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Among various aqua remediation technologies, separation aims at cleaning pollutants by isolating them despite
their destruction; solutes can also be recovered after the process. Adsorptive micellar flocculation (AMF) has
been known as an important surfactant-based technique to separate poorly water-soluble hazardous pollutants
from aqua media as an efficient and energy-intensive replacement for other surfactant-based techniques, as such
AMF should be known. AMF is based on the partitioning of solutes gradient from bulk solution into the nanosized
smart anionic surfactant micelle followed by flocculation. However, unlike coagulation/flocculation or adsorp
tion, AMF is not viable for the production of drinking water in water utilities due to the loss of surfactant
monomers. Unfortunately, it can be used as a reservoir or for the recycling/recovery of organic pollutants (in
termediates) (ions, organics/bioactive, dyes, etc.), even at high concentrations. The performance of AMF depends
on various parameters, and this review briefly summarizes the existing researches on different pollutants removal
by AMF and material recovery/recycling. This includes operating condition factors (surfactants, flocculants,
surfactant-flocculant or surfactant-pollutant concentration ratio, and water conditions chemistry). Because va
rieties of micro interfacial phenomena other than physical interactions occur in a versatile micellar environment
in the AMF process, emphases are given to adsorptive oxidation, micellar catalysis, selectivity. Furthermore, for
the first time, this review gives an overview of understanding the state-of-the-art multifunctional nano
amphiphile-based AMF that behaves mimetic to aquatic organisms in the process of pollutant removal. The ef
ficiency of AMF, including recycling concentrated solution without noticeable deterioration, as an auxiliary
resource/income for the next cycle, signifies economic viability, versatility, and manifold applications in aqua
remediation. Significance, ways to achieve enhanced process efficiency, as well as challenges and future op
portunities in wastewater treatment, are also highlighted.

1. Introduction
Methods for purification of steadily increasing organic pollutants
from water are categorized as approaches that isolate the organic solutes
and those that destroy them. Despite its advantage, the destruction
process (costly in some cases) does not allow the recovery of auxiliary
products and is limited to the formation of secondary pollutants (gen
eration of toxic secondary products). Whereas physicochemical sepa
ration methods are accompanied by mere transfer of the pollutants from

the bulk to another media rather than pollutant destruction, thus solutes
recycling and recovery at the end of the process could be possible. There
is thus a mounting need for a technological solution (innovative and
efficient) against the challenges of the efficient removal and recycling
problem of aqua soluble pollutants (Cecon et al., 2021; Pakdel et al.,
2021). In recent years, a considerable amount of investigations have
been conducted in searching for a surfactant-based non-classical sepa
ration technology of target solutes from water at a reasonable cost and
with a tolerable impact on the environment (Peredo-mancilla and
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Dominguez, 2016; Saveyn et al., 2008; Shen et al., 2015; Talens-Alesson
et al., 2010). The ability of surfactants in materials surface modification
(Liu et al., 2020; Ma et al., 2021; Xi et al., 2005; Xiao et al., 2020), ion
floatation (Hoseinian et al., 2018; Peng et al., 2019; Polat and Erdogan,
2007; Reyes et al., 2009), assisting with drug delivery (Bowker and
Stahl, 2008; Kaur et al., 2016; Mathias” et al., 1996), assisting with
catalysis (Sorella et al., 2015; Zhan et al., 2017), dispersion, and emul
sification (Bao et al., 2019; Lin et al., 2007; Vaisman et al., 2006) made
them significant entities for environmental application.
Among surfactant based applications, a separation process via sur
factant micelle enhanced flocculation, namely adsorptive micellar
flocculation (AMF), has been investigated for wastewater cleaning for
over 20 years ever since the 1998s when Talens et al. (1998) proposed
micellar flocculation, some years after Somasundara first introduced
AlCl3 precipitation-redissolution behavior in anionic surfactant solution
(Somasundaran et al., 1988). Since then, the removal of poorly
water-soluble organics and metal ions by flocculation of micelles has
been widely investigated (Demissie et al., 2021b; Saitoh et al., 2014c;
Talens-Alesson et al., 2004; Wang et al., 2019). A micellar artifact
composed of liquid crystal and random fragments of the crystal is easily
flocculable and filterable; during its formation, it can entrap organic
pollutants present in water. By selection of an appropriate surfactant
micelle for cationic pollutants adsorption on its surface (Pereira et al.,
2014; R.F.P. 2011, 2010), or solubilization of hazardous organic
(bioactive) solutes, AMF can be applied for the removal of both inor
ganic cations and organic compounds (Shen et al., 2016).
The main advantages of AMF are: micellar flocculate with the
random fragments of liquid crystal gives a versatile and powerful ground
for binding varieties of solutes (Anthony and Talens-Alesson, 2007a),
enables very rapid removal(Saitoh et al., 2017, 2014c;2011), and pro
vides a capacity to remove high pollutant concentration (Talens-Alesson
et al., 2006). Ease of operation and low energy demand compared with
other surfactant-assisted methods also grasp considerable attention. The
efficiency of AMF is not based on simple relations; rather, it depends on a
variety of parameters, for example, co-solutes, operating conditions,
surfactant type, and solution chemistry. Many investigations have been
conducted to evaluate the performance of AMF and how those param
eters influence its efficiency (Shen et al., 2016). However, AMF fails to
achieve the principle to use one chemical to consume completely a
target chemical that is hazardous/toxic or valuable because the process
releases into the supernatant a non-flocculated surfactant on the order of
magnitude of the critical micelle concentration (CMC) of the amphiphile
used (Talens-Alesson et al., 2006). Besides, if different pollutants are
present together, AMF suffers from selective removal of target solutes.
To this end, AMF is preferred to treat concentrated pollutants than a
dilute stream. As AMF shows great technological promise due to the fact
that it has good potential to recycle and recover the flocculant surfac
tants and the targeted pollutant (Anthony and Talens-Alesson, 2007b),
there is a serious attempt in scaling up from bench-scale to a continu
ously operated unit (piolet scale) at a commercial scale.
Nevertheless, AMF has not been commercialized yet, which might be
due to the scarcity of enough evidence on its process optimization. As
experimental parameters for individual systems are to be selected on the
basis of existing conditions, there are no universal experimental condi
tions that can be cascaded and best fit the AMF process in different
wastewater conditions. Substantial understanding of those extensively
studied methods has paramount importance in this regard. However, of
particular concern are (1) recycling and recovery of auxiliary compo
nents as it may ultimately be related with the economic viability and
environmental risk of the process; (2) a means of using a prominently
lower concentration of surfactant, since monomers at the concentration
equal to the surfactant CMC are often present in supernatant; and (3)
selective removal of precious solute in the presence of other similar
species. Such a compiled article in the AMF process is scarce in the
literature. Hence, this review first provides an overview of basic AMF
principles after introduced surfactants, micelles, and micelle-assisted

separations. To that end, the literature results on solute removal effi
ciency and operating conditions specifically by AMF process are sum
marized, including selective removal of target solute, micelle assisted
catalysis, and recovery/recycling of solutes, flocculants, and surfactants.
Secondly, the review highlights the state of the art application of
multifunctional nano amphiphile-based AMF for single-step removal of
a spectrum of pollutants, behaving mimetic to small aquatic animals; so
far, no comprehensive review of it has been reported in the literature.
2. Surfactants and micelle
Surfactants have special amphiphilic properties because they possess
a lipophobic head and a lipophilic chain (tail) group with a robust af
finity for both hydrophilic and hydrophobic compounds/solvents. The
lipophilic (nonpolar) “tail” group typically consists of a long alkyl or
alkyl-aryl chain with 10 to 20 carbon atoms (Chen et al., 2020). The
head group either consists of a charged moiety or a nonionic moiety.
Based on the constituent molecule, the surfactants’ head moiety bears
different charges; accordingly, there are cationic, anionic, and nonionic
classes of surfactants (Chat et al., 2019). There is another class called
zwitterionic surfactant if the head group holds both anionic and cationic
centers (amphoteric behavior) at different pH. Besides, surfactants may
have more than one head moiety and may include more than one hy
drocarbon chain (tail group) (Fig. 1). If two hydrophilic parts of sur
factant are connected by spacer near the head group, it is thought of
“twine” (Gemini) surfactant, and “bola-surfactants” or “bolaforms” in
case the two head group of similar or different charges are connected by
hydrophobic chain/s.
Due to polar-apolar dual nature, surfactants adsorb/diffuse between
water/air or water/oil interface at their low concentration level. The
interfacial diffusion of surfactants intermediary increases the interfacial
area by dropping the surface tension of water/air of the phase boundary
and water/oil interfacial tension (Demissie and Duraisamy, 2016; Liu
et al., 2021). As a result, surfactants can be used as dispersants, de
tergents, wetting/foaming agents, and emulsifiers in several
applications.
When surfactants are saturated at the interface, they self-assemble
(aggregate) into a thermodynamically smart structure due to the in
teractions with the solvent. Surfactants assemble in bulk to micelle
above a certain concentration called CMC, which can be identified by a
significant attenuation of conductivity, surface tension (ST), or osmotic
pressure measurement because all of them continue to change before the
vicinity of the CMC point is reached. As shown in Fig. 2, the solution
conductivity increase and water surface tension decrease by increasing
the concentration of both cetylpyridinium chloride (CPC), and cetyl
trimethylammonium bromide (CTAB). Aggregation of surfactants is
favored by the tendency of their tails to minimize the free energy of
interaction with the polar phase such that their hydrophobic moieties
are being expelled from the polar solvent (Pan et al., 2016; Spiering
et al., 2021). Consequently, hydrophilic head groups are in contact with
the surrounding aqueous phase at the outer surface or interface, and the
long-chain tail part forms a micellar core having hydrophobic nature.
The reverse phenomenon occurs in non-polar solvents. Besides solvent
polarity, other factors like temperature, ionic strength, and pressure
alter the micellar aqueous phase. For example, Chen et al. (2020) re
ported a ‘U-shaped’ plot of MC with increasing temperature. In this
respect, while the generated Micelle (aggregate) has higher-order (lower
entropy) than the monomers, the micellar surroundings generally pre
sent a more disordered configuration (higher entropy). This change due
competition of interfacial energy suggests that CMC (Fig. 2) can be used
to get evidence on the thermodynamic parameters of the micellization.
The standard Gibbs free energy of micellization (ΔG0mic ), can be
described as ΔG0mic ≈ RT In XCMC where R is a gas constant, (XCMC ) )
implies mole fraction of CMC and T is absolute temperature. The slop of
pre micelle plot (Fig. 2) can also be used instead of XCMC to determine the
2
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Fig. 1. Example of most common surfactants (Lombardo et al., 2015): anionic (a), nonionic (b), cationic (c), zwitterionic (d), Gemini (e), baloform (f), and condensed
structure (g) adopted from (Ghosh et al., 2020) (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

free enegry as well as surfcae excess concentration (Demissie and
Duraisamy, 2016).

A summary of the amphiphile aggregate architecture predicted from
the Cpp is presented in Fig. 3.

2.1. Structure of micelle

2.2. Surfactant mediated separation process

The concurrent spontaneous assembly of amphiphiles either involves
geometric packing (micelle) or phase separation through competitive
interactions. The extent of micellization and interfacial adsorption of
surfactants with respect to microenvironmental or structural factors can
be conveniently determined by the ratio of CMC/C20 (its increase in
hibits micellization) (Table 1), where C20 is the surfactant concentration
that corresponds to 20 dyn/cm reduction of the solvent surface tension
(Rosen and Kunjappu, 2012). A geometric assembly by multiple am
phiphiles generates a diversity of complex nano-architectures, aggre
gation number (Nagg), and size of micelles (Liu et al., 2015; Lombardo
et al., 2015) depending on the hydrated head moiety cross-sectional
area, counterions, the tail group diameter, the flow conditions as well
as the number of head and tail group (Ghosh et al., 2020). The packing
parameter, Cpp (Eq. (1)), can be used to predict the morphology of the
resulting microstructure.

Such surfactant (various types) aggregates enable encapsulation and
solubilize lipophilic and bioactive molecules into the hydrophobic site
(Dar and Chat, 2015). This spontaneous dissolution of molecules
(micellar solubilization) is governed by reversible interactions between
solubilizate and amphiphilic aggregates to form a thermodynamically
stable isotropic solution. Therefore, it is pertinent to mention that
depending on the polarity, degree of hydration, and micro viscosity of
different surfactants’ microstructure sites and the nature of solutes
(Maswal and Dar, 2014), solubilizate can be retained at distinct micro
environments in the aggregate (Fig. 4a) at the core, corona, and the
interface between core and corona (Chat et al., 2011; Dar and Chat,
2015). Besides, co-solubilization between solutes could enhance their
micellar solubilization. Accordingly, Dar and Chat (2015) reported
enhanced solubilization of Warfarin (WF) and Coumarin30 (C30) solute
mixture in three different surfactant micelle than their single solute
solubilization (Fig. 4a), owing to the solutes’ co-solubilization. There
fore, the solubilization efficiency in micelle depends upon those afore
mentioned factors affecting the aggregation structures of surfactants and
the structure of solubilizate. Different types of interaction involve during
solubilization depending on the nature of the solute and the aggregate
site (Fig. 4b).
Various surfactant aggregate-based separation technologies for aqua

Cpp =

V/l
a0

(1)

Where a0 represents the effective cross-sectional area of the head
group, V and l stand for the incompressible monomer hydrophobic
segment volume and its length, respectively (Engberts and Hoekstra,
1995).
3
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Fig. 2. The effect of different surfactant concentration on the surface tension of water (a), and solution conductivity (b): at 20 ◦ C (Chen et al., 2020).

remediation have been investigated for several years, three of which
have fascinated a great deal of research attention (Fig. 5 (a–c)): AMF,
admicellar chromatography, also called surfactant mediated admicelle
(SMA), and micellar-enhanced ultrafiltration (MEUF). Since introduced
by Dunn et al. (1985), MEUF technology has been used and demon
strated strong potential in removing various pollutants from wastewater
(Acero et al., 2017; Ahmad et al., 2006; Anis et al., 2020; Chowdhury
et al., 2019; Dharupaneedi et al., 2019; Parakala et al., 2019; Verma and
Sarkar, 2020). The main principle is effective size enlargement of con
taminants due to solubilization or bound onto micelles (Fig. 5b), they
can then be retained by ultrafiltration (UF) membrane (De and Mondal,
2012; Schwarze, 2017). The main advantages of MEUF compared to
conventional UF are simultaneous removal of inorganic ions and organic
solutes too small to be rejected by UF membrane via ionic or hydro
phobic interactions with a micelle even at lower concentrations, re
covery of surfactants with a low CMC. Rather MEUF is not a very simple
process as its performance is susceptible to a variety of parameters, and
it has some limitations, such as back contamination by amphiphile
monomers, low tolerance to ionic strength fluctuation, a low selectivity,
pressure-derived process, and membrane fouling (Schwarze, 2017).
SMA, an immobilized surfactant layer-based non-membrane driven
approach developed by allowing surfactants to aggregate on heteroge
neous and porous materials. In which the surfactant immobilized hy
drophobic layer (admicelle/hemimicelle) on the solid surface (Fig. 5a)
can be used as two-dimensional solvents sorbent for robust adsolubili
zation of organic pollutants within an admicelle of a solid-liquid inter
face as an alternative of activated carbons (ACs) (Adak et al., 2006;
Bayram et al., 2020; Hailu et al., 2017; Ma et al., 2021; Pal and Pal,
2017; Paria and Khilar, 2004a; Peredo-mancilla and Dominguez, 2016).
Although SMA has the advantage of surfactant recycling and the or
ganics concentration in the admicelle phase viz pH management, there
exist considerable drawbacks such as the need for a continual feeding of
surfactant, surfactant back contamination, sensitivity to pH and salinity,
and need for extended agitation. In addition, it has a relatively low
adsorption kinetics/processing capacity.

3. Adsorptive micellar flocculation (AMF)
AMF is a two-step filterable surfactant-based separation process by
which polyvalent cations with a high tendency (Al3+, Ba2+, Fe3+, Ca2+,
or La3+) adsorb on the micellar surface of some suitable anionic sur
factants followed by flocculation. In this process, the phenomena of
micellization before flocculation play a significant role. It is obvious that
flocculation is a non-equilibrium phenomenon and is basically limited
by the rate of collisions. Like, precipitation reaction, micellization oc
curs when the aqueous phase concentration reaches a specific value
(Chen et al., 2020). However, micellization could be interpreted from
the thermodynamic equilibrium standpoint that the competition be
tween the solvent (water) with micellar core interfacial energy and
conformational disruption energy of soluble chain (hydrophilic) of
surfactants stemming from the micellar center drive the self-assembly
and micellization (Lombardo et al., 2015). As described in Section 2,
the energy change (ΔG0mic ) when one mole of surfactant transferred
from solution to its aggregate phase can be described as a function of
mole fraction of CMC (XCMC ). Owing to the hydrophobic effect of the
non-polar moiety of surfactants, the change in entropy of micellization,
which can be drived from van’t Hoff equation, is generally positive, and
it is this which makes the spontaneity of the micellization process
(negative ΔG0mic ). However, the spontaneity could still be attenuated by
other parameters mentioned above. As a result, the optimization of
factors affecting the micellization process should be taken into consid
eration while considering AMF for optimal removal of solute from water.
In the AMF process, anionic solutes bind or complex with the bound
cation/s, and molecular solutes can solubilize in versatile micellar
pseudo phase (Talens et al., 1998). As the cations neutralize or reduce
the micellar effective surface charge, the soluble solutes (pollutants)
containing micelle are quickly flocculate together as amorphous floc
(Fig. 5c). Then the resulting flocs tend to precipitate and separate by
gravity settling or a coarse filter. Thus, providing an interesting simple
alternative separation technique to both high agitation-energy
demanding SMA-based film polymerization and high pressure-driven
MEUF methods (Pato-Morales and Talens-Alesson, 2000). In addition,
it has been studied that the removal efficiency of AMF per unit mass of
4

H. Demissie et al.

–
3%
2.2
20%
1–2
100%
25–100%
96–99%
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90%
15.8
6–98%
4.4
22.2
–

the amphiphiles is fifty times that of SMA (Porras-Rodrigu and Tal
ense-Alesson, 1999) and has fast kinetics (Saitoh et al., 2017, 2014c,
2011). Unlike MEUF, the process undertaken is pretty easy and requires
less dosage of amphiphiles than MEUF (Wang et al., 2019).
The basic principles of AMF
Solute solubilization by micelle and the subsequent flocculation in
AMF is not a single process. Besides, the aggregation of micelles differs
from micellar enlargement as known to take place generally in the
transition from micellar solutions to the liquid crystal. The governing
principles in the mechanism of insolubilization of surfactants (aggre
gates) in the presence of cations, the precipitation of the monomers, and
other phenomena are as follows.

–
11.7
11.0
51.4
39.1
15
18

I Micelles contain charged regions called diffused and stream
(inner) layers (Fig. 5d). Among them, the stream layer (Paton-
Morales and Talens-Alesson, 2002), in which the majority of
flocculant ions are tightly bound, is very important to explain
AMF. When the micelle Stern and diffuse layer surface binds with
cation (Al3+ or Fe3+), high cation concentration across the layer
leads to suppressing the intermicellar repulsions or reducing the
micellar zeta potential to a value of zero and rapidly flocculate
the micelles as disordered aggregate by shielding the surface
charge. In other word, an intuitive description of AMF follows
Grosberg et al. (2002) model i.e. the phenomena can be explained
by the interplay between repulsion and attraction of flocculant
ions and cells (micelles), in addition to the pollutant (chemical)
gradient from the bulk solutions. The final aggregate with frag
ments of liquid crystal inlaid contains an amorphous structure
(spongy and sometimes buoyant) (Porras-Rodrigu and Tal
ense-Alesson, 1999). In some cases, AMF may be perceived as a
mere flocculation/coagulation process.
II The high cation concentration enables organic target compounds
to associate as a complex of non-polar nature and or an ion pair
across the Stern-diffuse layer, thus, favors binding of them into a
micellar interior and on a spot of amorphous positive surface
charges on the flocculates, respectively (Talens-Alesson et al.,
2004). Such a complexation can be a reason for significant floc
culation of organic anions like phenolate, benzoate, dissociated 2,
4-D-(dichlorophenoxy acetic acid) at their lower concentration
(Talens-Alesson et al., 2006).
III It may be accompanied by an extension of a rheologically
“bound” to the micelle region, from the Stern-diffuse layer to
portions of the diffuse layer. This phenomenon may lead to
having apparent excesses of positive charge, by turn either bind
upon itself target solutes and or behaves as adsorption substrate
for organics (Talens-Alesson, 2003). The process may be well
described by Guoy-Chapman Stern isotherms (Talens-Alesson
et al., 2002).
IV The synergistic effect of flocculation and interestingly redox re
action (oxidation) may occur simultaneously when cationic
flocculant (like Fe3+) with redox properties are used. In this case,
the concentration of anionic pollutants on the micelle could
therefore cause the partial or total oxidation of them (Tal
ens-Alesson, 2003).

Hydrophile lipophile balances (HLB), hydrodynamic radius (rH).
a
denotes the result obtained from Aoudia et al. (2010), and b referred to the CMC of the surfactant when 0.1 M NaCl was used.
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54
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11.6b
2.6
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rH
(nm)
STa(mN•m1
)
CMC
(mg•L-1)
MW (g mol1
)
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Formula
Abbreviation
Surfactant

Table 1
Properties of different types of commonly used surfactants: adopted from Karthick et al. (2019), Liu et al. (2021), Schwarze (2017) unless specified.

CMC/
C20

Nagg

HLB

Biodegradability
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3.1. Amphiphiles and metal cations for AMF - a glance at history
Anionic surfactants, particularly sodium alkyl/benzene sulfonates
(Table. 2), have been extensively used in the AMF process among many
available surfactants may be because of the following reasons: (i) they
have already been used, and their efficiency has been proven in other
surfactant mediated processes, which also helps to compare their per
formance with the available literature results (Schwarze, 2017), (ii)
most are readily biodegradable (Bautista-toledo et al., 2014; Beltra
et al., 2000; Bondi et al., 2015; Sa and Me, 2012) or commercially
5
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Fig. 3. The shape factors, structure, and aggregate summary of amphiphile with respect to critical packing parameter (Lombardo et al., 2015) (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.).

available in high quality, (iii) they have high aggregation number (Coll,
1970; Paria and Khilar, 2004b), ease of their flocculation reversal
(Hernáinz and Calero, 2001) or applicability for closed-loop process,
reusability of their residual amount for mineral collection (Tal
ens-Alesson et al., 2010), and high equilibrium interaction constant with
solutes (Adak et al., 2005; Gokturk and Tuncay, 2003).
Among various metal salt ions, trivalent Al3+ and Fe3+ (M) are found
to enhance micellar flocculation to a high extent and generate amor
phous floc with variable stoichiometry [M(1-x)Na3x-(DS)3]n

(Porras-Rodrigu and Talense-Alesson, 1999; Talens et al., 1998). Their
flocculation or micellar charge neutralization capacity is usually deter
mined by ζ-potential measurement as a consequence of the change in the
micellar surface charge by adsorbed cations/sedimentation of charged
micellar colloidal particles. As a result, these flocculants have been used
to treat contaminated water and for the removal of concentrated sur
factant from seawater by means of the AMF approach (Sˇvab et al., 2008).

6
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Fig. 4. Solubilization of solutes, and C30 in micellar regions of different surfactant: WF solubilizes within CTAB micelles (left), whereas little or no solubilization is
observed in SDS and Brij 30 (B30) micelles (right) (a), adopted from Dar and Chat (2015). Average location of Rutin (b) in anionic (i), cationic (ii), and nonionic
micelles (iii): adopted from Chat et al. (2011) (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

3.2. Factors affecting the performance of AMF

3.2.1. Surfactants and flocculants
For the efficiency of the AMF process, the “dream-surfactant” for the
process should have the following properties: stable large micelles with
low CMC, high aggregation number, high solubilization capacity for the
solute, and biodegradable. Unfortunately, finding a surfactant in line
with these requirements at the same time could be difficult. However,
the requirement can be compensated by finding conditions for a good

This section outlines the materials used, experimental conditions,
and their influence on the performance of AMF, including parameters
affecting the surfactant aggregation and structure.

7
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Fig. 5. Schematics of SMA (a), MEUF (b), and AMF (c), an electrical double layer of self-assembled ionic surfactant molecules in aqua solution (d) (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.).

surfactant/solute interaction. Besides, the concentration of surfactants
and flocculants has been known to affect the zero point of micellar re
gion zeta potential and the corresponding removal of solutes during
micelle flocculation. Cavalcante et al. (2018) and Wang et al. (2019)
evaluated the removal of phenol and benzene derivatives, respectively,
by increasing the concentration of surfactants. The results show that the
removal was increased up to a certain surfactant concentration (might
be the CMC region). Under insufficient micellar flocculation, a high
concentration of surfactants remains in bulk with a shallow binding
potential for solutes. For instance, Pato-Morales and Talens-Alesson
(2000) pioneered that flocculation would not occur at sufficiently high
SDS concentration, in agreement with the Stellner Scamehorn model.
Apart from the micellar structural change with an excess surfactant,
displacement of the solubilized solute by surfactant monomers (resta
bilization) would occur and ultimately impair the organic solute
removal efficiency (Cavalcante et al., 2018; Saitoh et al., 2014c; Yang
et al., 2016).
The nature of surfactants and flocculants also affects the perfor
mance of AMF. According to Talens et al. (1998), it is remarkable that
while SDBS efficiently precipitates at high Al3+ concentration, only
about 10% of SDS barely underwent flocculation under the same high
flocculant concentration. Besides, the value of Fe3+ required to reach the
full flocculation region of SDS micelle has been known to be twice that of
Al3+ (Talens-Alesson et al., 2002). Beyond the optimum surfactant/
flocculate ratio of the flocculation region, there exists less flocculation of
surfactants but does not cause an additional noticeable effect at higher
co-solute concentration due to micellar swelling (Pato-Morales and

Talens-Alesson, 2000); it is detailed in Section 3.3.1. Owing to the
micellar surface competition of solutes with flocculant cations, the
presence of an excess target solute in the media humpers the perfor
mance of AMF (Cavalcante et al., 2018). Therefore, finding appropriate
surfactant and flocculant type and an optimum concentration for the full
flocculation region is vital in the application of AMF.
3.2.2. Temperature
It is obvious that conditions responsible for CMC decrease are
important to increase solute solubilization and reduce back contami
nation of effluent by surfactant monomers. Such conditions can be
attained by a moderate increase of temperature as it affects the free
energy of micellization (Pereira et al., 2009), which then would improve
the balance between solute solubilization and surfactant monomer
concentration in the effluent. However, at a very high temperature, the
CMC increases and negates the solute incorporation into the micelle
(Pereira et al., 2010; Valente et al., 2006). Accordingly, Cavalcante et al.
(2018) reported maximum removal of phenol between 35 and 40 ◦ C at
constant surfactant concentration, with minimum removal at 50 ◦ C.
However, the effect of temperature in AMF performance is governed by
the hydrophilicity of counterions and the concentration of electrolytes in
the media (Manet et al., 2013; Pereira et al., 2009).
The effect of temperature on the pollutant sorption capacity of the
micelle can also be extended to the phase transition phenomenon of the
surfactant. As shown in Fig. 6a, surfactants dissolved in water generally
present a Kraft temperature (Tk) or a cloud point, the thermal point
below which surfactants are insoluble, and amphiphile aggregates are in
8
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Table 2
AMF studies for the removal of organic solutes by different flocculants and surfactants.
Solubilizes

Surfactant

Surfactant dose (ppm)

Flocculant

Remo-val

Reference

Pyrethrin (pesticide)
Phenol
polychlorinated biphenyls (PCBs)

SDS
Base soap
Spolapon AOS 146

1000
1500
40 g/L

NA
≈60%
> 99.9%

(Kuipa and Kuipa, 2015)
(Cavalcante et al., 2018)
(Sˇvab et al., 2008)

Octyl phenol
Direct yellow 27
Phenylamine and catechol

AOT
Base soap
SDS

300
650
0.072M

Al2(SO4)3,
CaCl2
Fe(Cl3/(SO4)3)
Al2(SO4)3
Al (OH)3
CaCl2
Al2(SO4)3

90 ± 1%
≈82%
NA

Triclosan
Octyl phenol
Norfloxacin (NOR)
Reactive blue 14
Tetracycline
Phenol

Sodium oleate
SDS
SDS +STS
Base soap
SDS
SDS

100
100
80
1200
80
NA

Al (OH)3
Al30
Al (OH)3
CaCl2
Al (OH)3
Al3+

96 ± %
> 95%
98 ± 1%
≈90%
> 99%
60%,

Fluoranthene
2, 4 dichloropheno-xyacetic acid

Sodium oleate
SDS, α olefines
(C14, C16) sulfonate (AOS)
SDS

300
0.025–0.075M

Al (OH)3
Al(III) ions

100%
NA

(Saitoh et al., 2011)
(Melo et al., 2015)
(Almeida and
Talens-alesson, 2006)
(Saitoh et al., 2011)
(Demissie et al., 2021a)
(Saitoh et al., 2014c)
(Melo et al., 2018)
(Saitoh et al., 2014c)
(Talens-Alesson et al.,
2002)
(Saitoh et al., 2011)
(Talens-alesson, 2001)

100

Al(III) ions

> 99%

(Saitoh et al., 2014b)

20 ppm SDS and 6.5
ppm PAH
100
NA

AlCl3. 6H2O

> 97%

(Saitoh et al., 2017)

cationic, reactive, and direct dyes
Phenol

SDS + poly (allylamine
hydrochloride) PAH
SDS
SDS

Al30
Fe3+

Six benzoic acid and aniline derivatives
Methylene blue (MB)

SDS
SDS

0.5 M
8mM

Al2(SO4)3•18H2O
CaCl2 and
GA1 (MBFGA)

> 96%
No
removal
95.8%
98.63%

(Demissie et al., 2021b)
(Talens-Alesson et al.,
2002)
(Wang et al., 2019)
(Yang et al., 2016)

methylene blue (MB), malachite green (MG),
crystal violet (CV)
Fluoroquinolones and Basic pharmacenticals

NA = the result not available.
However, the Fe3+is underperforming in micellar flocculation for the removal of some solutes than the aluminum salts. For instance, Talens-Alesson et al. (2002)
reported negligible removal of phenol by using Fe3+as flocculant for SDS micelle compared with 80% removal of phenol in the case of Al3+ flocculant under the same
solution conditions. Therefore, the use of aluminum salts with anionic surfactant micelles has increasingly been recently described in the literature as a promising
unique principle for the recovery, recycling, and removal of hazardous organic compounds (Porras-Rodrigu and Talense-Alesson, 1999; Talens-Alesson, 2001; Tal
ens-Alesson et al., 2004; Wang et al., 2019).

Fig. 6. Typical phase diagram of amphiphiles dissolved in a selective solvent (Lombardo et al., 2015) (a), and Cross-linking surfactants via irradiation (Chen et al.,
2017) (b) (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).

the state of restricted motion. However, by raising the temperature
beyond Tk, the micellar and lamellar phases transfer to a more flexible
form known as a thermotropic liquid-crystalline phase (Lombardo et al.,
2015), which influences the solute sorption capacity of AMF micelle

before flocculation. Van der Meeren et al. (2015) examined relative 70%
improvement of phenol sorption by dioctadecyl dimethylammonium
chloride (DODAC) upon increasing the temperature from 20 ◦ C to 40 ◦ C,
with a slight decline above the surfactant Tk (37.5 ◦ C), it might be due to
9
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DODAC-aggregate transition from gel to liquid-crystalline state. When
the phase transition temperature (Tm) is approached, the solute mole
cule sorption sites in the micelle become more easily reachable and
permeable because of more disordering of the surfactant hydrophobic
chains as the thermal region reaches the vicinity of the Tm point.
Similarly, Saveyn et al. (2008) showed increased sorption of methyl
benzyl alcohol by increasing the temperature of DODAC media. It is not
surprising that in the presence of electrolytes, Tm is not constant because
ionic strength and temperature have antagonistic contributions to the
CMC (Pereira et al., 2009). As a result, it is worth mentioning that
maintaining their balance will lead to efficient micellization and sub
sequently bring high solute sorption efficiency. Micelle size can also be
influenced by temperature, as this (Schwarze, 2017) evaluated the effect
of increasing temperature on a micellar size decrease.

Besides, the exceeded increase in electrolyte concentration enables the
surfactant precipitation; however, such precipitate has a low sorbing
potential for pollutants compared to the amorphous micellar flocs (Melo
et al., 2015).
In addition, several key factors such as the contact time, floc settling
time, stirring speed, and optimum air flow rate have also been known to
affect the removal efficiency of solutes by AMF (Sun et al., 2008).
Compared to conventional coagulation/flocculation, AMF does not de
mand rapid and prolonged stirring as these humpers the diffusion of
target solutes from the bulk to micellar sites, and by turn, impair their
removal (Cavalcante et al., 2018; Porras-Rodrigu and Talense-Alesson,
1999; Porras and Talens, 1999). Regarding contact time, a very pro
longed time has been known to have a determinantal effect, particularly
in removing target solutes with a high aqua affinity(Melo et al., 2015,
2017).
Generally, the above large number of researches and investigations is
an indication of interest in AMF. AMF, as a promising method, has not
only the advantage of avoiding the use of membranes and overpressure
compared to MEUF but also rejected fraction has a much lower content
in water (flocculate weight of 50% and < 5% of effluent volume) than
membrane-based surfactant-enhanced filtration (Talens-Alesson et al.,
2006). Ease of operation, high efficiency, rapidity of the process, the
possibility of operation at room temperature, the use of easily available
chemicals, and biodegradability of the residual surfactants (like SDS) by
riverine microbes are the other advantages (Melo et al., 2018; Saitoh
et al., 2014b; 2011; Talens-Alesson et al., 2010, 2002).
Nevertheless, despite coagulation/flocculation, AMF is not liable for
the production of drinking water in water utilities. However, it can be
used as a reservoir or for the recycling and recovery of scarcely watersoluble organic pollutants and their intermediates in the chemical pro
cess industries at high concentrations (thousands of ppm). If applied for
water with diluted pollutants, the surfactant leakage in the effluent may
lead to high pollution instead of the target solute removal. Low removal,
selectivity, and poor biodegradability of some surfactants are the other
drawbacks (Shen et al., 2016).

3.2.3. pH
The effect of pH (pH adjustment) on the uptake of solutes due to the
interaction between ionizable organic pollutants and mesoporous ionic
liquid-crystalline media, like micelle, is an important research topic
(Sabatino et al., 2012). It is mainly because: (a) pH affects the dissoci
ation of basic and acidic solutes, (b) affects the surface charge of the
micelle as well as electrostatic interaction between solute and the
micelle, (c) the growing body of evidence on the insufficiency of only
octanol/water partition coefficient (log ko/w) to predict the interaction
of target solutes with the amphiphile aggregates (Lukacova et al., 2006),
and (d) pH adjustment could be taken as cost-effective alternative
technique compared to the process cost associated with solute sorption
enhancement by temperature and solute/surfactant concentration
optimization. However, the stability of surfactants is sensitive to pH
change as they are synthesized by saponification of fatty acid (at pKa >
9). It indicates the necessity of pH optimization to the value lower than
surfactant dissociation pH. As such, increasing removal of phenol, direct
yellow 27 dye, and reactive blue 14 dye by increasing the pH unto below
the dissociation pH of surfactant was reported (Cavalcante et al., 2018;
Melo et al., 2015, 2018). In addition, pH affects the hydrolysis of metal
salt cations and their interaction with the micellar surface and ionizable
solutes. Accordingly, Almeida and Talens-Alesson (2006) observed
re-solubilization of phenol at high pH as a result of inefficient micellar
flocculation associated with Al salt hydrolysis to amorphous floc. In
general, for ionizable solutes removal by Al3+ salts as a flocculant, the
range between low acid and weak basic pH has been reported to be a
more convenient condition (Saitoh et al., 2014b, 2014c; Talens-Alesson
et al., 2002). Moreover, such a pH effect on re-solubilization and floc
culation in the AMF process can be employed for the recycling of the
chemicals, as shall be discussed in the later sections.

3.3. Approaches toward AMF performance improvement
As a result of the aforementioned drawbacks, including the so-called
monomers back contamination, many investigations have been con
ducted to overcome the main bottlenecks for the highest possible and
cost-effective removal of organic pollutants.
3.3.1. Surfactant selection
The use of surfactants containing olefine hydrophobic chain, with
the ability to delocalize the π electrons through the neighboring olefine
chain, has been proved to cross-link the micellar monomer chains viz
slight irradiation (Fig. 6b). The cross-linking generates the new stable
nano-sized aggregate and minimizes the surfactant monomer concen
tration in the solution (Chen et al., 2017) because the free monomers
prefer to join the stable aggregate phase. Then, the subsequent floccu
lation of the crosslinked micelles stably enables the partition of pollutant
solutes from the effluent water.
In contrast to classical surfactants, the use of anionic surfactants
obtained by the saponification of natural products like animal fat and
vegetable oil have got prominence as alternative surfactants due to the
environmental compatibility of the deflocculated surfactant monomers.
In a recent study, Cavalcante et al. (2018) employed BS synthesized from
natural sources and NaOH; accordingly, 60% phenol removal was ach
ieved by using Ca2+ salt as a flocculant. In another study, Melo et al.
(2018) used BS of various chain lengths to extract reactive blue 14 dye
and reported 86% removal at optimum conditions. The same conclusion
was drawn by using BS and Ca2+ salt as a flocculant to separate direct
yellow 27dye (Melo et al., 2017, 2015). The concentration of surfactant
used in these studies was relatively higher than the synthetic surfactants,
might be either due to the nature of the new surfactants or the flocculant

3.2.4. Electrolytes
Generally, most industries laden electrolytes to their effluent water
in non-trivial concentrations (Allègre et al., 2006). As electrolytes affect
the Tk, morphology, structure of surfactant micelle ΔG0mic (Manet et al.,
2013); (Pereira et al., 2010, 2009), it is crucial to investigate the effect of
electrolytes on the performance of AMF. The removal of various target
solutes by a new type of base soap (BS) surfactant and Ca2+ based AMF
upon increasing the concentration of electrolytes has been investigated
(Cavalcante et al., 2018;Melo et al., 2015, 2018). The authors found that
the removal efficiency of the solutes decreased drastically with the in
crease in the solute concentration. As per Noïk et al. (1987) and Stellner
and Scamehorn (1989) investigation, this phenomenon should be due to
the tolerance of surfactant to precipitate by Ca2+ in the presence of
increasing electrolytes concentration (NaCl). Such an increase in Na+
negates the ionization extent of BS (Na+ + RCOO-), making the micel
lization and consequently hinder the interaction of Ca2+ with the sur
factant and narrowing of the full flocculation region of the micelle. The
same phenomenon of decreased micellar flocculation was reported by
using Al3+ flocculant (Paton-Morales and Talens-alesson, 2001).
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used.
Precipitation of micelle using Ca2+ has been studied; however, mi
celles, according to Somasundaran et al. (1988), have some ability to
prevent precipitation. The model developed by Stellner and Scamehorn
(1989) predicted that precipitation occurs only in the presence of further
excess calcium ions after the micelle is saturated with Ca2+. That is a
different scenario than Fe3+and Al3+. In another study, Talens-Alesson
(1999) compared micellar flocculation with Ca and Al ions. In this case,
concomitant with the Schulze-Hardy rule estimation, the Ca+2, one
order of magnitude greater than Al+3 concentration, was required to

reach zero zeta potential. From the conventional perspective of soap
precipitation in the presence of hardness-causing ions, the demand for
high Ca2+concentration than Al3+ to precipitate surfactant is unex
pected. It is quite obvious that Al+3 salts are far more aqua soluble than
Ca+2 salts. From this point of view, it could be hypothesized that lower
Ca2+ concentrations would precipitate calcium surfactants/soaps.
However, Ca2+ induces micellar flocculation than monomer precipita
tion at the surfactant concentration higher than its CMC (Baviere et al.,
1983; Peacock and Matijević, 1980). The above-reported demand for
high BS surfactant concentration with Ca2+flocculant could be

Fig. 7. Mechanistic analysis (a), atomic force microscopy of treated samples by MBFGA1 (b) adopted from Huang et al. (2019), and GA1 cells fluorescence
micrograph by 100× oil objective lens (c) (Yang et al., 2016). Schematic complexations of Surfactant-polyelectrolyte and their flocculation (d) (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.).
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associated with this phenomenon, and it would cause monomer equals
to its CMC to be released into the effluent.

efficiency depends on the cation/SDS ratio (Saitoh et al., 2011; Vasi
lescu et al., 2004). Besides, the biodegradation process of residual pol
lutants, as well as surfactants being applied increasingly
(Bautista-toledo et al., 2014; Bondi et al., 2015; Sa and me, 2012; Tal
ens-Alesson et al., 2006 ) since surfactants are proved to enhance bac
terial activities and bioavailability of organic solutes (Zeng et al., 2018).
Moreover, Saitoh et al. (2014c) conducted a laboratory-scale
experiment on co-precipitation of SDS with aluminum (III) chloride by
typically reducing their concentration to 80 ppm and 5 ppm, respec
tively. The study demonstrated nearly complete tetracycline removal viz
the sorption of aluminum chelates ion-pairs with DS(SDS) ion on hy
drophobic SDS-impregnated precipitate in the pH region nearly from 5
to 8.5. The result also confirmed rapid degradation of tetracycline
collected to the precipitate using ultra-violet light. In a similar experi
ment of using SDS dosage much below its CMC (Saitoh et al., 2014b),
high efficiency of rapid cationic dyes removal was reported.

3.3.2. Use of bio-flocculants
The complexation of Al ion with surfactant/pollutants notably in
creases the aluminum concentration remained in the outlet water.
Hereby, considerable evidence exists that Al is a potent neurotoxicant
and its overexposure exert Alzheimer’s disease in humans, which
worsens human beings and other animals’ health (Flaten, 2001; Lei
et al., 2021); as such, ferric salts could be used as an alternative floc
culant in addition to calcium ion.
With the advantages of being eco-friendly, high security, nontoxicity, operational simplicity, innocuity, high efficiency, and biode
gradability over traditional flocculants, microbial bio flocculants (MBFs)
with the ability to flocculate cells, suspensions, and colloids, have pro
gressively fascinated wide consideration recently (Zhang et al., 2010).
Specifically, microbial flocculant GA1(MBFGA1) is a kind of microor
ganism (Paenibacillus polymyxa GA1) harvested from secondary me
tabolites of fermentation liquid (Huang et al., 2019, 2012). As per Yang
et al. (2016) and Huang et al. (2019), MBFGA1 has a linear long-chain
molecular structure possessing homogenous abundant functional
groups with the weight of 1.18 × 106D. Apart from cells, suspended and
colloidal particle flocculation, MBFGA1 has been used in the AMF pro
cess (Yang et al., 2016); accordingly, efficient removal of organic pol
lutants with minimum residual surfactant was achieved. Owing to a
complex well-stretched macromolecular polyelectrolytic polar matrix in
GA1(Fig. 7 (a–c)), which is mimetic to extracellular polymeric sub
stances (EPS), MBFs are endowed with complex-binding, biosorption, or
bridging of organic and metal cations, apart from the
micellar-flocculation capacity (Huang et al., 2019, 2012). However, a
nontrivial concentration of EPS is remained in the effluent, although
MBFGA1 has resulted in an environmentally tolerable concentration of
cationic pollutants and residual surfactants in the effluent.
In addition, natural flocculant/coagulants such as starch, tannins,
mucilages, or several vegetable extracts have been proposed as efficient
and eco-friendly alternative products for the AMF process. Research for
more efficient natural flocculant has been continued to satisfy the
environmental subjects and sustainability goal. Moringa Oleifera seed
extract has been found to be very interesting in flocculating SDBS
micelle up to 80%, although it presents a limit on its residual surfactant
at a concentration in ppm (Beltrán-Heredia and Sánchez-Martín, 2009).
Besides, undesirable characteristics of organic byproducts buildup dur
ing Moringa Oleifera based treatment necessitates more investigation of
other likely natural flocculants (Ndabigengesere and Subba Narasiah,
1998). In accord, Beltrán-Heredia et al. (2009) applied natural
tannin-based extract (Tanfloc) from Acacia and revealed effective floc
culation on micelle of an SDBS, sodium lauryl sulfoacetate (SLSA), so
dium dodecyl diphenyl ether disulfonate (SDDED), sodium nonylphenol
sulfate (SNS), SLES, sodium triethanolamine lauryl sulfate (TEA-LS), and
sodium dioctyl sulfosuccinate (SDSS).

3.3.4. Polymer-surfactant complexation and flocculation
This method is based on the flocculation of surfactantpolyelectrolyte complexes, in which polymers and oppositely charged
surfactants electrostatically interact with each other and can form
nanosized assemblies or films of polymer-surfactant aggregates (PSAs)
as a floc (Shen et al., 2016). The charged surfactant monomers in orders
of magnitude lower than the CMC attach to the polyelectrolyte/polymer
chain in the form of mini/hemi-micelles. Then, self-flocculation of PSAs
with bind pollutants that are large enough, under an optimum condition,
can be separated by gravity settling or a coarse filter (Fig. 7d). For
example, Shen et al. (2015) employed poly ethylenimine (PEI) and poly
diallyldimethylammonium chloride (PolyDADMAC) with SDS to eval
uate the removal of Cd(II), Cr(III), and Zn(II) (priority metal pollutants)
from dilute solution for the first time. According to the findings, when
0.5 mM SDS (below its CMC) was used, injection of 40 ppm PEI resulted
in 99% removal of Cd(II) with the residual level as low as 10 ppb. In
another investigation, Saitoh et al. (2014a) applied 20 ppm of poly
(allylamine hydrochloride), PAH, and an electrically equivalent amount
of SDS (62 ppm) for the horseradish peroxidase (HRP)-enhanced rapid
removal of estrogens and phenolic compounds from water. Accordingly,
phenolic and less polar estrogen compounds were nearly completely
incorporated into the hydrophobic regions formed by an aggregate of
PAH–SDS complexes and readily separated. Later, Saitoh et al. (2017)
designed an air bubbles-based coagulation-flotation system for rapid
removal of tetracycline from water by using much less amount of SDS
and aluminum (III) chloride in the presence of an electrically equivalent
amount of poly(allylamine hydrochloride (PAH) polyelectrolyte. The
result shows that under the optimum conditions and with a typical
concentration of 20 ppm SDS, 1 ppm Al(III), and 6.5 mg PAH, nearly
complete removal of acidic and basic pharmaceuticals, fluoroquinolone,
and tetracycline from aqua media was achieved within 5 min. About
0.12 ppm of residual SDS was achieved, which is much lower compared
to 0.2 ppm of total tolerable anionic surfactant concentration of Japan’s
water regulation (study area).

3.3.3. Application of additives and biodegradation
As discussed in the previous section, by increasing surfactant con
centration beyond CMC, the effluent quality decline and back contam
ination continue to increase. For instance, Talens-Alesson et al. (2006)
used mining waste (marble dust) as an auxiliary resource after the AMF
process to improve AMF performance. The result of their study
demonstrated high refinement of the separation process by significantly
reducing the flocculant loss and moderately reduce surfactant linkage.
In another approach, Saitoh et al. (2007) introduced magnesium (II)
chloride into the aqueous mixture of SDS and aluminum (III) chloride in
order to generate layered hydroxide structure by their ions hydrolysis
and inside the layer containing the SDS aggregate. The result of their
investigation shows that the region inside the impregnated hydroxide
could stably retain polycyclic aromatic hydrocarbons (PAHs) and
minimize surfactant monomers in the effluent water, although the

3.3.5. Improving selective removal
The recovery of precious metals like gold from a mixture of waste
constituting materials or other sources is recently a tool of vital impor
tance. In the context of metal entrapping, AMF provides a metal ion an
oppositely charged micelle to bind on the surface, and the resulting
matrix is removed from the aqueous phase by a coarse filter or gravity
settling; however, the approach needs modification to impart selectivity
among verities of cations in the solution. This approach can also be
cascaded in the selective removal of small cationic organic species. The
introduction of a suitably complexing agent with cations like protonated
pyridine-2-azo-p-dimethylaniline (PADA) has been applied as an
excellent entrapper of particular metal ions to micellar phases from their
aqua mixture as well as for their recovery (Aydinoglu et al., 2016, 2014;
Ghezzi et al., 2008). In this case, the deprotonated form of PADA
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replaces the negative ions from the metal salt and forming chelates with
a positive charge. It will then be electrostatically bound on a variety of
negatively charged micelle surfaces and through hydrophobic interac
tion with interior micellar regions. Subsequently, the metal ions could
be efficiently collected out via a stripping reaction undertaken by using
weakly acidic solutions of NaCl under mild conditions (Ghezzi et al.,
2008).
Besides, although polyvalent ions (Al3+) are more amenable to bind
on micelle than monovalent ions (Na+), the latter can rather change the
hydrophobicity of micellar flocculate (Ghezzi et al., 2008) and affects
the extent of complexes formation upon it (Fig. 8a). Thus, it improves
the selective removal of organic pollutants from the mixture of different
organic compounds with a different propensity for the micellar floc. In
accord, Anthony and Talens-Alesson (2007b) proposed halide salt of
monovalent ions in the narrow flocculant concentration range for se
lective removal of two groups of organic compounds (which rely pri
marily on hydrophobic interaction and or complex formation). The

result showed that adequate monovalent salt improved the hydropho
bicity and enabled selective removal of organics with a high propensity
for hydrophobicity from the mixture by limiting the removal efficiency
of those relying on complex formation.
3.4. Recovery and recycling
The predictability of the multi-step separation of surfactant mediated
process in removing attention-grabbing solutes by AMF has also been
verified. For example, the result of predictability investigation on multistage phenol removal by AMF shows that the removal by AMF requires a
lower expenditure of SDS than MEUF techniques (Talens-Alesson et al.,
2006). The same trend of lower expenditure was favorably verified by
comparing MEUF and AMF using surfactants with lower CMC values. In
addition, Talens-Alesson et al. (2010) examined the effect of seven-step
AMF process operating and mixing condition in the removal of phenol,
accordingly appropriate mixing condition of experimental artifacts of

Fig. 8. Schematic view of monovalent anions effect on a polyvalent cation binding onto the micellar surface of an anionic surfactant (a): very low concentrations (i):
anions are placed apart from both the Stern and the close diffuse layers, moderate concentrations (ii): anions may be located between cations, thereby dropping
repulsions among them and easing extra adsorption of cations, further increase of concentrations (iii): condensation of ion may occur, and higher bound positive ion
(iv): concentrations (double triangles) enhance the binding of species capable of forming a complex (Anthony and Talens-Alesson 2007b). (b): Flow sheet diagrams
for the whole treatment process of polymer-surfactant complexation, flocculation, recycling, and recovery.
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AMF reduced the phenol concentration with an efficiency of > 98%,
which is the highest and ever reported by surfactant-mediated separa
tion processes. Similarly, Sun et al. (2008) conducted several AMF
experimental tests on a pilot-plant scale study. The results show that the
removal efficiency of pollutants increased from 69% with the single
operation to 78% by the second operation. In AMF and any other
methods, finding an appropriate application is similarly important as the
modification strategy. There has been an attempt for the treatment of
soil extracts (Sˇvab et al., 2008), and hospital wastewater (Anthony and
Talens-Alesson, 2007b; Saitoh et al., 2014c) by AMF. Moreover, recy
cling the resource may signify the importance of this process. According
to the investigation of Anthony and Talens-Alesson (2007b), the
following sequential procedures would help for material recycling and
recovery.
Steps to be applied in the recycling of conventional AMF.

the micelle-bound pollutant with a cationic flocculant (oxidant), helping
the electron relay from the oxidant into the pollutant bounded to the
micelle (Kundu et al., 2002). Das et al. (2001) investigated comparative
studies to examine oxidation of ethanol and propan-1-ol using Cr(VI)
instead of Al3+ flocculant for CPC and SDS micelle. The result shows that
partitioning of the alkanols to the micelle of SDS was followed by
enhanced oxidation by Cr(VI), but cationic CPC inhibited their oxida
tion. Consistently, the redox reaction involving a phenazinium dye (PS+)
evident that the bound SDS micelle favored the location of the dye close
to the micellar head groups; thereby, the reactivity of pulse radiolyti
cally generated reducing-radicals get increased (Gawandi et al., 2002).
It has also been evidenced that undesired photo-chemical (partial oxi
dization) reactions involved at micellar bound organic ions (aniline)
during the Fe3+-based AMF process (Talens-Alesson, 2003). In another
effort, similar oxidation phenomena without flocculation using
HDTMAB micelle in the presence of suspended TiO2 for degradation of
phenol, 2,4,5-trichlorophenol, and 2,5-dichlorophenol was carried out
(Fabbri et al., 2006). To this end, the phenolics adsorption onto
HDTMAB-modified TiO2 enhanced their rapid decomposition under a
mercury lamp (photoreactor). However, the technique needs careful
optimization of surfactant concentration due to competition of micelle
and solute bound aggregate for substrate partitioning.

(a) floc re-dissolution in hot concentrated NaCl solution or water at
high concentration.
(b) Dilution of concentrate obtained from step (a) in cold brine for
amphiphile and cation re-flocculation, which help to the selective
re-incorporation of one of the pollutants from the concentrate.
(c) filtration of (b) to separate the floc from the supernatant.
(d) separation of the of pollutants in the filtrate, for example, by
using hollow fiber extraction.
(e) repeating (a) for re-dissolution of floc obtained after (c).
(f) repeating (c) to separate selectively adsorbed solutes from
flocculants.
(g) re-flocculation of the concentrate amphiphile/cation by dilution
into the untreated effluent.

3.5.2. Micellar catalysis
Apart from solute solubilization (partition), the micelle of AMF can
be used as preferential partitioning media of the target solute, catalysts,
and oxidants between the aqueous and micellar phases. For example,
aqueous micellar media of CPS and SDS were used to evaluate the ki
netics of D-glucose oxidation by Cr(VI) in the presence and absence of
2,2-bipyridine (Bayen et al., 2005). While CPC had inhibited both the 2,
20-bipyridine catalyzed and uncatalyzed redox reaction, SDS catalyzed
the oxidation through both paths. In similar research, Islam et al. (2005)
studied the oxidation of D-fructose by Cr(VI) using 2,2-bipyridyl (bipy)
and 1,10-phenanthroline as a catalyst in SDS and CPC micelle solution.
According to their findings, using the same catalyst-promoted (1,
10-phenanthroline) ethanol oxidation by hexavalent chromium had
resulted in an accelerated generation of acetaldehyde in anionic sur
factant (SDS) media, but cationic surfactant (CPC) media did not exhibit
enhanced aldehyde generation (Saha et al., 2011). In this pathway, the
complex of 1,10-phenanthroline-Cr(VI) in SDS media oxidizes ethanol
and turns to Cr(III), which can be recycled as described in Section 3.5. A
similar conclusion was drawn for catalyzed nucleophilic attack-based
oxidation of ethane-1,2-diol and propan-2-ol in SDS micellar media
(Ghosh et al., 2012; Ghosh et al., 2012). In another study, Ru(III) and Cr
(VI) were used to oxidize octanal and 2-propanol in acidic media of SDS,
CPC, and TX-100 (Chowdhury et al., 2020, 2019); the results show that
SDS paired with oxidative cations had the best catalytic activities.
Furthermore, an experiment on micelle catalyzed reduction of methy
lene blue was conducted (Talens-Alesson, 2003). However, there still
remains a need to mitigate the drawbacks, such as a need for an influent
pretreatment step for suspension removal and minimize the amount of
flocculant-organic complex contents.

The change in the Krafft point using ion-exchange is the other
strategy used for surfactant recovery in the AMF process. For example,
as an anionic surfactant, the Krafft point of SDS is nearly 13 ◦ C, but it
could be increased to about 35 ◦ C after potassium salt injection in SDS
solution due to ion exchange with potassium, reflecting the Krafft point
of the resulting KDS pair. As a result, KDS will precipitate at lower
temperatures than SDS (Schwarze, 2017).
As described in Section 3.2.3, pH governs the solute incorporation
into surfactant aggregates because it affects both solute dissociation and
the micelle’s surface charge, thereby enhancing electrostatic interaction
between them or leaching out the bound solutes into bulk. Besides,
Section 3.3.4 describes the pollutants’ electrostatic interaction with
PSAs as an essential tool in their removal. As a further result, pH
adjustment by making use of the same excess of hydroxide or hydrogen
ions is used to leach out the bound pollutants into the concentrated
solution because they have been known to compete with and displace
those bound ions. After the recovery of organic ions or inorganic metal
cations from the PSAs flocs, the pH can be adjusted near the neutral
condition to recycle polymers and surfactants because their charge is
proton dependent (Fig. 8b). Besides, the cost-efficiency of AMF was
evaluated by predictability investigation of a multi-stage process, and
such recycling without noticeable deterioration of polyelectrolytes for
the next cycle signifies economic viability and the sustainability of the
process. It is because pollutant-containing concentrated solution can be
taken as an income stream or an auxiliary resource apart from obtaining
treated water. Although this technology appeared to have potential
applications, it is not applied yet for the removal and recovery of target
solutes, particularly in the large process.

3.5.3. Polycationic nanocluster-based AMF
Besides soluble cation-organic complex generation (Talens-alesson
et al., 2004), the cations (Al3+, Fe3+) in-situ hydrolyze to a myriad
aquaoxyhydroxo species (non-flocculate). In contrast, recently, we have
designed a method based on a pre-hydrolyzed polycationic aluminum
nanocluster (Al30) as a flocculant in SDS media (below its CMC) to
remove various phenolic compounds from water (Demissie et al.,
2021a). The nanocluster was chosen primely for the following reasons:
(i) to minimize/control the in-situ hydrolyzed species, (ii) to reduce the
content of soluble cation-organic complex (remediate back contamina
tion) because the Al30-organic complex is insoluble at an appropriate pH
condition (Liu et al., 2021), (iii) for effective flocculation of surfactant
micelle by making use of a high positive charge on the material, and (iv)

3.5. Modification of AMF and micro interfacial phenomena
3.5.1. Co-adsorption with oxidation
It has been examined that the redox properties (oxidative) of iron can
bring the synergistic effect of flocculation and destruction of pollutants
during AMF. This happens if oxidant flocculants with opposite micellar
polarity are used. The micelle could increase the collision probability of
14
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continuous adsorption of SDS without configuration change with the
final dense SDS aggregate was examined in this case (Fig. 9a). (ii) When
SDS above its CMC was used, the flocculation of pollutant bound
micellar aggregate was examined. It was followed by an interesting new

for simultaneous removal of suspended particles present in the effluent.
The method reflected two different phenomena depending on the SDS
concentration. (i) In-situ accommodation of SDS on Al30 aggregate was
examined at SDS concentration much below its CMC. As time goes on,

Fig. 9. EDX elemental mapping showing the configuration of floc obtained by using different concentrations of SDS at 150 s and 600 s after flocculant (Al30) in
jection: SDS below CMC (a) and above CMC (b). Synthesis of multifunctional amphiphile nanocoagulant and its aggregate (AMC) (c), and scheme of AMC (tentacle)
configuration change during the wastewater treatment process (d) (Demissie et al., 2021a; Liu et al., 2019) (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.).
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Fig. 9. (continued).

feature of configuration eversion as the reaction time increase, such that
the micellar core exposed out and the surrounding adsorbed flocculant
became a core as evidenced by TEM elemental mapping and line scan
ning (Fig. 9b). Thereby the resulting material had efficiently removed
suspensions and partitioned phenolics depending on their log KO/W
simultaneously. This study can be taken as a new venue for further study
in the micro interfacial phenomena of AMF. Furthermore, the residual
SDS in the supernatant was found to enhance the biodegradation of the
unbind pollutants in the treatment process by Bacillus subtilis bacterium.
Thus, the use of residual monomer SDS in the effluent as such auxiliary
material to enhance mineralization of the remaining pollutants by
bacterial action, single-step treatment (less footprint), and the simplicity
of the operation will make this application cost-effective, eco-compat
ible, and more widespread. The same method was applied to remove
various dyes from textile mimetic wastewater (Demissie et al., 2021b).
Consistent with the above report, simultaneous removal of dissolved
dyes and suspensions was reported.

while resting and food-preying, respectively (Fig. 9d). Moreover, as the
aqua behavior of this multifunctional nanocoagulant-micelle/aggregate
resembles that of Actinia, it was named as spherical Actinia-like micellar
coagulant (AMC). According to Liu et al., al.(2019), AMC had demon
strated aggregation, flocculation, and configuration eversion behavior
after attaining appropriate aqua conditions as a response to change in
the water environment like Actinia. The aggregate/micellar shell of such
interesting material could hydrolyze into flocs, destabilize and enmeshes
aqua particulate matter and colloidal suspended particles, whereas its
core, composed of the long-chain with quaternary ammonium, expose
out and entraps small dissolved contaminants, like tentacle outward
extension by Actinia (Fig. 9d).
The authors evaluated the pollutant removal performance of AMC
using municipal secondary wastewater effluent compared to Al2(SO4)3
and FeCl3 performance (Liu et al., 2019). The result of this study shows
that the synergistic effort of the AMC shell and its core structure had
demonstrated efficient performance over other inorganic coagulants and
polymeric polyelectrolyte (polyDADMAC) i.e., removal of turbidity (>
90%), significant removal improvement (> 90%) of dissolved organic
carbon (DOC), and NO−3 as well as total phosphorus (TP) all > 90%
(Fig. 10a). However, conventional coagulants were underperformed,
with the removal rate of TP (8–68%), (DOC) (30–54%), turbidity
(87–98%), and negligible NO−3 removal consistent with other studies
(Gao et al., 2021; Haberkamp et al., 2007; Lacasa et al., 2011; Ritigala
et al., 2021). Besides, irrespective of hydrophobicity and other diverse
properties of pollutants, AMC achieved over 90% removal of all tested
emerging (pharmaceutical and micropollutant) contaminants contrary
to the removal by conventional coagulants (Fig 10b). CHO, CHON,
CHOS, and CHONS species were the predominant constituent of such
organic micropollutants in the raw water as detailed in Fig. 10c based on
their heteroatoms (O, N, and S) number. Furthermore, the authors
suggested that adjusting AMC dosage allows meeting water quality
standards; thus, AMC could be expanded as a powerful purification
technology advances in aqua treatment.

3.6. Multifunctional nano amphiphile as AMF
The above sections discuss the aggregation of surfactants and sub
sequent flocculation by flocculant injection. In contrast, this section
introduces state-of-the-art new amphiphilic nanocoagulant with a
metal-conjugate head component on long-chain hydrocarbon (Fig. 9c)
as an AMF material. Liu et al. (2019) synthesized a biomimetic new
amphiphilic nanocoagulant (a hydrocarbon with pre-bound Si-Al com
plexed head) for single-step removal of spectrum wastewater compo
nents. There is a growing body of evidence that precipitation of
multifunctional products during synthesis induced by the new func
tional groups negates the storage and dispersion ability (Wang et al.,
2016; Zeng and Park, 2009). Unfortunately, the new amphiphilic
nanocoagulant had shown stability for one year of storage at pH ≤ 4.0
and aluminum total (AlT) ≤ 1.0 M. However, it had reflected decreased
stability at high pH and increasing Al concentration, owing to the Si and
Al components gelatinization under these conditions. Therefore, by an
acid-base self-assembly method and controlling the Al concentration,
the conjugate of quaternary ammonium-Si-Al amphiphile can undergo
self-aggregation and results in a cationic Si-Al complexed micellar sur
face (shell) and an eversible hydrophobic micellar core.
Besides, the hydrocarbon with ammonium-Si-Al complexes head/
shell mimics some small aqua animals’ structural eversion behavior
during food preying and resting. Actinia is a spherical/cylindrical shaped
aquatic organism with tentacles that take back and extends its tentacle

4. Significance, challenges, and future opportunities of AMF
As shown in previous sections of this review, AMF is a promising
versatile strategy used to rapidly remove various organic pollutants of
human hazard efficiently from water even at a high concentration, as
reported in several studies. It is an energy-intensive process than other
surfactant-mediated water treatment processes. However, the state-ofthe-art AMF working process has often been investigated in bench16
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Fig. 10. Removal efficiency of turbidity, DOC, NO3− and total phosphorus (a) and micropollutant (b) by AMC and conventional coagulants, and relative abundances
of heteroatom class species in the raw and treated water (c) (Liu et al., 2019) (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.).

scale operations and has not been espoused as a standard technique in
industrial and domestic wastewaters treatment. Despite, there are some
attempts at cascading AMF for organic contaminants and selective cat
ions removal from real wastewater with analogous removal efficiency

with commercialized model systems, but as of yet, the approach has no
longer been adopted in large-scale water treatment plants except the
attempt on the continuous pilot-scale operation by Sun et al. (2008).
As the AMF process shows great technological promise, in order to
17
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further develop the industrial application, it is an essential step in
establishing the feasibility of pilot-scale/ scale-up to a full-scale com
mercial process. However, some of the aforementioned drawbacks have
to be addressed and properly overcome in a way described in the pre
vious sections (see Sections 3.3.1 to 3.3.5) before industrial scalability
might be possible. Although biosurfactants with giant micelles/low CMC
and bio flocculants with very good binding properties are needed, there
are still a limited number of such investigations, and the available bio
products are limited. It is apparent that the reuse/recycling of both
flocculant and surfactant for a full-scale process is worthy both in terms
of sustainability and economic viability.
Nevertheless, the required processes for the recycling of surfactants
that have been reported by different studies are still complicated. There
remained a growing trend of efficiently recycling auxiliary/noble or
ganics, surfactants, or ingredients of biomass. Besides, micellar catalysis,
adsorption-oxidation, selective removal of valuable solutes by using li
gands, and residual contaminant biodegradation have been reported to
improve the efficiency. Unfortunately, these studies were carried out
batchwise, but the scaling up of AMF allows for the development of a
continuously operatable unit process, in which the oxidant, catalyst, or
polyelectrolytes used are recycled with the flocculates. However, effi
cient recycling of surfactants, catalysis, flocculants, and oxidant as well
as the recovery of solutes, particularly for the large-scale application,
have not received a great deal of attention. Thus, further progress should
be made to optimizing, testing, and validating the feasibility and eco
nomic viability of material recovery/recycling for pilot-scale or indus
trial recyclability. Attention should also be paid to promoting the
application of bio-flocculant and large micellar biosurfactants.
Furthermore, extensive studies should be conducted on a large-scale
application and recycling of novel multi-functional amphiphilic non
coagulant described in Section 3.6, including toxicological studies
because such a product is very new.

chain, biosurfactants, polymer-surfactant complexation, biodegra
dation, coprecipitation, and additives (marble dust, Magnesium
Chloride).
• With the advantages of being eco-friendly, high security, nontoxicity, operational simple, innocuity, high efficiency, and biode
gradability over flocculant (traditional flocculants, microbial, seed
or leaf extracts, and polymeric nanocluster flocculants) have been
summarized. It was expected over the next few decades that the
mentioned approaches, particularly the novel metal-conjugate
multifunctional amphiphiles, will be adapted in large-scale treat
ment applications to remove a broad spectrum of pollutants from
water streams.
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Allègre, C., Moulin, P., Maisseu, M., Charbit, F., 2006. Treatment and reuse of reactive
dyeing effluents. J. Memb. Sci. 269, 15–34. https://doi.org/10.1016/j.
memsci.2005.06.014.
Almeida, T.D., Talens-alesson, F.I., 2006. Removal of phenylamine and catechol by
adsorptive micellar flocculation. Coll. Surf. A Physicochem. Eng. Asp. 279, 28–33.
https://doi.org/10.1016/j.colsurfa.2005.12.029.
Anis, S.F., Lalia, B.S., Hashaikeh, R., Hilal, N., 2020. Breaking through the selectivitypermeability tradeoff using nano zeolite-Y for micellar enhanced ultrafiltration dye
rejection application. Sep. Purif. Technol. 242, 116824 https://doi.org/10.1016/j.
seppur.2020.116824.
Anthony, S., Talens-Alesson, F.I., 2007a. Effect of an electrolyte on adsorptive micellar
flocculation (I): increased selectivity in the presence of monovalent-monovalent
electrolyte. Coll. Surf. A Physicochem. Eng. Asp. 301, 1–7. https://doi.org/10.1016/
j.colsurfa.2006.12.047.
Anthony, S., Talens-Alesson, F.I., 2007b. Effect of an electrolyte on adsorptive micellar
flocculation ( I ): increased selectivity in the presence of monovalent-monovalent
electrolyte. Coll. Surf. A Physicochem. Eng. Asp. 301, 1–7. https://doi.org/10.1016/
j.colsurfa.2006.12.047.
Aoudia, M., Al-Haddabi, B., Al-Harthi, Z., Al-Rubkhi, A., 2010. Sodium lauryl ether
sulfate micellization and water solubility enhancement towards naphthalene and
pyrene : effect of the degree of ethoxylation. J. Surfactants Deterg. 13, 103–111.
https://doi.org/10.1007/s11743-009-1131-9.
Aydinoglu, S., Biver, T., Secco, F., Venturini, M., 2016. The mechanism of the reaction
between Au(III) and PADA in sodium dodecylsulphate. Coll. Surf. A Physicochem.
Eng. Asp. 498, 81–87. https://doi.org/10.1016/j.colsurfa.2016.03.036.
Aydinoglu, S., Biver, T., Secco, F., Venturini, M., 2014. Effects of micelle nature and
concentration on the acid dissociation constants of the metal extractor PADA. Coll.
Surf. A Physicochem. Eng. Asp. 461, 303–309. https://doi.org/10.1016/j.
colsurfa.2014.08.008.
Bao, Y., Zhang, Y., Guo, J., Ma, J., Lu, Y., 2019. Application of green cationic siliconbased gemini surfactants to improve antifungal properties , fiber dispersion and dye
absorption of sheepskin. J. Clean. Prod. 206, 430–437. https://doi.org/10.1016/j.
jclepro.2018.09.186.
Bautista-toledo, M.I., Rivera-utrilla, J., Méndez-díaz, J.D., Sánchez-polo, M., Carrascomarín, F., 2014. Removal of the surfactant sodium dodecylbenzenesulfonate from
water by processes based on adsorption /bioadsorption and biodegradation. J. Coll.
Interface Sci. 418, 113–119. https://doi.org/10.1016/j.jcis.2013.12.001.
Baviere, M., Bazin, B., Aude, R., 1983. Calcium effect on the solubility of sodium dodecyl
sulfate in sodium chloride solutions. J. Coll. Interface Sci. 92, 580–583. https://doi.
org/10.1016/0021-9797(83)90179-0.

5. Conclusion
As discussed by the multiple examples of surfactants and their ap
plications in this review, flocculation of surfactant micelles which allows
either removal of pollutant solutes from aqueous solutions or their re
covery, with the process known as adsorptive micellar flocculation
(AMF), have been studied extensively in the field of environmental
remediation. When ionic surfactants are saturated at the water/air
interface, a thermodynamically smart nanosized aggregate structure
(micelle) containing surfactant monomers will form in aqueous media.
Such a smart nanosized anionic surfactant micelle with a versatile
environment allows efficient partitioning of hazardous solute gradient
from bulk solution and can be separated together by assisting with
flocculants.
• The selection of appropriate process conditions (salinity, pH, tem
perature), surfactant properties (Nagg, chain length, CMC, biode
gradability), flocculant type (simplex metal ion, polycation, biobased), and flocculation capacity is crucial to a successful applica
tion of AMF. The method has been applied to remove a variety of
solutes (ions, organics, dyes, etc.) in which the desired interaction
between solute and the anionic surfactant established and could
result in enrichment factors > 98%. Such high efficiency is not only
limited to single solutes but can be extended to mixtures of pollutants
in aqueous solutions (ionized/nonionized organics, dyes, multiple
ions).
• Due to diverse micro interfacial phenomena and interaction between
solute, micelle, and flocculant in the process of AMF, other associ
ated phenomena such as micellar catalysis and adsorptive oxidation
can be considered to supplement the removal efficiency.
• As non-flocculated surfactants lose during the AMF process, ways of
reducing the lost monomers or alternative surfactants have been
highlighted, including the use of surfactant possessing unsaturated
18

H. Demissie et al.

Water Research 202 (2021) 117414

Bayen, R., Islam, M., Saha, B., Das, A.K., 2005. Oxidation of D-glucose in the presence of
2 , 2 0 -bipyridine by Cr VI in aqueous micellar media : a kinetic study. Carbohydr.
Res. 340, 2163–2170. https://doi.org/10.1016/j.carres.2005.07.002.
Bayram, T., Bucak, S., Ozturk, D., 2020. Intensification BR13 dye removal using sodium
dodecyl sulfate modified montmorillonite : equilibrium , thermodynamic , kinetic
and reusability studies. Chem. Eng. Process. Process Intensif. 158, 108186 https://
doi.org/10.1016/j.cep.2020.108186.
Beltra, F.J., Garcı, J.F., Pedro, M.A., 2000. Sodium dodecylbenzenesulfonate removal
from water and wastewater . 2 . kinetics of the integrated ozone-activated sludge
system. Ind. Eng. Chem. Res. 39, 2221–2227.
Beltrán-Heredia, J., Sánchez-Martín, J., 2009. Removal of sodium lauryl sulphate by
coagulation/flocculation with moringa oleifera seed extract. J. Hazard. Mater. 164,
713–719. https://doi.org/10.1016/j.jhazmat.2008.08.053.
Beltrán-Heredia, J., Sánchez-Martín, J., Solera-Hernández, C., 2009. Anionic surfactants
removal by natural coagulant/flocculant products. Ind. Eng. Chem. Res. 48,
5085–5092. https://doi.org/10.1021/ie801913y.
Bondi, C.A.M., Marks, J.L., Wroblewski, L.B., Raatikainen, H.S., Lenox, S.R., Gebhardt, K.
E., 2015. Human and Environmental toxicity of sodium lauryl sulfate ( SLS ):
evidence for safe use in household cleaning products. Environ. Health Insights
27–32. https://doi.org/10.4137/EHI.S31765.
Bowker, M.J., Stahl, P.H., 2008. Drug Solubilization with Organic Solvents , or Using
Micellar Solutions or Other Colloidal Dispersed Systems. Wermuth’s The Practice of
Medicinal Chemistry.
Cavalcante, P.R.M., Melo, R.P.F., Castro Dantas, T.N., Dantas Neto, A.A., Barros Neto, E.
L., Moura, M.C.P.A., 2018. Removal of phenol from aqueous medium using micellar
solubilization followed by ionic flocculation. J. Environ. Chem. Eng. 6, 2778–2784.
https://doi.org/10.1016/j.jece.2018.04.025.
Cecon, V.S., Da Silva, P.F., Curtzwiler, G.W., Vorst, K.L., 2021. The challenges in
recycling post-consumer polyolefins for food contact applications: a review. Resour.
Conserv. Recycl. 167, 105422 https://doi.org/10.1016/j.resconrec.2021.105422.
Chat, O.A., Bhat, P.A., Nazir, N., Dar, A.A., 2019. Self-Assembled Systems Based On
Surfactants and Polymers as Stabilizers for Citral in Beverages, Value-Added
Ingredients and Enrichments of Beverages. Elsevier Inc. https://doi.org/10.1016/
b978-0-12-816687-1.00015-1.
Chat, O.A., Najar, M.H., Mir, M.A., Rather, G.M., Dar, A.A., 2011. Journal of colloid and
interface science effects of surfactant micelles on solubilization and DPPH radical
scavenging activity of rutin. J. Coll. Interface Sci. 355, 140–149. https://doi.org/
10.1016/j.jcis.2010.11.044.
Chen, M., Jafvert, C.T., Wu, Y., Cao, X., Hankins, N.P., 2020. Inorganic anion removal
using micellar enhanced ultrafiltration (MEUF), modeling anion distribution and
suggested improvements of MEUF: a review. Chem. Eng. J. 398, 125413 https://doi.
org/10.1016/j.cej.2020.125413.
Chen, M., Wu, Y., Jafvert, C.T., 2017. Synthesis of cross-linked cationic surfactant
nanoparticles for removing anions from water. Environ. Sci. Nano 4, 1534–1543.
https://doi.org/10.1039/c7en00382j.
Chowdhury, Somnath, Halder, G., Mandal, T., Sikder, J., 2019a. Cetylpyridinium
bromide assisted micellar-enhanced ultrafiltration for treating enrofloxacin-laden
water. Sci. Total Environ. 687, 10–23. https://doi.org/10.1016/j.
scitotenv.2019.06.074.
Chowdhury, S., Rakshit, A., Acharjee, A., Ghosh, A., Mahali, K., Saha, B., 2019b. Ru(III)
catalysed oxidation of 2-propanol by Cr(VI) in micellar media. J. Mol. Liq. 290,
111247 https://doi.org/10.1016/j.molliq.2019.111247.
Chowdhury, S., Rakshit, A., Acharjee, A., Mahali, K., Saha, B., 2020. Surface
phenomenon in micellar media: an excellent controlling factor for oxidation of fatty
aldehyde in aqueous medium. J. Mol. Liq. 310, 113224 https://doi.org/10.1016/j.
molliq.2020.113224.
Coll, H., 1970. Study of ionic surfactants by membrane osmometry. J. Phys. Chem. 74,
520–528.
Dar, A.A., Chat, O.A., 2015. Cosolubilization of coumarin30 and warfarin in cationic ,
anionic , and nonionic micelles : a micelle- water interfacial charge dependent FRET.
Phys. Chem. B 119, 11632–11642. https://doi.org/10.1021/jp511978h.
Das, A.K., Roy, A., Saha, B., Mohanty, R.K., Das, M., 2001. Micellar effect on the reaction
of chromium(VI) oxidation of D-fructose in the presence and absence of picolinic acid
in aqueous media: a kinetic study. J. Phys. Org. Chem. 14, 333–342. https://doi.org/
10.1002/poc.374.
De, S., Mondal, S., 2012. Micellar Enhanced Ultrafiltration. Taylor & Francis Group.
https://doi.org/10.1201/b12148.
Demissie, H., An, G., Jiao, R., Ma, G., Liu, L., 2021a. Removal of phenolic contaminants
from water by in situ coated surfactant on keggin-aluminum nanocluster and
biodegradation. Chemosphere 269, 128692. https://doi.org/10.1016/j.
chemosphere.2020.128692.
Demissie, H., An, G., Jiao, R., Ritigala, T., Lu, S., Wang, D., 2021b. Modification of high
content nanocluster-based coagulation for rapid removal of dye from water and the
mechanism. Sep. Purif. Technol. 259, 117845 https://doi.org/10.1016/j.
seppur.2020.117845.
Demissie, H., Duraisamy, R., 2016. Effects of electrolytes on the surface and micellar
characteristics of sodium dodecyl sulphate surfactant solution. J. Sci. Innov. Res.
208–214.
Dharupaneedi, S.P., Nataraj, S.K., Nadagouda, M., Reddy, K.R., Shukla, S.S.,
Aminabhavi, T.M., 2019. Membrane-based separation of potential emerging
pollutants. Sep. Purif. Technol. 210, 850–866. https://doi.org/10.1016/j.
seppur.2018.09.003.
Dunn, R.O., Scamehorn, J.F., Christian, S.D., 1985. Use of micellar-enhanced
ultrafiltration to remove dissolved organics from aqueous Streams. Sep. Sci. Technol.
20, 257–284. https://doi.org/10.1080/01496398508060679.

Engberts, J.B.F.N., Hoekstra, D., 1995. Vesicle-forming synthetic amphiphiles. Biochim.
Biophys. Acta 4157, 8–9.
Fabbri, D., Prevot, A.B., Pramauro, E., 2006. Effect of surfactant microstructures on
photocatalytic degradation of phenol and chlorophenols. Appl. Catal. B Environ. 62,
21–27. https://doi.org/10.1016/j.apcatb.2005.06.011.
Flaten, T.P., 2001. Aluminium as a risk factor in alzheimer’s disease, with emphasis on
drinking water. Brain Res. Bull. 55, 187–196. https://doi.org/10.1016/S0361-9230
(01)00459-2.
Gao, Q., Demissie, H., Lu, S., Xu, Z., Ritigala, T., 2021. Impact of preformed composite
coagulants on alleviating colloids and organics-based ultrafiltration membrane
fouling : role of polymer composition and permeate quality. J. Environ. Chem. Eng.
9, 105264 https://doi.org/10.1016/j.jece.2021.105264.
Gawandi, V.B., Guha, S.N., Mohan, H., Mittal, J.P., 2002. Kinetic and redox
characteristics of semireduced species derived from phenosafranine in homogeneous
aqueous and sodium dodecyl sulfate micellar media. Int. J. Chem. Kinet. 34, 56–66.
https://doi.org/10.1002/kin.10024.
Ghezzi, L., Monteleone, G., Robinson, B., Secco, F., Tiné, M.R., Venturini, M., 2008.
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