavitation and unfavorable desolvation, which moves an anion from bulk to the 
air-water interface. The shift of anions also reduces the favorable interactions of the 
anion with the solvation shell [111]. Anions adsorb more strongly to the air-water  
interface than their counterpart cations. Subsequently, electrical double layer is 
formed near the interface, with the anions residing in or near the topmost layer 
of the solution and the cations residing below the anions [112, 113]. In salt solu-
tions that contain alkali metal cations, the cations are excluded from the topmost 
layer [114]. Compared with anions, adsorption of cations is less pronounced and 
its effects on the air-water interface property are generally weak. However, cations 
affect the strength of the electrical double layer, which, in turn, influences the ion 
distribution at the air-water interface [113]. 

3.2.5	 Force Balance at the Air-Water Interface

Interactions between colloids and bacteria and the air-water interface also begin 
with the long-range, non-specific electrical double layer forces and Lifshitz–van 
der Waals forces, which dominate over short-range hydration forces when the sep-
aration distance between colloids or bacteria and the air-water interface is greater 
than a few hundred nanometers. Colloids, bacteria and the air-water interface are 
negatively charged. Thus, the electrical double layer forces are repulsive. Although 
the Lifshitz–van der Waals forces are attractive, the net interactions are repulsive at 
this stage since electrical double layer forces are much stronger than the Lifshitz–
van der Waals forces, which prevents colloids and bacteria from getting close to 
the air-water interface. With the help of hydrodynamics, colloids and bacteria may 
overcome the repulsive force barrier to further decrease the separation distance, 
leading to the domination of hydration forces. At the equilibrium separation dis-
tance, where the physical contact can occur, adhesion is possible when the net 
force is negative. This is possible owing to the double layer superimposition and 
subsequent significantly decreased electrical double layer forces. The dominating 
hydration forces are specific interactions in close proximity to the air-water inter-
face since the hydration forces reflect the potential bonding induced by the electron- 
donor (i.e., hydrogen-acceptor) and electron-acceptor (i.e., hydrogen-donor). Owing 
to the accumulation of OH- groups at the air-water interface, the air-water interface 
serves as the electron-donor (i.e., hydrogen-acceptor) and the colloids or bacteria 
serve as the electron-acceptor (i.e., hydrogen-donor). The hydration forces are strong  
enough to establish stable attachment of the colloids and bacteria to the interface. 



 Runwei Li et al.: Adhesion of Colloids and Bacteria to Porous Media

Rev. Adhesion Adhesives, Vol. 7, No. 4, December 2019 © 2019 Scrivener Publishing LLC 439

DOI: 10.7569/RAA.2019.097314

The adhesion of colloids and bacteria to the air-water interface is also influ-
enced by solution chemistry such as ionic strength and pH. At low ionic strength, 
the repulsive electrical double layer forces are strong to prevent them from adher-
ing. Adhesion is more possible at high ionic strength that leads to the compression 
of the electrical double layers. Similarly, at high pH, the high OH- concentration in 
the solution enhances the repulsive interactions between colloids or bacteria with 
the air-water interface. On the contrary, at low pH, the reduced OH- accumulation 
at the air-water interface owing to the neutralization by H+ enhances adhesion. 

3.2.6	 Impact of Air-Water Interface on Adhesion to Porous Media

In the subsurface environment, colloids and bacteria are affixed to the porous 
media by capillary forces. The air-water interface forms a water bridge between 
colloids or bacteria and the porous medium surface (Figure 11). Depending on 
the water content in the porous media, the water bridge may shrink or expand to 
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Figure 11  Schematic of Colloids and Bacteria Interactions with the Air-Water Interface. 
The air-water interface forms a water bridge between colloids or bacteria and the porous 
medium surface. Depending on the water content in the porous medium, the water bridge 
may shrink or expand to submerge the porous medium and capillary forces affix colloids 
or bacteria to the porous medium. With the increase of water content, water level increases 
and the air-water curvature changes from concave to convex, at this point the capillary force 
lifts colloids or bacteria from the porous medium: (a) small water content; (b) intermediate 
water content; and (c) large water content. R is the radius of the colloids or bacteria, γ is the 
water surface tension, ϕ is the filling angle between the center of the colloids or bacteria and 
the water contact line, θ is the colloid or bacterial water contact angle, Fcap is the capillary 
force, Fs is the shear force, and H is the thickness of water film.
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submerge the porous media and capillary forces affix colloids or bacteria to the 
porous media. With the increase of water content, water level increases and the 
air-water curvature changes from concave to convex, at this point the capillary 
force lifts colloids or bacteria from the porous media. The capillary forces between 
colloids and bacteria and the porous media when a meniscus is formed are calcu-
lated by:

	 Fcap = 2πRγ sinϕ sin(ϕ + θ) + ΔpπR2 sin2 ϕ	 (35)

where R is the radius of the colloids or bacteria, γ is the water surface tension, ϕ 
is the filling angle (degree) between the center of the colloids or bacteria and the 
water contact line, θ is the colloid or bacterial water contact angle, and Δp is the 
capillary pressure. In combination with the Young-Laplace equation, the capillary 
forces are expressed as:

	 Fcap = πRγ [2sin ϕ sin(ϕ + θ) + cosθ(1 + cos ϕ)2 − sin ϕ]	 (36)

Affixed colloids or bacteria can be released from porous media by rolling, the 
detachment criterion for which is given by the torque balance:

	
1 399

2
. F H F RSins cap= φ

	
(37)

where H is thickness of water film and Fs is the shear force, which is calculated as 
[115]:

	
F H vs =1 7 6

2
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(38)

where μ is water dynamic viscosity, v is the water flow velocity measured at the 
distance H/2 from the surface of the pore wall. If colloids or bacteria are com-
pletely covered with water, then H/2 = R. If the left-hand-side of equation (38) 
is larger than the right-hand-side, the colloids or bacteria are removed from the 
porous media.

4.	 Adhesion Theory Implementations

4.1	 Water Saturation and Air-Water Interface in Porous Media

Under unsaturated flow conditions, trapped air in the porous media may serve 
as an additional adsorption sink for attachment, which is not evenly distributed 
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along the length of the porous medium. In practice, the distribution of the air-wa-
ter interface in the porous media can be estimated from the pore size radius [116]:
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(39)

where S0 is the air-water interfacial area, ρ0 is the water density, g is the gravitational 
constant, γ is the water surface tension, α is the inverse of the air-entry potential, θc 
is the volumetric water content, θ0 is the total pore volume of the porous medium, 
and n is the parameter related to pore size distribution. The air-water interfacial 
area decreases with increasing water saturation.

4.2	 Liquid-Gas-Solid Three-Phase Interface and Particle Transport

The liquid-gas-solid three-phase interface is a common phenomenon in the sub-
surface soil, where the mobile particles such as colloids or bacteria are retained 
[3]. Mathematical models have been developed to describe particles based on the 
advection-dispersion equation. Currently, most of the available transport models 
are developed based on colloid transport observations. Though biological colloids 
(e.g., bacteria) and non-biological colloids (e.g., mineral colloids) differ in terms 
of potential physiological controls and polymeric material contributions, their 
transport behaviors in environmental porous media share important similarities. 
The most fundamental similarity is that they undergo deposition in porous media, 
which is usually described with the filtration theory and formulated as first-order  
kinetics [3]. Recent advances in colloid transport modeling have been made by 
considering two-site/two-region attachment [117, 118], Langmuir-type reaction 
kinetics [119, 120], random sequential adsorption blocking [121], and solid phase 
heterogeneity [122]. In these models, the system is considered to consist of three 
phases, a solution phase, a mobile solid phase, and an immobile solid phase. The 
interactions between the three phases are governed by mass balance consider-
ations and are described by first- or second-order reactions. Successful applica-
tions of these types of models have been observed in laboratory column studies 
[123]. 

Most of these models are based on steady-state saturated flow conditions. 
Transport under unsaturated conditions differs considerably from transport under 
saturated conditions, as demonstrated by previous research [124–126]. To address 
unsaturated colloid and bacterial transport, air-phase has been introduced as an 
additional adsorption site. So far, successful attempts have been made to quan-
tify and predict colloid and bacterial transport under unsaturated water flow 
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conditions or in the presence of the air-water interface [13, 124, 125, 127-132]. 
During transport, colloid and bacterial adhesion is assumed to occur at the porous 
media by physicochemical deposition, at the air-water interface owing to capillary 
forces, or in small pore throats at the air-water-porous medium three-phase inter-
face due to physical constraints. Recent studies show that colloid and bacterial 
adhesion at the air-water-porous media three-phase interfaces plays the key role 
in their retention in the pore system [6, 12, 65, 66, 133–137]. Subsequently, the mod-
eling approach assumes that the adhesion occurs at the air-water-porous media 
three-phase interface:
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= ∂
∂
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where C is the particle concentration in the liquid phase, Dz is the apparent dis-
persion coefficient, θc is the volumetric water content, q is the specific discharge 
(Darcian fluid flux), kd is the deposition coefficient at the liquid-gas-solid inter-
face, kdes is desorption coefficient, ρb is the bulk density, S is the retained particles 
expressed in terms of per solid mass, z is the axial coordinate, and t is time. 

In the above models, colloid and bacterial deposition rate is usually considered 
to be constant along the depth of the soil, which is true under favorable attachment 
conditions [125, 131]. Consequently, colloid and bacterial concentration would dis-
play exponential decrease with the travel distance. However, a growing body of 
laboratory scale column experiments suggests that the retained colloid and bac-
terial profiles decay nonexponentially under unfavorable attachment conditions, 
i.e., low ionic strength. Reported differences in deposition profile shapes under 
unfavorable attachment conditions indicate apparent decreases in deposition rate 
coefficients with the transport distance, which is attributed to variations in pore 
structures, grain size, hydrodynamics and solution chemistry [138–141]. The mean 
aqueous and colloid and bacterial concentrations at a given depth and time can 
thus be determined for two log-normally distributed parameters kd and kdes as:

	

C z t C z t k k F k k dk dkd des d des d des( , ) ( , , , ) ( , )= ∫∫
∞

0


	

(42)
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∞

0


	

(43)

where C(z, t, kd, kdes) and S(z, t, kd, kdes) are the aqueous and solid phase particle 
concentrations. 

4.3	 Force Quantification

In the porous media, the mobilization of colloids and bacteria is very important 
since it can lead to the porous media physical and chemical changes. The colloid 
and bacterial transport is influenced by their surface thermodynamic properties. 
However, the quantitative influence is not currently clear [6, 49]. By introducing 
the interface variables into the Gibbs free energy and combining with Young-
Laplace equation, the surface thermodynamic properties including surface free 
energy, surface enthalpy, and surface entropy are linked to the size and shape of 
the colloids and bacteria. The thus theoretically estimated surface thermodynamic 
properties are consistent with experimental values [142]. Typically, for colloids 
larger than 10 nm, the surface thermodynamic properties vary linearly with the 
reciprocal of the colloid size. However, for colloids smaller than 10 nm, the colloid 
size has much more significant influence on the surface thermodynamic properties 
of the colloids, which do not follow linear relationship.  

Figure 12 shows the four scenarios of colloids and bacteria attachment at the 
air-water-porous media three-phase interface: (a) colloids or bacteria do not 
attach to either the air-water interface or the porous media owing to repulsive 
interactions with both the air-water interface and the porous media, (b) colloid 
or bacteria attach to the porous media owing to repulsive interactions with the 
air-water interface and attractive interactions with the porous media, (c) colloids 
or bacteria attach to the air-water interface owing to the attractive interactions 
with the air-water interface and repulsive interactions with the porous media, and 
(d) colloid or bacteria attach to both the air-water interface and the porous media 
owing to attractive interactions with both the air-water interface and the porous 
media. For the above interactions, Lifshitz-van der Waals (LW), Lewis acid/base 
and electrostatic forces are considered [56]. The distance-dependent Lifshitz–van 
der Waals interaction free energy, ∆GLW

132  between a spherical-shaped particle, 1, 
and a flat plate of the liquid-gas interface or sediment surface, 2, immersed in 
water, 3, is calculated by [10]:
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where R is the radius of the particle, y is the separation distance between the par-
ticle and the flat plate of the liquid-gas interface or sediment surface, and A is the 
Hamaker constant, which can be obtained by:

	
A y LW LW LW LW= −( ) −( )24 0

2
3 2 3 1π γ γ γ γ

	
(45)

where y0 is the equilibrium separation distance of 1.57 Å. 
The distance-dependent Lewis acid/base interaction free energy, ∆GAB

132  
between a spherical-shaped particle, 1, and a flat plate of the liquid-gas interface 
or sediment surface, 2, immersed in water, 3, is calculated by [10]:

	
∆ ∆G Ry G eAB

y
AB y y

132 0 1322
0

0= −π λ( )/

	 (46)

where λ is the water decay length (i.e., 0.6 nm for pure water) and ∆Gy
AB
0132

 is the 
Lewis acid/base interaction free energy of two parallel plates, 1 and 2, immersed 
in water 3, at the equilibrium distance [10]:

(a)

(c) (d)

(b)

Liquid phase

Liquid phase

Solid phase

Solid phase Solid phase

Solid phase

Liquid phase

Liquid phase

Gas phase Air phase

Air phaseAir phase

Flow

Flow

Flow

Flow

Rliquid-gas

Rliquid-solid
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Aliquid-solid
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Figure 12  Four Scenarios of Particle Attachment at the Liquid-Gas-Solid Three-Phase 
Interface. (a) Colloids or bacteria do not attach to either the air-water interface or the porous 
medium; (b) Colloid or bacteria attach to the porous medium; (c) Colloids or bacteria attach 
to the air-water interface; and (d) Colloid or bacteria attach to both the air-water interface 
and the porous medium.
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The distance-dependent electrostatic interaction free energy, ∆GEL
132  between a 

spherical-shaped particle, 1, and a flat plate of the liquid-gas interface or sediment 
surface, 2, immersed in water, 3, is calculated by [10]:
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where ε and ε0 are the relative dielectric permittivity of water and permittivity 
under vacuum, 1/κ is the Debye-Hückel length, which is also an estimation of the 
effective thickness of the electrical double layer, and ψ1 and ψ2 are potentials at the 
colloid or bacterial surface and the porous medium surface [37]:
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where ζ is the zeta potential measured at the slip plane, z is the distance from the 
particle surface to the slip plane, which is usually in the range of 0.3 nm to 0.5 nm. 
The κ value in the above equations is estimated by [10]:

	

κ π υ
εε

= ∑4 2
2 2

0
e n

k T
i i
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(50)

where e is the charge of the electron, υi is the valence of each ionic species, ni is the 
number concentration of ions of each species in the bulk liquid, kB is the Boltzmann 
constant, and T is the absolute temperature. 

4.4	 Atomic Force Microscopy Measurements

Atomic force microscopy force measurements are now commonly used to quantify 
the interactions of colloids and bacteria immobilized on a gelatin-treated silicon 
nitride V-shaped cantilever probe [143]. To maintain the original structure and 
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integrity of colloid and bacteria, especially bacteria, force measurements are usu-
ally conducted immediately after the immobilization process. The force-distance 
curves are obtained for both the approaching and retracting motions of the tip 
[144]. In the retraction phase, the pull-off occurs at the location where the cantile-
ver elastic stress overcomes the adhesive interactions between colloid or bacteria 
and the substrate, which is used as a key parameter to evaluate colloid and bacte-
rial adhesion (Figure 13). Force-distance curves are generated with data being pro-
cessed using related software from the deflection versus piezo position for each 
cycle, which includes approaching the substrate surface with the cantilever probe, 
contacting the surface, and retracting from the contact. 

4.5	 Linkage of Interactions and Transport

The above interactions are responsible for kd and kdes defined in the colloid and bac-
terial transport models. They can be assumed to be log-normal stochastic param-
eters, which are correlated. In practice, a joint probability density function is used 
to quantify the correlation [145]:
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Figure 13  Interaction Measurements by AFM. The force-distance curves are obtained 
for both the approaching and retracting motions of the tip on colloids or bacteria. In the 
retraction phase, the pull-off occurs at the location where the cantilever elastic stress 
overcomes the adhesive interactions between colloid or bacteria and the substrate, which is 
used as a key parameter to evaluate colloid and bacterial adhesion. Force-distance curves 
are generated with data from the deflection versus piezo position for each cycle, which 
includes approaching the substrate surface with the cantilever probe, contacting the surface, 
and retracting from the contact.
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where σd and σdes are the standard deviations of the log-normal probability den-
sity functions for kd and kdes respectively; Yd and Ydes are the normalized log-trans-
formed variables and are defined as:
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Here μd and μdes are the mean values of the log-normal probability density function, 
i.e.,

	
µ σd d dLn k= −( )0 5 2.

	
(54)

	
µ σdes des desLn k= −( )0 5 2.

	
(55)

where <kd> and <kdes> are the ensemble average of kd and kdes respectively. The 
parameter ρdr is the correlation coefficient between Yd and Ydes and is defined as:
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(56)

ρdr = 1 when Yd and Ydes are perfectly correlated; ρdr = 0 when Yd and Ydes are uncor-
related; and ρdr = −1 when Yd and Ydes are perfectly inversely correlated. 
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4.6	 Surfactant Attachment at the Air-Water Interface

Adhesion theory can also be applied to adhesion of surfactants at the air-water  
interface. Surfactants preferably adsorb at the interfaces energetically, which 
decreases the interfacial tension. The more the surfactants are adsorbed at the 
interface, the greater the decrease of the interfacial tension is [146]. Once the inter-
face is saturated with surfactants, the interfacial tension will not be decreased any 
further. Instead, surfactants form micelles in the solution phase [147]. The self- 
association or micellization is initiated by the amphiphilic character of the sur-
factants, whereby the hydrophobic portion forms the micelle core (known as nor-
mal micelle) and the polar head groups form the micelle-water interface (Figure 
14a). Micelles are formed when the surfactant concentration is greater than the  
critical micelle concentration (cmc), which is a function of the surfactant structure, 
composition, temperature, ionic strength, and the presence and types of organic 
additives in the solution [147]. 

The minimization of the unfavorable contact between nonpolar surfactantchains 
and the polar solvent compensates the loss of entropy by micelle formation [148]. 
In addition to the normal micelles, inverse micelles also exist which cluster their 
headgroups and orient their chains towards a surrounding nonpolar phase (Figure 
14b). The interfacial activity and amphiphilic nature of the surfactant molecules 
render them adsorbable to the aquifer media, reducing the interfacial tension. 

(a) (b)

Hydrophobic tail
Hydrophobic tail

Hydrophilic head

Hydrophilic head

Organic
solvent

Aqueous
solution

Figure 14  Surfactant Micelle Formation. Once the interface is saturated with surfactants, 
surfactants form micelles in the solution phase: (a) The self-association or micellization is 
initiated by the amphiphilic character of the surfactants, whereby the hydrophobic portion 
forms the micelle core (known as normal micelle) and the polar head groups form the 
micelle-water interface and (b) Inverse micelles are formed which cluster their headgroups 
and orient their chains towards a surrounding nonpolar phase.
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They are subsequently commonly used in contaminated soil remediation [149]. 
Surfactant micellization, surfactant adsorption on aquifer media and formation 
of admicelles/hemimicelles, contaminant micellar-solubilization, middle-phase 
micromulsion formation, contaminant adsorption on aquifer media, and con-
taminant adsorption on admicelles/hemimicelles (adsolubilization) occur during 
surfactant applications [149]. It should be noted that while extra-micellar contam-
inants can be adsorbed directly, micellar-solubilized contaminants must partition 
out of micelles before being adsorbed [148]. 

Combining the Lifshitz-van der Waals interactions and Lewis acid/base inter-
actions, surfactant behavior in solution can be quantitatively interpreted. Using 
poly(ethylene oxide) (POE) surfactants as an example, γLW of POE surfactants is in 
the range of 20.6 mN/m to 21.3 mN/m, which increases with the increase of POE 
chain length. When POE surfactants are applied at low concentrations, a very com-
pact monolayer can be formed at the interface with an interfacial volume fraction 
close to unity and the accumulation of the surfactants at the interface following 
the Frumkin adsorption isotherm [150]. Mathematically, the relationship of surface 
tension decrease in the presence of surfactants can be related to Gibbs free energy 
of the interactions between surfactant molecules. Specifically, with the increase of 
surfactant concentration, the micelles are formed when the concentration reaches 
the cmc, which is attributed to hydrophobic interactions between amphiphilic sur-
factant molecules [151]:

	 ∆G A kTLn cmcTOT
131 = ( ) 	 (57)

where ∆GTOT
131  is the interaction free energy between surfactant molecules, A is the 

limiting area per surfactant molecule, k is the Boltzmann constant, and T is the 
absolute temperature. For POE surfactants, the limiting area per surfactant mole-
cule, A can be estimated by:
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where γ is the liquid surface tension when saturated with the POE surfactants, N is 
the number of ethylene oxide segments in the surfactant tails, and a is the effective 
monomer size, which is assumed to be 2.1 Å [151].
∆GTOT

131  is the sum of Lifshitz-van der Waals interaction and Lewis acid/base inter-
action free energies, which can be calculated based on the surfactant and liquid 
surface thermodynamic properties [152]: 
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where ∆GLW
131  is the Lifshitz-van der Waals interaction free energy, ∆GAB

131  is the 
Lewis acid/base interaction free energy. In the above equations, subscript “1” 
denotes the surfactant and “3” denotes the liquid. 

∆GLW
131  is typically one order of magnitude greater than ∆GAB

131 . Thus ∆GLW
131  is usu-

ally the driving force in determining the cmc of the surfactants. Lifshitz-van der  
Waals forces include Keesom, Debye, and London interactions. Of these three, 
Keesom and Debye interactions are only found among molecules that have per-
manent dipole moments. The London interactions, however, are universal and are 
of preponderate importance especially in aqueous media that contain electrolytes 
[152]. Therefore, the Lifshitz–van der Waals surface tension component, γLW based 
on which intermolecular Lifshitz–van der Waals interactions are calculated, and are 
mainly contributed by the London interactions. Owing to the induced dipole poten-
tial, Lifshitz–van der Waals interactions occur between two surfactant molecules. 

5.	 Summary

This review revisits the colloid and bacterial adhesion theory and uses the adhe-
sion theory to interpret colloid and bacterial transport in porous media. Adhesion 
of colloids and bacteria to porous media or the air-water interface is attributed to 
their interactions with the surfaces or the interface, which include Lifshitz-van der  
Waals forces, Lewis acid/base forces, hydration forces, and electrical double layer 
forces. In the presence of air-water interface, colloids and bacteria are also subject 
to the capillary forces. By introducing the interface variables into the Gibbs free 
energy and combining with Young-Laplace equation, the surface thermodynamic 
properties of the colloids and bacteria are quantified. Subsequently, the distance- 
dependent Lifshitz-van der Waals forces, Lewis acid/base forces, hydration forces, 
and electrical double layer forces can be calculated, which are then used to inter-
pret colloid and bacterial transport in porous media. 
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