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ABSTRACT: Surface-active agents are widely used in industrial
processes and products for daily use. Surfactants are essential in
consumer products, although they are environmentally harmful.
Consequently, new technologies are being sought to address the
surfactant waste problem effectively. Foam fractionation is a
multifunctional method of removing or purifying surface-active
and inactive agents. This environmentally friendly technology
enables foam separation of many compounds based on adsorption
at the gas−liquid interface. The technology has been employed in
wastewater treatment, remediation, metallurgy, biotechnology,
pharmacy, and the cosmetics and food industries. This review
highlights process handling and equipment design in terms of the
enrichment and recovery of many proteins, surfactants, metal ions,
and pollutants. Furthermore, the mode of action, basic laws, and mechanisms of the technology are explained, and relevant examples
of the application of foam fractionation will be provided.

1. INTRODUCTION
Surfactants are widely used in industry and can be found in
many consumer products, including detergents, hygiene
products, cosmetics, food, paper, paints, and pharmaceuti-
cals.1−3 The surface activity translates to various practical
properties used in foaming, cleansing, wetting, antifogging,
deinking, emulsifying, and solubilizing agents.4,5 Surfactants
have a firmly established market position, although their
application adversely impacts the environment.6,7 Surfactant
discharge contaminates water and soil, creating land and
aquatic organism hazards.8,9 Effective waste treatment or
replacing synthetic surfactants with natural alternatives may
provide a solution to the above-mentioned issues, and foam
fractionation can be successfully utilized for that purpose.10,11

Foam fractionation provides an effective method of
separating various compounds from aqueous solutions by
bubble-based foam generation.12,13 High selectivity of
surfactant separation permits high recovery, reaching above
90% of total species removed. Selectivity allows for obtaining
high enrichment values, reaching a 50-fold increase in the
initial concentration of surfactant.14−16 Typically, high
recovery is desired in the removal of surface-active species,
where high enrichment values are sought during the
purification of multicomponent solutions.17,18 The process is
characterized by simplicity, environmental friendliness, and low
energy consumption.19,20 The foam fractionation phenomenon

involves selective surfactant adsorption on the gas−liquid
interface.21 The adsorption is driven by reducing Gibbs free
energy of the system due to the amphiphilic properties of the
molecules.22−24 During foam fractionation, controlled gas
dispersion into the surfactant solution introduces gas bubbles
that expand the gas−liquid interface, forcing surfactant
adsorption.25,26 Bubbles emerge from the liquid, forming a
surfactant stabilized and enriched foam.27 The foam
fractionation procedure involves two types of liquid flow
distinguished within the column. The bulk liquid is entrained,
carried, and enclosed between gas bubbles, forming foam that
travels up the column. An opposite movement of interstitial
liquid is caused by forces acting on the liquid content in the
foam, leading to a gradual foam drainage.28−31 As the liquid
fraction diminishes, the bubble film thickness is reduced, and
the foam becomes richer in surface-active species.32−34 The
overflowing foam is extracted from the column and broken
down into enriched foamate.35,36 Depending on the operating
mode and parameters assumed, the fractionation process can
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extract various compounds from aqueous solutions, including
surface-active and inactive species, through adsorption and
collector−colligend interactions.37−39

Foam fractionation has been used for over 100 years. The
first publications on this subject concerned the discovery and
study of the processes occurring during surfactant foaming.
The overview work by Lemlich provides a closer look at the
fundamentals and includes multiple examples of applications
for adsorptive bubble separation methods.40 Other review
studies concerned more complex subjects, including the
separation, concentration, and purification of compounds
from aqueous solutions. The authors also explained many
issues frequently encountered when exploiting adsorptive
bubble separation methods.41,42 A comprehensive book by
Rubin et al. summarized the previous studies on the
development and practical use of surfactant adsorption.36 An
overview prepared by Lockwood et al. addressed the
theoretical aspects and the application of foam fractionation
in protein isolation, particularly emphasizing the purification of
products intended for pharmaceutical purposes.43 Burghoff’s
publication concerned the biotechnological aspect in the
context of separating biosurfactants, proteins, metal ions, and
plant metabolites, taking into account various related processes
and design parameters.31 In their paper, Oraby et al. addressed
the issue of foam generation occurring during aerobic
fermentation, emphasizing the theoretical and design aspects
of protein fractionation.44 Fractionation of pollutants from
wastewater is the subject of an overview prepared by Buckley
et al. These authors elaborated on the subject by including the
technique’s historical, theoretical, and process aspects.23

Stevenson et al. published books titled ‘Foam Engineering’
and ‘Foam Fractionation Principles and Process Design’, which
contain fundamental knowledge concerning the foam forming
process and separation methods, including foam fractionation.
Furthermore, these books also elaborated on the methods’
theoretical, design, and practical aspects.18,39 An overview by
Dolman et al. addressed the context of the production and
purification of biosurfactants. The paper concerns numerous
surfactant purification methods, including an integrated system
that combines bioreactors with a foam fractionation column,
enabling the direct removal of products by foaming.45 The
latest review paper by We et al. involved removal of harmful
perfluoroalkyl and polyfluoroalkyl substances (PFAS) from
aqueous matrices using foam fractionation technology. The
authors highlighted current development, industrial implemen-
tation, and future research opportunities based on current
challenges.46

Due to the rapid development of foam fractionation, it is
finding a growing number of new applications. The present
overview is a compendium of knowledge on foam fractiona-
tion, including basic definitions and mechanisms and a
description of the processes occurring as part of the
phenomenon. An effort is made to provide a thorough
understanding of how the process is maintained, including the
selection of process variables and efficiency parameters.
Further stages of the review also cover the practical aspects
of foam fractionation of numerous surface-active and inactive
agents, emphasizing their industrial applications, which are
supported by the latest scientific research. Considering the
current interest in natural products, the use of the method in
the production and purification of surfactants, which provide
an alternative and environmentally friendly detergent source, is

also covered. The overview also attempts to present the latest
trends for future industrial development of the method.

2. BRIEF BACKGROUND OF FOAM FRACTIONATION
The foam fractionation technique’s birth date is the early 20th
century, when fractionation was used to verify the Gibbs
adsorption equation. According to the classification proposed
by Lemlich (Figure 1), foam fractionation belongs to the group
of adsorptive bubble separation methods and is placed in the
foam separation subgroup.40

During this period, a rapid development of foam separation
methods, particularly froth flotation, could be observed. The
interest in flotation stemmed from its easier practical
application in the mining industry for removing particulates
while extracting crude oil, ores, or coal.47−49 On the other
hand, foam fractionation was dedicated for separating surface-
active agents, such as proteins, biosurfactants, numerous
metabolites, and organic compounds and for wastewater
treatment.50−52 The practical use of fractionation is, at present,
much more limited compared to froth flotation.18,41 The
commercially available fractionators, called protein skimmers
or protein fractionators, are used for purifying communal and
animal (including zoological and fishkeeping) wastewater and
contaminated soil.53−56 The most commonly known industrial-
scale application of fractionation is nisin extraction from the
fermentation broth of Lactococcus lactisstrains.39 The latest
overview by Buckley et al. provides the time frame and a more
detailed description of the development of foam fractiona-
tion.23 According to statistics compiled using such databases as
Web of Science, Scopus, and Wiley Online Library, the first
scientific publications on foam fractionation date back to
around 1950. Their numbers increased significantly after 1960,
when foam fractionation became globally known. Since 2000,
interest in the practical use of fractionation has been observed
again. Based on the Web of Science database, during the
1944−2023 period, just over 1,000 publications emerged that
contained the phrase “foam fractionation”. An analysis of the
data reveals that the latest studies concern chemical engineer-
ing, food technology, and biotechnology, as well as chemical
and environmental sciences. The titles of the papers often
reference isolation of bacterial, plant, and animal metabolites,
as well as wastewater treatment, environmental protection, and
remediation. A significant portion of the papers concerns the
latest technological solutions that further improve the well-
established technology of foam fractionation.

Figure 1. Classification of adsorptive bubble separation methods.
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3. PRINCIPLES OF FOAM FRACTIONATION
The gas−liquid interface plays a crucial role in foam
fractionation. Natural transport of surface-active molecules
from the bulk solution toward the gas−liquid interface occurs
via surface adsorption.57,58 The movement is spontaneous and
driven by the reduction of system free energy.3,59 Due to
amphiphilicity, surfactants arrange in an ordered manner at the
interface, typically creating an organized surface monolayer
(Figure 2).60 As a result, the surface tension decreases,
reducing the additional energy present on the surface of the
liquid.61−63 The process follows several steps and involves the
movement of molecules from the bulk of the solution Ci,
diffusion toward the subsurface layer CSL, and formation of a
surfactant monolayer at the interface.64 The final stage
proceeds until surface saturation and surface tension
stabilization at the thermodynamic equilibrium point.65

Above the CMC (critical micelle concentration), the
remaining surfactant monomers begin to form micellar
structures on the surface and within the bulk solution.66,67

Within the context of foam fractionation, micelles are usually
absent in the initial solution due to a low surfactant
concentration. However, during foam fractionation, surfactant
concentration within the foam increases, enabling micelles to
form.31,68

In foam fractionation and other adsorptive bubble separation
methods, gas is fed into the solution mechanically.42 The
introduced bubbles expand the gas−liquid interface, facilitating
surfactant adsorption.69,70 Gas bubbles “attract” and “capture”

surfactant molecules from the solution. Surfactant-enriched
bubbles travel toward the surface.71 The simplest example of
such a process can occur in a shaken vessel of aqueous
surfactant solution.72 Surfactants adsorbed on the gas−liquid
interface stabilize the normally unstable foam.71 The foam is
significantly enriched in surfactants compared with the bulk
concentration. A practical example is beer foam, where the
protein and water content are 73% and 10% w/w, respectively.
In the beer bulk, the protein content amounts to only 0.3% w/
w. The foam generated by diffusing CO2 gas concentrates the
protein approximately 240-fold.39 This phenomenon is
especially useful in industrial branches, where the concen-
tration of the diluted solution is usually problematic.

3.1. Mathematical Model of Adsorption. Isotherms can
provide an important tool used for evaluating surfactant
adsorption systems.73,74 Adsorption isotherms typically address
the mass transfer of surfactant molecules at the air-water
interface, which can be associated with effective adsorption in
foam fractionation. Such measurements can help predict the
motion of surfactants from bulk to the foam layer, granting
insight into the molecular enrichment mechanism.18,75

Adsorption isotherm refers to an equilibrium correlation of
bulk Ci and surface surfactant concentration of the solution
called surface excess Γ.76,77 From the extensive group of
adsorption functions, only a limited number of isotherms are
practically applied in foam fractionation studies.40 Typically,
foam fractionation procedures involve highly diluted solutions
containing chemically diverse surface-active species.78,79

Figure 2. Mechanism of surfactant adsorption at the air-water interface during foam fractionation.
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Therefore, certain isotherms will have greater practical
applications, particularly those that take into account
intermolecular or electrostatic interactions.80

The primary Gibbs isotherm is well suited for nonionic
surfactant solutions of concentrations not exceeding CMC.
The surface excess Γ of component i can be determined
according to eq 1.81 The practical implementation of the Gibbs
equation is heavily limited when intermolecular interactions
require activity coefficients to be considered or when the
function loses linearity in a specific concentration range.40,82

The equation also assumes the existence of a single surfactant
monolayer on the solution surface. If there are no interactions
between micelles and the surface layer, the equation can be
applied in a broader concentration range and for determining
the CMC.59

RT
d

d C
1

ln i
=

*
(1)

The surface excess Γ of component i requires the values of
equilibrium surface tension γ and surfactant concentration Ci
to plot a curve and to obtain a γ(ci) function. A correct
function should have a linear relation to the CMC value.81−83

Based on the function slope, the surface excess value Γ can be
calculated, and consequently, the effectiveness of adsorption at
the gas−liquid interface at equilibrium can be determined.74,84

Large deviations in the calculated surface excess Γi value
between the ionic and nonionic surfactant forms can be
observed. This rule applies in particular to all types of
intermolecular interactions as well as the presence of
electrolytes and other surface-active agents. If present,
appropriate correction factors need to be applied.77,84,85

Different isotherms were created by carefully modifying the
basic Gibbs equation to improve their applicability. The
following isotherms are commonly used for thermodynamic
calculations in foam fractionation systems: Gibbs, Langmuir,
and Henry isotherms.86

3.2. Thermodynamic Model. The processes of surfactant
adsorption and aggregation lead to a reduction in Gibbs free
energy ΔG (eq 2), resulting in the change in enthalpy and
entropy at temperature T.87 Adsorption and micellization take
on negative values and occur spontaneously at room
temperature for aqueous solutions.88,89 Based on empirical
observations, system free energy reduction is driven mostly by
entropic gain.

G H T S T, S Hø ø ø ø ø= | | (2)

Dissolved surfactant molecules present in an air−water
system disrupt the water structure and limit the solvent’s
freedom of movement. The system’s response is to limit
unfavorable intermolecular interactions by sending surfactant
molecules toward the liquid surface to form an organized
monolayer via adsorption. Surface adsorption translates to a
positive change in entropy, which is positive in most cases,
while enthalpy change varies depending on the type of
surfactant.74,90 A simple example of determining the
thermodynamic parameters of adsorption is the use of the
Langmuir isotherm given by eq 3, which describes adsorbent
monolayers, where Γ∞ means the value of saturated surface
excess, and KL is the Langmuir constant. The organization of
surfactant molecules on the surface is described using the
standard adsorption energy ΔGads

ø at equilibrium in accordance
with eq 4. A simple substitution of eq 2 and transformation

yields eq 5, which relates the thermodynamic equilibrium of
adsorption to enthalpy and entropy changes in the system.85
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K S
R

H
RT

ln L =
° °
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As in the case of the Gibbs isotherm, eq 5 needs to be
plotted in order to obtain a relationship between the surface
tension and surfactant concentration γ(ci). The determined
function enables determining the constants of the Langmuir
isotherm, which provides information on the energetic nature
of adsorption. The equation can be further exploited to
calculate standard thermodynamic parameters of the adsorp-
tion process at equilibrium.85,91 The Langmuir isotherm is
frequently used in foam fractionation studies due to its
simplicity and a good representation of the character of
adsorption isotherms under a high surface excess of
surfactants.18

3.2.1. Thermodynamic Parameters. Calculations on
surfactant adsorption were conducted by Zdziennicka et al.
In this example, the authors used several functions of state to
determine standard adsorption entropy, enthalpy, and Gibbs
energy of many popular ionic and nonionic surfactants at
different temperatures. In this case, standard free enthalpy
values suggest highly spontaneous adsorption of all surfactants
investigated.92 A similar analysis was performed for bio-
surfactants using various methods to determine the basic
thermodynamic parameters. The values obtained were
consistent for rhamnolipid and surfactin and were subse-
quently compared with synthetic surfactants, which provided a
clear overview of the adsorption process.93 Two studies by
Manḱo et al. present a similar analysis of rhamnolipid and SDS
adsorption. The authors determined the standard free energy
of surfactant adsorption and micellization, taking into account
molecular interactions between the surface layer and the
micelles in the bulk solution.87,94 The negative values of Gibbs
energy demonstrate that adsorption, aggregation, and micelli-
zation are spontaneous.61,66,74 Knowledge of thermodynamic
parameters provides insight into molecular-level thermody-
namic processes and is often indispensable when designing
adsorption-based processes.62,95

3.3. Mass Transport Barrier in Foam Fractionation.
Selective adsorption of surface-active agents on the surface of
air bubbles develops an enriched foam.96 Surfactant adsorption
progresses dynamically through the molecular movement of
surfactant toward the surface of the liquid. Equilibrium surface
tension is achieved after a specific time t, which results from
the existence of kinetic barriers to mass transfer. The stage with
the lowest speed restricts the kinetics of the adsorption
process, also affecting the foam stability and the effectiveness
of foam separation. Surface adsorption at the gas−liquid
interface is divided into two major stages. The surface-active
agents dissolved in the liquid are transported to the subsurface
layer by diffusion. In the next stage, adsorption transports the
molecules from the subsurface layer to the surface layer. The
speed of the process can be limited by either diffusion or
adsorption. The presence of micelles can additionally alter this
process.77,97−100 During foam fractionation of highly diluted
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solutions, the phenomenon of micellization does not occur and
consequently can be ignored. However, in the case of
concentrated foam, it is worth considering this phenomenon
for any possible transport barriers. From the practical
standpoint, the process of micellization has a negative effect
on foam stabilization, as micelles alone do not form a layered
structure on the surface, unlike monomers.101 The process of
desorption/adsorption and micelle formation itself is compli-
cated, and foam analysis requires complex testing methods,
particularly for foams with three-dimensional structures.97,102

As a result, this problem is rarely addressed by the authors.
Even so, surface studies can provide the necessary information
to determine the limiting stage of surfactant adsorption.103,104

3.3.1. Practical Example: Diffusion-Controlled Adsorption.
One frequently encountered problem in separation sciences
and technologies is the mass transport limitations resulting
from poor molecular diffusion.77,105 The subsurface layer CSL
and surface layer Γ exist in a local equilibrium. In this case,
molecular transport from the bulk solution toward the
subsurface layer is the diffusion-limited stage, which
determines the local equilibrium conditions.18,64 A modified
Ward and Tordai diffusion model describes change Γ(t) for
the surface of a surfactant solution initially free of surfactant,
where according to eq 6, D is the diffusion coefficient and τ the
dummy variable with the units of time.97

t C Dt D C t( ) 2 2 ( )di

t

0
SL=

(6)

The above equation is problematic because it requires
knowledge of the subsurface concentration value. Furthermore,
to calculate the integer, it is necessary to assume an adsorption
isotherm, which makes the equation more complicated and
forces the use of iterative numerical methods.18 The W−T
equation comprises two terms, the first describing diffusion to
the subsurface layer and the second describing desorption from
the surface boundary. At short time intervals, when CSL(t) = 0,
the equation becomes simplified according to eq 7.

t C Dt
( ) 2 i (7)

After a longer time ti concentration CSL will tend toward
equilibrium values. Calculations should, therefore, be split into
two parts: 0 → ti and ti → t, and then the two terms are added
together.100 The W−T equation works well for diluted
solutions of nonionic surfactants below the CMC. It is also
possible to apply suitable modifications to the W−T equation,
replacing planar adoption with spherical, which is observed in
foam fractionation, in accordance with eq 8, where b is the gas
bubble radius.64

t D C t C t D
b

C t
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t

0
SL

0
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(8)

Simplifications are commonly used to make calculations
easier by combining equations with the Gibbs isotherm. For
short times, when surface excess Γ is small and no transport
barriers to the subsurface layer exist, substituting the isotherm
into eq 7 yields eq 9. In this case, the limiting stage is
molecular diffusion to the subsurface layer. When the system is
close to reaching equilibrium, simplifications, as in eq 10, can

be made.97 The equation term responsible for molecule
desorption from the subsurface layer was omitted.

RTC Dt
2 iw (9)

RT
C Dt

2
4i

eq

2

(10)

Depending on the process, many more or less significant
limiting factors may be encountered in foam fractionation,
including complex adsorption of natural macromolecules,
proteins, enzymes, and lipids. These molecules often exhibit
denaturation by conformational changes, and their size
imposes an activation barrier on the process. Another example
are ionic molecules, which are associated with the presence of a
double electrical layer, where electrostatic interactions,
repelling of co-ions, and attraction of counterions can be
observed.18

4. FOAM STRUCTURE
Liquid foam is a complex gas and liquid dispersion system,
typically air-water. Surfactant transport and enrichment are
feasible through a foam system. Foam is produced by enclosing
gas between thin layers of liquid. The difference in pressure
between the liquid and gas creates a force that acts evenly on
the surface of gas bubbles. Excess surface energy reduces the
bubble’s interfacial area, resulting in a spherical shape.106 The
liquid fraction ε of the foam determines its behavior and
stability.107 Foam drainage reduces the liquid fraction due to
the interstitial film rupture, coalescence, and coarsening of gas
bubbles.108,109 When the liquid content drops to a critical value
εc, which is referred to as jamming transition, the bubbles are
compressed in the surroundings and begin to lose their
spherical shape and independent movement. For ordered and
disordered foams, the threshold values εc are 25 and 36% w/w,
respectively. Above this value, the bubbles no longer are in
contact with each other, forming a so-called “bubbly liquid”.
Adding surfactant reduces the surface tension, prolonging the
foam stability above the jamming transition. Reduction in the
liquid fraction minimizes the surface area of the bubbles,
creating a honeycomb-shaped structure (Figure 3). Wet foam

with a 10−20% liquid fraction value begins to take on a specific
cellular structure. The honeycomb structure is observed for dry
foam with a liquid fraction value of less than 10%.110

Dry foam is composed of honeycomb-like cells with a
polyhedral structure as a result of low liquid fraction, which
reduces the length of the Plateau border cross-section. A single
cell consists of faces (lamellas) connected by thin channels
(Plateau borders).111 The tetrahedral junction of four borders
surrounded by the four faces is called a vertex (node) (Figure

Figure 3. Change in the foam structure caused by decreasing content
of the liquid fraction ε.
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4).47,112 Adsorbed surfactants form monolayers on the surface
of the film that partially enclose the liquid inside the film and
maintain film tension. The film’s curvature results from lower
pressure at the Plateau border than at the lamella surface.113

This force drives the movement of the liquid from the lamella
toward the border, reducing the wall thickness until the film
ruptures. This is the cause of the rapid breakdown of
nonstabilized liquid foam.110 In the presence of surfactants,
the lifetime of the foam increases significantly, and
destabilization through drainage, coalescence, and coarsening
occurs more slowly.34 However, other factors may contribute
to a further reduction in the stability of the metastable
foam.108,114 If there is an uneven distribution of the thickness
of the film separating two cells, rupture may occur at the
thinnest point and shortest path, resulting in coalescence.32

The distribution of Laplace pressure inside the foam may cause
gas to flow from smaller to larger bubbles, resulting in
coarsening.107,115

4.1. Foam Decay. A high liquid fraction is preferred when
removing surface-active species from solutions, which can be
achieved via foam stabilization.111 On the other hand,
impurities present in the liquid pool may be transferred within
interstitial liquid, resulting in low foamate purity.52 A low
liquid fraction results in a higher content of surface-active
species in the surface layers; thus, greater purity can be
achieved by enhancing foam drainage, as shown in Figure 3
and Figure 4.39

In practice, the foam structure is chaotic and often deviates
from the ideal. By application of the Plateau law, the foam
structure can be averaged according to the following
guidelines:

(1) Three and only three films meet at an edge at a 120°
angle.

(2) Four and only four Plateau borders meet at a point at a
109° angle.

The description above applies to an ideal foam cell, although
it does not differ substantially from real structures. Such
assumptions can be used to further describe the phenomenon
of foam drainage. The film surface forms a Plateau border
channel by curving the film edge. Because of the curvature, the

pressure at the edge is lower than in the center of the channel,
causing the radial flow of the interstitial liquid and
consequently draining the channels over time.32,116 The liquid
flow is driven by capillary and gravity forces while being
resisted by viscous damping. Under gravity-free drainage, with
increasing foam height, the liquid fraction decreases and slowly
approaches a steady state. Higher foam layers become drier,
less stable, and prior to the effects of coarsening and
coalescence, resulting in ruptures.34,108,117 Movement of this
type is described by the drainage equation, which is a complex
function and will be described in only a simplified manner.
Depending on the initial and boundary conditions, many
different drainage equations exist and can be used to predict
loss in liquid content within the foam.117−119

4.1.1. Practical Example: Foam Drainage Equation. An
example of drainage equation developed by Verbist et al.
describes a network of Plateau borders with a surface cross-
section A(x,t) that depends on vertical position x and time t.
The continuity equation of an incompressible fluid is in this
case:
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where ν is the average velocity of the liquid in the downward
direction. Assuming that capillary and gravity forces balance
each other out, eq 11 is derived from the Laplace−Young law
and Darcy’s law. The L−Y law describes the relation between
the pressure difference at the edge and inside the Plateau
channel, while Darcy’s law provides the relation of driving
pressure gradient to liquid permeability in the medium. The
above equation can be further transformed using dimensionless
coordinates ξ = x/x0 and τ = t/t0 and conversion of the
transverse cross-section area to the dimensional variable value
of α = A/x0.

2 Next, physical parameters such as surface tension
γ, liquid density ρ, gravitational acceleration g, or effective
liquid viscosity η are established, which allow x0 and t0 to be

Figure 4. Mechanism of surfactant enrichment by adsorption on the surface of the interstitial liquid.
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determined. The cross-section surface area A is proportional to
liquid fraction content ε in the foam, the number of Plateau
borders N, and the column cross-section S. The trans-
formations yield a vertical foam density distribution function
from the dimensional A(x,t) to the dimensionless form α(ξ,τ).
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Numerical solving of eq 16 enables estimation of the
position of foam corresponding to a given liquid fraction
content and consequent assessment of the effectiveness of
foam drainage. Unfortunately, the equation requires the input
of boundary conditions, which cannot always be achieved in
practice. The present drainage equation assumes no

coalescence and coarsening, which affect foam cell size. In
practice, a uniform foam structure is never achieved. The
equation is applicable for dry foam. Normally, the lower foam
layers that remain in contact with the liquid pool are often too
wet. High liquid fraction causes the loss of polyhedral cell
structure, in favor of circular shape as shown in Figure 3. In
such cases, correction factors resulting from cell size
distribution against time t and position x need to be included
in the equations.117,120,121 Despite its complexity, the drainage
equation can be successfully employed in foam fractionation to
model and predict foam draining over time.26

5. PERFORMANCE OF FOAM FRACTIONATION

Foam fractionation efficiency is based on performance factors,
including the enrichment ratio (eq 17) and recovery
percentage (eq 18). The enrichment ratio E is a relationship
between the concentration of the i component in the foamate
Cf, compared to the concentration in the initial solution Ci.
Recovery percentage R represents the total recovery of the i
component from the initial solution Vi into the foamate Vf.

Figure 5. Various operating modes of foam fractionation.
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Performance factors behave contrarily, meaning that a trade-off
exists between high enrichment and high recovery. High
enrichment values are typically obtained during the fractiona-
tion of highly diluted solutions. The amount of extracted
material is significantly reduced due to the low foam stabilizing
capacity of the surfactant system. Improved foam drainage
minimizes the liquid fraction content, which favors a high
concentration of surface-active agents while reducing their total
recovery. The opposite effect is observed for foam systems with
improved stability and diminished drainage. Therefore, it
becomes necessary to balance the process parameters to
modify the physicochemical properties of the foam and achieve
the intended performance.17,18,122

6. MODES OF OPERATION
The primary operating mode of foam fractionation is the batch
mode. The gas is fed periodically, usually until a predefined
foam height is achieved. Then, the foam is left to drain (Figure
5A). The sparging process is repeated several times to extract
the dry foam, and the depleted liquid can be replenished with a
fresh solution. The batch mode is the simplest method, but
due to low surfactant recovery and high time consumption, it is
only used for laboratory-scale processes. A more practical
approach, also used on the industrial scale, is the semibatch
mode. Differences in operation are in the gas feeding duration
since the process is usually run until the adsorbing species are
depleted or a predetermined time elapses (Figure 5B).
Unfortunately, batch modes have fundamental drawbacks in
the context of their practical application. Depletion of the
surface-active species in the liquid pool diminishes the
enrichment ratio and foam stability over time. Batch modes
are often preferred for practical reasons when the adsorbed
components have a limited expiry time, which is observed,
especially for enzymes that undergo denaturation. In
continuous modes, the liquid pool is replenished using a
feed and the bottom stream. These modes are more complex
but allow the process to be run in a steady state at constant
surfactant concentration in the liquid pool (Figure 5C). In
stripper mode, the feed is dosed into the foam layer, forcing
additional adsorption and improved recovery (Figure 5D).
Another modification of the continuous mode uses external
reflux, which further concentrates the foam with foamate to
improve the enrichment (Figure 5E). The combined
continuous mode couples both stripper and enricher modes,
dispensing reflux and feed streams straight into the foam layer
(Figure 5F). Unfortunately, the combined mode is rarely used
in practice due to the complexity of its internal processes.
Depending on the assumed scale of operation, both batch and
continuous modes are considered. Laboratory and pilot-scale
processes often utilize batch mode due to process simplicity. In
the context of performance, continuous mode is carried out in
a steady state and can be operated on a larger scale, often
required in many industries.18,30,36,40,41,123

7. OPERATING PARAMETERS
The operating parameters affecting the foam fractionation
performance can be divided into two primary groups: chemical

and physical or dependent and independent.124 The effect of
variables is evaluated based on performance factors and may
differ depending on the nature of the process. Certain variables
have a universal effect on the foam fractionation perform-
ance.125−127

7.1. Temperature Effect. Temperature causes numerous
changes in surfactant behavior. At low concentrations,
temperature amplifies the surface activity of the surfactant,
resulting in a decrease of liquid surface tension and foam
formation. The effects occurring in surfactant solutions at
higher concentrations are more unpredictable and are heavily
dependent on their chemical structure and interactions.91,123

An increase in the temperature intensifies the evaporation
effect while reducing liquid viscosity. This effect improves
molecular diffusion and foam drainage and enhances bubble
coalescence.17,41 The above effects reduce the liquid fraction,
favoring greater enrichment and reducing the total recovery of
surface-active species due to lower foam stability.25,123,128 The
reduction of foam stability with increasing temperature should
be considered, as it can prevent the foam from being extracted
from the column.10,129

7.2. Solute Effect. Foam fractionation rarely involves the
separation of single-component solutions. Separation of
wastewater, fermentation broths, or plant extracts is more
complex since it includes multicomponent mixtures.70,130,131

Effects of solute intermolecular interactions on foam formation
and stability are often addressed in the literature, confirming
their individual impact on a particular system.123,124,130,132

Performance factors are highly sensitive to changes in the
surfactant concentration. Foam stability and viscosity are
improved by increasing the surfactant concentration, which
reduces the rate of coalescence and bubble rupture but
increases the recovery rate. The opposite effect is observed at
low surfactant concentrations, which supports foam drainage
and, thus, a high enrichment ratio.129,133

7.3. Solution Acidity. Solution acidity can be modified to
benefit the foam fractionation performance. However, this
impact is ambiguous, complex, and often system-specific.134 At
the isoelectric point, protein solubility is minimal, and as a
result, they more readily adsorb on the gas−liquid interface, as
observed for albumin.101,125,131 At the isoelectric point for
cellulase, surface tension reaches its minimum, which improves
adsorption and protein recovery.135 A similar effect can be
observed for ionic and nonionic surfactants, which can be
controlled by pH adjustment. In the presence of an electrical
double layer, the net charge increases with rising pH, which
causes repelling between the molecules. The electrical layer
increases foam film thickness by slowing drainage, thus
improving surfactant recovery.21,122 Solution acidity also
impacts metal ion separation, where for higher pH values
ions more readily discharge themselves from the solution and
react with adsorbed collectors, improving their enrichment.
This effect is due to the differential dissociation of compounds
into ionic form resulting from the solution’s acidity.136,137

7.4. Flow Rate. Surfactant removal is strongly related to
the gas flow rate and the bubble-liquid contact time in the
liquid pool. The volumetric gas flow rate affects the velocity of
bubbles and residence time in the liquid pool as well as the
foaming rate. An increased gas flow rate produces greater gas−
liquid surface area, promoting foam stability with higher liquid
fraction.96,138 Due to the shorter foam residence time in the
column, high recovery at the cost of low enrichment is
expected.139 Liquid residence time is a parameter specific to
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continuous modes resulting from the presence of a feed stream.
As the feed flow rate increases, the liquid residence time
decreases, resulting in a slower upward foam flow rate and,
thus, longer foam drainage.140 At constant solute concen-
tration, more surfactant molecules can adsorb due to the
turbulences caused by the more vigorous flow, favoring greater
enrichment.136 The liquid residence time can also be modified
by changing the liquid height while maintaining a constant feed
flow rate or changing the feed flow while maintaining a
constant liquid height.124,141

7.5. Bubble Size. Bubble size affects gas−liquid surface
area, which is directly related to interfacial adsorption.142,143

Foam structures with nonuniform cell sizes are more
susceptible to the effects of foam decay, whereas larger cells
have a thinner film, which results in faster coalescence,
ripening, and ruptures.32,39 Smaller bubbles are more stable
and provide a greater surface area for adsorption.124 On the
other hand, more frequent ruptures of larger bubbles enhance
foam drainage through the release of interstitial liquid.13,144,145

According to Grassia et al., bubble size increases with foam
height due to foam decay effects. The formation of nonuniform
foam with different cell sizes may provide improved stability
and drainage.33,133

7.6. Column Diameter. Column dimensions are defined
by diameter and height, which may affect the process
performance. Foam rising velocity decreases with increasing
column diameter while maintaining the exact column height.
Increased foam residence time improves the enrichment ratio
through longer drainage.44 The column walls support the
growing foam layers. As column diameter increases, the wall
stabilizing effect diminishes. According to Kown, in columns of
great diameter the surfactant-rich interstitial liquid is not
collected effectively and is returned to the liquid pool due to
poor foam stability resulting from an insufficient wall
supporting effect.146 According to Stevenson et al., the foam
fractionation process has no minimum limit on the column
diameter beyond the diameter of the delivered bubbles. Small-
diameter columns will sometimes perform better due to the
effects of walls promoting foam drainage. The upper diameter
limit is associated with the foamate collection method. Greater
diameters require specific receivers, as collecting such foam
may be problematic. The other reason is the decreasing
supporting effect of the walls on foam stability with increasing
column diameter.18 According to Crofcheck et al., stability in
larger columns is insufficient to maintain a stable foam layer
despite the beneficial impact on drainage and enrichment
ratio.147 The diameter needs to be specifically chosen to fit a
particular system.

7.7. Column Height. The effective column height is
measured from the sparger position to the column top and
consists of foam and a liquid layer.146 The upward movement
of the foam layer is directly linked with its residence time in
the column. Longer foam residence time indicates longer
drainage and interfacial adsorption, which improves surfactant
enrichment.69,129 Crofcheck et al. found that taller columns
provide higher enrichment while having only a minor effect on
recovery.147 Stevenson et al. emphasized that a greater column
height improves enrichment, not through foam drainage itself
but by the following bubble rupture. Stevenson described a
detailed mechanism affecting enrichment ratio during vertical
foam flow: a foam system with uniform and nonuniform
bubble size distribution. If the adsorption equilibrium is not
achieved in the bubbly liquid, it is not achieved in the foam

layer either, when the bubble size distribution in the foam layer
is uniform. In such systems, drainage does not occur; the liquid
in the foam remains stagnant; and foam height does not
improve enrichment. An increase in enrichment is possible
through the foam decay mechanism, which occurs when the
bubble size distribution changes with height due to bubble
rupture. Foam decay and rupture release the interstitial liquid,
enabling improved adsorption through the introduced internal
reflux. A reduction in liquid fraction favors the formation of
dryer, more enriched foam at the column top. In practice,
additional absorption in the foam layer can be achieved even
for systems with uniform bubble size distribution by employing
an external reflux.18

The liquid height is responsible for bubble contact time with
surface-active molecules present in the liquid.136 Increasing
liquid height has a positive effect on adsorption as the bubbles
have more time to emerge from the liquid, capturing more
molecules from the solution. In this case, the adsorption
equilibrium is established sooner, resulting in more stable foam
and improved recovery.35,42,148 The influence of variables on
process performance has been summarized in Table 1.

8. APPARATUS DESIGN
The foam fractionation setup comprises several components,
which are often necessary to run and operate the process.
Figure 6 shows typical elements of a fractionation column. Gas
pumps ensure a constant gas flow rate, necessary to generate
uniform foam.122 Depending on the intended separation,
different gas types can be used, including air in wastewater
treatment and surfactant isolation or inert gases (N2, Ar2, or
CO2) in biological purification to prevent potential oxida-
tion.19,149−151 Continuous modes employ peristaltic or
centrifugal pumps to dose feed or reflux streams at a constant
flow rate.69,152−154 Depending on the operation mode used,
the number of pumps may differ, especially when more stages
are considered.18,155 Appropriate valves must be installed along
the gas stream to stabilize and control the gas flow.
Humidifiers moisturize the flowing gas and limit water
evaporation from the foam surface.156 Volumetric flow rate is
controlled by rotameters. Through the water jacket, both liquid
and foam layers are heated to a specific temperature, as

Table 1. Influence of Process Variables on Foam
Fractionation Performance13,18,21,25,32,33,35,39,44,69,101,
122−124,128,129,131,133−141,146−148

Increasing operating
parameter

Enrichment E of
Solute

Recovery R of
Solute

Temperature ↑ ↓
Solute Type Dependent Dependent
Solute Concentration ↓ ↑
Gas Type Dependent Dependent
pH Dependent Dependent
Column Diameter ↑ ↓
Liquid Height ↓ ↑
Foam Height ↑ ↓
Gas Flow Rate ↓ ↑
Feed Flow Rate ↑ ↓
Reflux Flow Rate ↑ ↓
Bubble Size ↑ ↓
Operating Mode Dependent Dependent
Flow Pattern Dependent Dependent
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measured by the thermocouples installed at the bottom and
top of the column, respectively. Gas is fed into the column
through a sparger, which consists of a porous material with a
specific pore size or a perforated material with a system of
nozzles. The most common are glass or quartz disc spargers
formed into a porous network with a standardized average
porosity. Such materials are commonly available commercially
in different sizes and porosities. More versatile are perforated
discs made of ceramics or metal and which are usually
custom.79,143,148 Typically, in foam fractionation of diluted
solutions or surfactants of low foamability, materials with
numerous fine pores should be selected. A smaller number of
larger pores is preferred for processes where foam stability is
not an issue.18 The foam extracted from the column is
transported to the foam breaker, where it can be reduced to a
concentrated foamate. Vacuum, mechanical stirrers, or an
addition of an antifoaming agent are typically used for this
purpose.23,96,157

9. APPLICATIONS OF FOAM FRACTIONATION
Surfactants are essential foaming agents called collectors, which
are used to generate and stabilize foam.12,158 Collectors, in
addition to their own enrichment, enable the separation and
concentration of surface inactive species called colli-
gends.51,68,159 Surfactants adsorbed on bubble surface bind
surface-inactive species and form collector−colligend com-
plexes via physicochemical interactions. Foam fractionation has
been employed to separate many surfactants and surface
inactive compounds.36,46,125

9.1. Fundamental Studies. Fundamental studies in this
area utilize synthetic surfactants due to their ready availability,
high purity, and surface activity. Generally, they are used to
assess the performance of the experimental setup, separation
mechanism, and other theoretical aspects of foam fractiona-
tion. The latest studies focus on the effects of impurities,
additives, specific process variables, and equipment designs on
process performance (Table 2).

In their study on foam separation, Li et al. determined the
minimum applicable concentration of the SDS surfactant in the
range of 20−50 mg/dm3, also analyzing multiple parameters in
the semibatch and continuous mode. The lowest SDS feed
concentration was 50 mg/dm3 for the two-stage mode. The
authors depleted the concentration of the initial liquid to 6
mg/dm3, enriching the SDS to 168 mg/dm3 and removing
94.2% of the surfactant.160 Liu et al. also used SDS within the
concentration range 0.2−1 g/dm3 to determine the defoaming
percentage of the novel foam breaker with perforated plates.
The defoaming percentage increased from 19 to 63%
compared to a breaker without any plates.157 Yang et al. also
used SDS in the process of improving foam drainage using an
internal spiral component. The novel column equipped with

Figure 6. Typical foam fractionation setup.

Table 2. Summary of the Performances Obtainable in Foam
Fractionation Practical Studies

Highest Performance under
Optimal Conditions

Surfactant
Operating
Variables Enrichment E Recovery R Ref

SDS SCd, SGVe, LHf,
PDg

Ea = 28.0 Rb = 94.2% 160

SDS SC, SGV, LVh, E = 15.7 R = ∼24% 13
SDBS Additive, SC,

GFRi
E = ∼50 R = 77% 130

SDBS Additive, SC, GFR - R = ∼65% 12
CTAB Additive, SC, GFR, - R = ∼60% 145
CPC, SDS GFR, SC, NTj,

LFRk, FHl
E ∼ 240 RFc = 100% 69

CPC, SDS,
Span80

GFR, SC, NT,
LFR, FH,

E = ∼55 RF = ∼85% 129

ET5, UDD-
079

LH, FH, SGV, SC, E = 362 RF = 93% 161

PGE SC, GFR, - R = 100% 162
aEnrichment ratio. bRemoval/recovery percentage. cRemoval fraction.
dSolute concentration. eSuperficial gas velocity. fLiquid height. gPore
diameter. hLiquid volume. iGas flow rate. jNumber of trays. kLiquid
flow rate. lFoam height.
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internal spiral enhanced foam decay, thus resulting in a
significant decrease of liquid holdup in the foam phase. The
examined concentration ranged from 0.15 to 0.35 g/dm3,
increasing surfactant enrichment to 15.7, which was 2.5-fold
greater in relation to the comparison column.13 SDBS was used
in a study of surfactant recovery within the 0.5−3 g/dm3

concentration range in the presence of methanol and ethanol.
In the process, 77% of the surfactant was recovered as a solid
paste, as well as 95% of water.130 In a study by Srinet et al.
SDBS was also isolated in paste form from an aqueous solution
containing an addition of NaCl.12 A similar study conducted
by Kumar et al. assessed the extraction of CTAB surfactant at
high concentrations, reaching 5-fold CMC. The authors thus
forced surface adsorption of micelles, recovering the surfactant
in a paste form in the presence of sodium salts.145 A study by
Boonyasuwat et al. concerned a separation of CPC and SDS
using a multistage continuous foam fractionator equipped with
a bubble-cap trayed column. The authors achieved an
enrichment ratio as high as 120.23 and 100% of surfactant
recovery.69 In addition to ionic surfactants (CPC and SDS),
the authors also isolated nonionic Span80 within the 0.5- and
1-fold CMC range. The study assessed the separation
efficiency depending on the surfactant chemical structure.129

Another example is AEO alkyl ethoxylates, used in a study by
Morgan et al. Eumulgin ET5 and Genapol UDD-079 are a
mixture of nonionic surfactants with hydrocarbon chains of
varied lengths. The authors assessed the performance of a
multistage setup for isolating the above surfactants.161 Another
study concerned foam fractionation of PGE surfactant at the
cloud point. An experiment at the cloud point temperature
provided better separation efficiency in terms of the volume
reduction ratio than at room temperature.162

9.2. Recovery of Proteins and Enzymes. Biotechno-
logical processes used for protein production encounter
difficulties with concentrating diluted solutions. The most
common purification methods are labor-intensive and are
characterized by a low efficiency of substance isolation and
often lead to deactivation of the product. A method without
the aforementioned disadvantages is foam fractionation, which
can exploit the surface activity of proteins.31 Crofcheck et al.
assessed the use of fractionation for separation and
concentration of BSA (Bovine Serum Albumin) based on
various operating variables that affect performance. Analyzing
the issues arising from the increased scale of the production,
the authors demonstrated that recovery of proteins from a
pilot-scale column can be predicted based on the performance
of a laboratory-scale column.147 Mimosa pudica L. plant
contains surface-active proteins separated by Jeong et al.
from aqueous seed extract using foam fractionation in
semibatch mode. In the process of determining the optimum
process parameters, protein enrichment increased from 1.11 to
2.46, while recovery dropped from 9.9 to 3.7%. The authors
explained this low result with the high initial protein
concentration.131 Liu et al. assessed the effects of denaturation
during enzyme fractionation, which is a significant problem
when the protein comes into contact with oxygen. Trypsin and
catalase were subjected to fractionation using different types of
sparging gases at different pH values of the initial solution. By
selection of the optimum parameters, the trypsin activity decay
was reduced to below 10%, while for catalase it was completely
eliminated. In addition, satisfactory foam fractionation
performance was achieved.149 Li et al. assessed the application
of foam separation in the industrial process of purifying whey

soy proteins (WSP) from soy whey wastewater. The initial
studies were performed to adjust the process variables and
study the effects of the addition of different concentrations of
preservatives. Next, the authors analyzed the impact of scaling
the setup to pilot-scale size and obtained a product that
contained numerous proteins and enzymes.163 A study
conducted by Nakabayashi et al. concerned the purification
of chicken lysozymes and α-amylase mixtures from Bacillus
subtilis while assessing changes in the optical and enzymatic
changes due to foaming. The authors noted that pH-
dependent foam separation allowed us to selectively isolate
proteins close to the isoelectric point.150 Wang et al. extracted
nisin from Lactococcus lactis subspecies lactisW28 broth by foam
fractionation. The effect of variables and trehalose addition was
evaluated with regard to the efficiency and degree of peptide
deactivation. In optimal conditions, nisin deactivation was
reduced to below 6%. The authors concluded that temperature
variation and an addition of trehalose can promote the
application of foam fractionation technology in biological and
chemical industries.128 Thermal denaturation of proteins was
used to modify the surface tension of β-lactoglobulin aqueous
solutions. This change was then used by Koop et al. to enhance
the foam fractionation performance. The denaturation had a
positive effect on the reduction of surface tension, which
resulted in greater foaming ability of β-lactoglobulin. However,
denaturation had a minor effect on protein extraction.156 In
another study on proteins, laccase (Trametes spec.) was
isolated using foam fractionation by the team of Linke et al.
The authors used synthetic surfactants as an additive to
enhance the foam stability (CTAB, Quillaja saponin, Trixton
X-100, Brij 35 and SDS). The CTAB addition increased
protein recovery while maintaining 89% enzymatic activity.164

Mukhopadhyay et al. conducted a similar study on the
recovery of proteins from whey waste using the semibatch
mode. An addition of SDS and optimization of various
parameters provided highly satisfactory results, which demon-
strate that foam fractionation is a suitable method for protein
recovery.16 Among the commercial applications of protein
separation, the technology of nisin production must be
emphasized. This antibacterial peptide is produced by
semibatch fermentation in liquid medium using Lactococcus
lactis strains. The postfermentation broth is aerated, and if the
generated foam is insufficient, a collector addition is required.
Nisin is then precipitated by pH adjustment and then freeze-
dried. The process is described in detail by Stevenson et al. in
their book “Foam Fractionation Principles and Process Design” in
the chapter Case Study: The Production of Nisin.18 Based on
the above examples (Table 3), protein foam fractionation
technology can be successfully applied to protein recovery,
although a proper approach is required.

9.3. Waste Treatment and Remediation. In addition to
purifying fermentation broths of excess proteins, an important
subject is the removal of harmful waste pollutants from various
chemical and food industries or the recovery of valuable
components for reuse. In this context, foam fractionation has
also found numerous applications.10 Oil industry waste,
particularly from the processing of olives, contains large
quantities of phenolic compounds that inhibit natural micro-
biological processes. Matavos-Aramyan et al. attempted the
purification of olive mill wastewater (OMW) using a single-
stage semibatch mode. With adequately adjusted variables, the
authors achieved over 80% removal of COD (Chemical
Oxygen Demand) from the feed solution using the CTAB
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surfactant.165 Perfluoroalkyl and polyfluoroalkyl compounds
(PFAS) are a group of toxic pollutants that often accumulate in
landfill leachate, wastewater, and contaminated groundwater. A
study by McCleaf et al. concerned the removal of PFAS using
an innovative method combining nanofiltration and foam
fractionation on a laboratory and pilot scale. A wastewater
concentrate obtained from nanofiltration was subjected to
fractionation, which enabled removing 90% and 94% PFAS
without and with the addition of the cationic cosurfactant
Montaline C40, respectively.166 Smith et al. used the
continuous and comparative semibatch modes of foam
fractionation at the pilot scale to remove PFAS from landfill
leachate. The authors conducted a series of experiments with
many variables, also expanding the setup into the enricher and
stripper modes.167 Jia et al. applied the method to recover
nanoparticles (NPs) from wastewater using CTAB. The
authors thoroughly assessed the impact of gas bubble size on
the generated foam at the bottom and top of the column.
Based on these results, the authors were able to recover more
than 90% of silica nanoparticles (SNPs) and carbon nanotubes
(CNTs).133 Pyridine and its derivatives are a group of harmful
organic compounds that show acute toxicity and teratogenic
effects. Huang et al. used three cationic surfactants (AES, SDS,
and AOS) to conduct a study on removing pyridine from
wastewater. The authors used a modified column with a
vertical sieve tray and a floating tongue type tray to enhance
interfacial adsorption and foam drainage, respectively.
Experimentally, the authors selected SDS as the model
surfactant and then determined the optimum process
parameters and removed over 90% of pyridine.168 Another
study involved creatine-contaminated wastewater, which is a
valuable and poorly water-soluble β-guanidinoacetic acid. A
two-stage foam fractionation setup was used to remove
creatine from the wastewater using SDS, and then the collector
was separated from creatine by pH modification. Total creatine

recovery was 59.3% under the optimal conditions.169 Li et al.
conducted research on the recovery of silk sericin (SS), which
is a waste product of the silk industry in Asia. The processing
of silkworm cocoons generates wastewater that contains
valuable sericin protein. In their study, the authors used an
innovative column with a groined internal component (GIC)
to improve process performance at room temperature. Under
optimum experimental conditions, the authors recovered over
80% of the protein.170 Qu et al. processed wastewater
containing heavy Cd2+ ions using the technique of micellar-
enhanced ultrafiltration (MEUF) combined with foam
fractionation. The authors used anionic SDS at low CMC
values to determine the influence of MEUF-FF on the
separation performance. A MEUF permeate contained the
surfactant and trace amounts of metal ions, making it ideally
suited for further foam fractionation to remove the remaining
impurities. Compared to the MEUF technique, the combina-
tion with foam fractionation enabled improved ion recovery
from 80% to 100%, significantly reducing surfactant con-
sumption.171 The food processing industry is burdened by
large volumes of wastewater generated during the preparation
of tomatoes. The lycopene contained in wastewater is a
valuable metabolite with broad health benefits. Liu et al. used
rhamnolipid to produce a stable foam and conduct foam
fractionation of the metabolite, recovering over 94% RL and
over 83% lycopene under optimal conditions.172

Foam fractionation can be a powerful tool for the efficient
removal of harmful and toxic impurities from solutions, as
described above (Table 4). An undisputed commercial

achievement in this area is SAFF technology. The technology
was tested for PFAS removal from landfill leachate at the Telge
recycling plant in Sweden for ten months, processing 80,000
m3 of wastewater without pretreatment. SAFF was able to
remove ≥98.7% PFOS, ≥ 99.7% PFOA, and ≥98.8% PFHxS
without using chemical or physical additives.173 Such an
undertaking clearly indicates that further industrial applications
of foam fractionation for the remediation of postindustrial sites
can be expected in the near future.

Table 3. Summary of Performance Obtained in Foam
Fractionation of Proteins

Highest Performance under
Optimal Conditions

Protein
Operating
Variables Enrichment Recovery Ref

A−D, H pH, SCd Ea = 2.46 Rb = 3.7% 131
BSA SGVe, PSf, CHg,

CVh
E = 6.20 R = 98.0% 147

Trypsin, Catalase pH, GCi E = ∼26 R = ∼78% 149
WSP Additive, SC,

SGV, Tj
E = 2.85 R = 35.8% 163

Lysozyme,
α-Amylase

pH, SC E = 4.5 R = ∼100% 150

Nisin Additive, SC, T,
GFRk, LVl

E = 23.7 R = 84.1% 128

β-Lactoglobulin STm E = ∼2 R = ∼95% 156
Laccase Additive, SC,

SGV, pH,
Ftn, T

Pc = 2.3 R = 94% 164

WP Additive, pH, SC,
GFR, SGV,
GHo, BSp, BTq,
SRr

E = 48.19 R = 96.38% 16

aEnrichment ratio. bRemoval/recovery percentage. cPurification ratio.
dSolute concentration. eSuperficial gas velocity. fPore size. gColumn
height. hColumn volume. iGas composition. jTemperature. kGas flow
rate. lLiquid volume. mSurface tension. nFoaming time. oGas hold up.
pBubble size. qFoam breaking time. rSolute ratio.

Table 4. Summary of Performance Obtained in the Foam
Fractionation of Wastewater

Highest Performance under
Optimal Conditions

Waste Operating Variables Enrichment Recovery Ref

OMW SCc, Ptd, pH, GFRe - Ra = ∼80% 165
PFAS CTf, GFR, FFg, LFRh - R = 60% 167
PFAS Additives, SC, CHi,

WVj, GFR, CT
- R = 94% 166

NP SC, GFR, BSk Eb = 9.9 R = 94.5% 133
Pyridine pH, NTl, TSm, GFR,

LFR
E = 34.5 R = 90.2% 168

Creatine SC, pH, Tn, GFR, E = 3.1 R = 70.6% 169
SS CDo, pH, PDp, GFR E = 6.77 R = 80.29% 170
MEUF
Permeate

SC − R = 100% 171

Lycopene SC, T, pH, GFR, LVq,
RTr

E = 4.42 R = 83.43% 172

aRemoval/recovery percentage. bEnrichment ratio. cSolute concen-
tration. dProcess time. eGas flow rate. fContact time. gFoam fraction.
hLiquid flow rate. iColumn height. jWater volume. kBubble size.
lNumber of trays. mTray spacing. nTemperature. oComponent
dimensions. pPore size. qLiquid volume. rReusing time.
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9.4. Removal of Metal Ions. Many heavy metals harm the
environment and living organisms, causing adverse and chronic
health effects. Heavy metal ions, such as arsenic, chromium,
copper, lead, nickel, or zinc, reach the environment through
soil erosion, industrial and municipal wastewater discharges,
mining, incineration, or the use of fertilizers and pesticides.174

Foam separation is widely used for the treatment and removal
of various heavy metal ions from wastewater and contaminated
soils.34,172,173 Applications in metal recovery from waste
electronic equipment or catalytic systems are also possible.23

Kinoshita et al. used a nonionic surfactant PONPE20 at a
0.5% w/w concentration to separate metal ions from
electroplating industrial effluent using continuous mode foam
fractionation. The authors achieved a highly selective recovery
of Au(III) from a solution of multiple metals.140 Lu et al. used
a mixture of the biosurfactant from washnut (Sapundus
mukorossi Gaertn.) and the cationic CTAB at a ratio of 1:1
to remove Cr(VI) ions from aqueous solutions. This surfactant
mixing procedure was intended to reduce the mass of the
model surfactant and replace it with an environmentally
friendly alternative. The authors achieved an ion recovery of
94.05%, enriching the solution 48.15-fold. CTAB alone
reduced total recovery, increasing ion enrichment by
38.6%.138 Biosurfactants have also been used as collectors in
ion fractionation. Chen et al. conducted Hg(II) ion separation
from contaminated water using surfactin, anionic SDS, and
nonionic Tween 80, analyzing various process parameters. The
biosurfactant provided the best ion separation at high
concentrations (10 CMC) compared to those of the other
surfactants. The highest ion recovery was 10.4% at 1.53-fold
enrichment.137 A similar study on this subject was conducted
by Maity et al. Harmful heavy metal ions (Cu, Pb, and Zn)
present in contaminated soil were removed using biosurfac-
tants (surfactin and saponins from Sapindus mukorossi) by
foam fractionation. The authors also assessed the effects of soil
washing with the above-mentioned surfactant solutions. Based
on varying parameters, ion fractionation effectiveness was 98%,
95%, and 56%, respectively, for Pb, Cu, and Zn ions. The
results indicated that foam separation is more effective than ion
leaching.139 The team of Huang et al. conducted another study
on purifying a MUEF permeate using foam fractionation. The
authors assessed the effects of the Triton X-100/SDS mixture
on the performance of Cd(II) ion removal. Under optimal
conditions, the technology removed almost all the cadmium
ions from the solution.122 Fractionation has also been
employed by Shao et al. to remove bivalent nickel Ni(II)
ions from aqueous solutions of two surfactants (SDS and
DBSA). In their study, the authors selected the optimum
parameters for process operation, achieving a 12-fold enrich-
ment and 98% ion removal from the initial solution, which
indicates that foam separation is a promising method for
purifying electroplating wastewater.175 Trace cadmium Cd(II)
was also removed at 99.8% from highly diluted aqueous
solutions using the novel anionic−nonionic AEC (sodium
trideceth-4 carboxylate) surfactant.176 Tabibi et al. were the
first to remove cobalt ions from an industrial effluent using
SDS as the collector, achieving 99.4% recovery under the
optimal experimental conditions.177 Matsuoka et al. also
performed alkali metal ion fractionation using the anionic
SDS, removing 47%, 73%, 77%, and 80% of Li, K, Rb, and Cs
content, respectively.178 A wide range of the metal ions
separated emphasizes the versatility of the foam fractionation

method. Most results of the above studies maintain the total
ion recovery above 90% (Table 5).

9.5. Isolation of Organic Compounds of Synthetic
and Natural Origin. Many organic colligends interact with
collectors and can be isolated from solutions by a foam
separation. This process is based on the union between the
colligend and the adsorbing compound through chelation,
counterionic attraction, or some other mechanism. Foam
fractionation, therefore, provides a method for the isolation of
many organic solutes through surfactant adsorption at the gas−
liquid interface.36,52,179

Mandal used the single-stage semibatch mode column and
cationic surfactants (TTAB and CTAB) to isolate captopril
from aqueous solutions, achieving 90.21% drug recovery.68

The zwitterionic SB3−12, cationic DTAC, and anionic SDS
were used to separate two ionic dyes (cationic methylene blue
and anionic Fast Green FCF). The authors concluded that dye
separation performance depends on electrostatic interactions
with oppositely charged surfactant.151 A less conventional
fractionation method was used by Patist et al. with nonionic
Tween 20 and C12(EO)5. The authors generated foam by
shaking the solutions and then separating the solution from the
foam. The authors assessed process performance based on
surface tension and dye micellization assay.72 Firlbeck et al.
developed a technology for separating vanillic acid as an
exemplary method for isolating hydrophilic phenolic com-
pounds from olive-mill wastewater (OMW). Employing the
single-stage semibatch mode and cationic CTAB under
optimal conditions, the authors enriched vanillic acid over
22-fold with a recovery of 50%.127 Numerous dissolved dyes
can be found in wastewater originating from the textile,
tannery, pharmaceutical, cosmetic, food, and paper industries.
Kumar Bharadwaj et al. conducted a separation of methylene
blue in semibatch mode using anionic SDS. Adjusting
parameters such as aeration time, liquid height, pH, dye, and
collector concentrations, the authors removed over 95% of the
total dye from the solution.35 Many nonpolar compounds have
been concentrated from aqueous plant extracts (Humulus
lupulus L., Curcuma longa L., Camellia sinensis L., Daucus carota
L., Citrus sinesis L., and Citrus paradisi Macfad.) by Backleh-

Table 5. Summary of Performance Obtained in Foam
Fractionation of Metal Ions

Highest Performance under
Optimal Conditions

Metal Ion
Operating
Variables Enrichment Recovery Ref

Au(III) tc, LFRd, FHe,
LHf

Ea = 4.5 Rb = 54% 140

Cr(VI) SCg, pH, GFRh, E = 48.15 R = 94.05% 138
Hg(II) SC, FTi, GFR,

pH
E = 1.53 R = 10.4% 137

Cu(II), Pb(II),
Zn(II)

SC, Tj, GFR, - R = 98% 139

Cd(II) SC, pH, - R = 99.1% 122
Ni(II) SC, LVk, GFR, t E = 12 R = 98% 175
Cd(II) SC - R = 99.8% 176
Co(II) SC, GFR, pH, t - R = 99.4% 177
Li, K, Rb, Cs SC, t - R = 80% 178
aEnrichment ratio. bRemoval/recovery percentage. cTime. dLiquid
flow rate. eFoam height. fLiquid height. gSolute concentration. hGas
flow rate. iFoaming time. jTemperature. kLiquid volume.
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Sohrt et al. Several biologically active compounds, such as
derivatives of humulones, curcuminoids, and carotenoids, have
been recovered at more than 90% yield at a minimal
enrichment of 13.8.19 Other metabolites were separated from
Radix Glycyrrhizae (RG) and Radix Scutellariae (RS). Under
optimal conditions, the authors extracted and pacificated
glycyrrhizic acid from RG and baicalein and wogonin from RS
by foam fractionation. The results indicate that foam
fractionation extraction yield is greater than the conventional
ultrasonic extraction (UE), achieving 56.67, 13.25, and 9.51
mg/g, respectively, for baicalein, glycyrrhizic acid, and
wogonin.180 Caffeic acid was separated using microbubble
foam fractionation, and a natural surfactant, whey soy protein
(WSP), was used. In this study, Wang et al. determined the
optimum process conditions to ensure prolonged stability of
caffeic acid while recovering over 70% of the metabolite.79 The
redundant use of antibiotics has resulted in pharmaceuticals
being readily discharged into the environment, causing a global
rise of antimicrobial resistance, contaminating surfaces and
groundwater. As a result, Ghosh et al. studied the foam
fractionation of fluoroquinolone (FQ) antibiotics. The authors
used popular antibiotics ciprofloxacin, norfloxacin, levofloxacin,
and ofloxacin as colligends and SDS and CTAB as collectors in
a semibatch single-stage mode. Under optimal conditions, the
highest recovery ratio for ciprofloxacin was achieved at 93.6%
using SDS. The other recovery results were 97.9%, 91.7%, and
96.7%, respectively, for norfloxacin, levofloxacin, and oflox-
acin.181 Reactive and dispersive dyes (DB 60 and RR 241)
were removed from aqueous solutions using the CTAB
surfactant. The study has shown that foam separation is a
suitable and efficient method for removing anionic and
nonionic dyes from solutions, resulting in 99.4% and 84.8%
color removal for RR 241 and DB 60, respectively.182 Phenol is
an important chemical substrate and a harmful contaminant for
water and the soil environment. Furthermore, it easily
accumulates in living organisms, causing damage to the
respiratory, immune, and reproductive systems. Guo et al.
conducted a study on phenol extraction from aqueous
solutions using CTAB in a two-stage semibatch mode. After
determining the optimum operating conditions for the
developed setup, they recovered over 90% of the compound
at a very high 84-fold enrichment,15 again confirming the very
extensive practicality of the foam fractionation method for
removing or isolating organic compounds (Table 6).

9.6. Foam Fractionation of Biosurfactants. Due to the
environmental benefits of replacing synthetic surfactants with
natural substitutes, biosurfactants are becoming the object of
increasing interest. The appeal of biosurfactants stems from
their biodegradability, renewability, and low toxicity.44 This
group includes many compounds of bacterial, fungal, animal,
and plant origin. In terms of structure, biosurfactants can be
divided into lipoproteins, lipids, polymers, lipopolysaccharides,
glycosides, bile salts, and fatty acids.183−188 Only a limited
amount of synthetic surfactants is used in foam fractionation,
but a wide range of naturally available amphiphiles leaves the
scope for further research (Table 7).
The first group consists of biosurfactants produced by

microbiological organisms controlled by biotechnological
processes. Bacteria, fungi, and yeasts synthesize such
compounds.187 Diluted postfermentation broths must be
concentrated using various methods to obtain final products.
Lipopeptides and glycolipids are among the best-studied
biosurfactants used in many branches of industry.189

Biosurfactant production also involves purifying postfermenta-
tion mixtures, where foam fractionation is readily employed.44

Using the semibatch mode, Chen et al. produced the
biosurfactant surfactin from Bacillus subtilis (BBK006) cultures.
The authors enriched surfactin approximately 50-fold,
achieving a concentration of 136 mg/dm3.14 In another
paper, the authors combined the continuous fermentation
with foam fractionation to maintain a high steady-state
concentration of surfactin reaching 18 mg/dm3 and an
enrichment ratio of approximately 50, with a dilution rate of
0.2/h and glucose concentration of 0.25 g/dm3.190 Rhamno-

Table 6. Summary of Performance Obtained in Foam
Fractionation of Organic Compounds

Highest Performance under
Optimal Conditions

Compound Operating Variables Enrichment Recovery Ref

Captopril SGVd, pH, SCe,
CHf, LVg

Ea = 45.11 Rb = 90.21% 68

Vanillic Acid SC, pH, GFRh E = 22.24 R = 55.88% 127
Methylene
Blue

Ati, LHj, SC, pH E = 7.49 R = 95.7% 35

Plant
Metabolites

- E = 21.4 R = 90% 19

Caffeic Acid GFR, pH E = 20.0 R = 73.9% 79
FQ
Antibiotics

SC, pH E = 15.7 R = 97.9% 181

DB 60, RR
241

pH, tk, GFR, SC,
GTl

- Rc = 99.6% 182

Phenol pH, SC, GFR, Tm E = 84.46 R = 94.43% 15
aEnrichment ratio. bRemoval/recovery percentage. cColor reduction.
dSuperficial gas velocity. eSolute concentration. fColumn height.
gLiquid volume. hGas flow rate. iAeration time. jLiquid height. kTime.
lGas type. mTemperature.

Table 7. Summary of the Performances Obtainable in the
Foam Fractionation of Biosurfactants

Highest Performance under
Optimal Conditions

Biosurfactant
Operating
Variables Enrichment Recovery Ref

Surfactin CTc Ea = 55 Rb = 92.3% 14
Surfactin CT E = ∼50 R = 28.7% 190
Rhamnolipid GFRd, BSe E = 3.57 R = 38% 144
Rhamnolipid,
Acidic Precursor

SC E = 17 R = 22% 154

Hydrophobin LFRf, GFR,
SGVg, RTh

E = 6.6 R = 70% 152

Trehalolipid SC E = 2.3 R = 23% 192
Lipopeptide ARi, CHj E = 3.2 R = 54% 193
Tea Saponin Tk, pH, LVl,

GFR
E = 3.47 R = 80.1% 196

Tea Saponin T, GFR, pH,
LFRm, FPn

E = 4.02 R = 86.3% 21

Soybean Saponin pH, SC, T,
GFR, LFR

E = 4.45 R = 74% 50

Dioscin SC, T, LV,
GFR

E = 7.53 R = 91.08% 199,
200

Sapindus Saponin SC, LV, GFR,
PDo, T

E = 133.4 R = 36.4% 17

aEnrichment ratio. bRemoval/recovery percentage. cCulture time.
dGas flow rate. eBubble size. fLiquid flow rate. gSuperficial gas
velocity. hResidence time. iAeration rate. jColumn height. kTemper-
ature. lLiquid volume. mLiquid flow rate. nFeed position. oPore
diameter.
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lipids produced by Pseudomonas aeruginosa (ATCC 9027) and
Burkholderia thailandensis (E264) have been separated using a
continuous-stripper mode. Depending on the parameters, the
enrichment of the produced rhamnolipids Rha-C10-C10 and
Rha-Rha-C14-C14 was within the 1.2−2.9 and 1.55−3.57 range,
respectively. The recovery percentage was within the 96−6%
and 29−38% range, as above.144 Lethcoe et al. conducted foam
fractionation of apolipophorin III synthesized during a
fermentation of Locusta migratoria. The ApoLp-III is a 164-
amino acid amphipathic exchangeable apolipoprotein, which in
the aqueous solution takes the form of five elongated
amphipathic α-helices organized as a five helix bundle.
Employing continuous mode, the authors obtained a foam
containing apoLp-III as the only main protein component,
with a concentration of 0.15 g/dm3 to 0.2 g/dm3.191 Using
foam fractionation and foam adsorption enables purifying
postfermentation broths. The continuous-stripper mode has
been used to separate a bacterial rhamnolipid (RL) and acidic
precursor (HAA) produced by Pseudomonas putida (KT2440).
The postfractionation enrichment of the biosurfactant was 7.5
gRL/dm3 and 2.0 gHAA/dm3. The authors extracted the
products with a mass of 4.7 gRL and 2.8 gHAA using the two-
stage technology during 36 h from a 2 dm3 culture volume.
The process scale-up to 9 dm3 improved the mass of adsorbed
RL to 16 g.154 Hydrophobin is an amphiphilic protein
synthesized by many fungi. Hydrophobin HFBII from
Saccharomyces cerevisiae (CBS128322) was recovered by
Winterburn et al. with a continuous in situ foam fractionation
technology. Foam fractionation was used to remove protein
from the batch-fed fermentations, reducing the uncontrolled
overflow of foam from the fermentation tanks. Under optimum
conditions, integrated foam separation provided a recovery of
70% and enrichment of 6.6.152 Bages-Estopa et al. used the
marine bacteria Rhodococcus sp. (PML026) to produce the
biosurfactant trehalolipid and subsequently performed foam
fractionation on the postfermentation product. The authors
evaluated the fermentation broth volume scale-up from 1 to 5
dm3, improving fermentation performance approximately 3-
fold.192 Another example of biosurfactant foam separation was
conducted by Khondee et al. The authors used Bacillus sp.
(GY19) immobilized on chitosan to increase cell density and
facilitate lipopeptide production. The concentration observed
under a steady state was 7.12 g/dm3. Next, the authors
improved biosurfactant purity by selecting the right column
height and aeration rate, recovering more than 50% of the
product.193

Another example of biosurfactants used in the foam
separation method are saponins, synthesized by plants and,
in rare cases, marine organisms. These glycosides consist of a
hydrophilic sugar chain and a hydrophobic aglycone. The
aglycone structure classified saponins into two groups:
triterpenes and steroids. Saponins exhibit surface activity and
a range of biological properties.194,195 In two studies by Yan et
al., tea saponins were foam separated using consecutively two-
stage batch and two-stage continuous modes. The two-stage
batch mode yielded an enrichment of 3.47 and 80.1% total
saponin recovery. The two-stage continuous mode achieved an
enrichment ratio of 4.02 and a total saponin recovery of 86.3%.
The low concentration result is probably the consequence of
the high initial total saponin concentration (TSC) of 3.57 g/
dm3 and 3.10 g/dm3 for the batch and continuous mode,
respectively.21,196 A modern technology combining extraction
and fractionation has been developed by Ding et al. Total

saponins from the root of Achyranthes bidentata Blume (AB)
were subjected to coupled extraction and separation. The
powdered plant material was sealed in a nylon filter cloth with
different pocket bore diameters. The technology enabled a
continuous release and fractionation of saponins. Compared to
the traditional technology, the coupled method provided an
approximately 1,74-fold higher AB saponin concentration and
over 4-fold increased extraction rate.197 Soybean saponins (SS)
were subjected to two-stage foam fractionation and resin
adsorption technology, where the extracted foamate was
adsorbed on a resin for further purification. Foam fractionation
resulted in a 4.45, 74, and 67% enrichment, recovery, and
purity of SS, respectively. Adsorption further improved SS
purity to 88.4%.50 Saponins contained in Apostichopus
japonicus were identified by the Zhang et al. The authors
performed purification by foam fractionation and microporous
resin adsorption.198 Two papers by Zhang et al. concerned
using foam fractionation to purify extracts from Trigonella
foenum-graecum L. and Dioscorea zingiberensis C. H. Wright.
The authors separated dioscin (a steroid saponin) and
diosgenin (a steroid sapogenin) using foam separation
combined with P-HPLC to develop a technology for isolating
high-purity monomers.199,200 Wanschura et al. separated
triterpenoid saponins from tropical tree biomass using
synthetic surfactants (Tween 20 and SDS). However, the
method described by the authors requires further refinement to
improve performance.78 In the study by Li et al., the authors
compared the impact of a spiral internal component (SIC) on
column performance during the separation of saponins from
the S. mukorossi extract. In the study, the authors used a two-
stage batch mode setup, optimizing the separation process to
achieve a high saponin purity of 90.3%.17

10. CONCLUSION
Foam fractionation is a “green” technology, and due to its
many advantages, it has attracted a lot of attention. The
popularity stems from what it offers, including cost-
effectiveness, environmental friendliness, simplicity, and
versatility. The latter is described and supported with
numerous examples in this overview, including successful
removal, isolation, and treatment of proteins, plant metabo-
lites, metal ions, organic compounds, waste, and biosurfactants.
As many authors have noted, although considered a well-
established technology, foam fractionation has not yet been
industrialized. Currently, foam fractionation is mainly used in
biotechnological and waste treatment branches, as highlighted
by nisin and PFAS recovery. In this respect, several
manufacturers already include fractionators in their product
ranges, called protein skimmers. Despite many practical
applications, industrial implementation of foam fractionation
is currently limited on account of the high sensitivity of process
variables on separation performance and limited scale-up from
the laboratory to large pilot and industrial systems. Due to
commercial requirements, high enrichment ratios and recovery
percentages are mandatory, necessitating multicolumn systems,
often operated in continuous mode. In this regard, using foam
fractionation in natural saponin extraction seems to be an
attractive method of obtaining natural components for the
cosmetic and household chemical industry.
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