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Abstract

Surfactants are widely used chemicals whose continuous release into aquatic environments
may pose environmental risks. Adsorption represents a promising approach for their
removal owing to its operational simplicity, process flexibility, and the possibility of using a
wide range of conventional and low-cost adsorbents. This review summarises and critically
evaluates current knowledge on the adsorption of anionic, cationic, and non-ionic surfactants
from aqueous solutions, with particular emphasis on the adsorbent materials employed,
factors affecting the adsorption process, and adsorption mechanisms. Conventional carbon-
based and mineral adsorbents, biopolymers, biochars, natural and waste-derived materials,
as well as advanced and surface-modified adsorbents, are discussed. Analysis of the
published literature indicates that adsorption performance is governed by the interplay
between the molecular structure and ionic character of the surfactant, the surface properties
and porous structure of the adsorbent, and experimental conditions, particularly pH, initial
surfactant concentration, contact time and adsorbent dose. Surfactant adsorption generally
involves a combination of electrostatic, hydrophobic, and dispersion interactions, hydrogen
bonding, ion exchange, and interactions between adsorbed molecules, with the relative
contribution of individual mechanisms varying with surfactant concentration and surface
coverage. A major challenge remains the limited comparability of published data due
to differences in experimental conditions and the metrics used to evaluate adsorption
performance. Future research should therefore focus on more standardised evaluation of
adsorption systems, adsorbent regeneration and reuse, and, particularly, validation under
practically relevant conditions using complex real wastewater matrices.

Keywords: surfactants; adsorption; adsorption mechanisms

1. Introduction

Surfactants are amphiphilic organic compounds capable of reducing surface or interfa-
cial tension between two phases. Their molecules consist of a hydrophilic and a hydrophobic
moiety, which enables them to interact with both polar and non-polar components of the
environment [1,2]. Based on the charge of the hydrophilic group, surfactants are commonly
classified as anionic, cationic, non-ionic, and zwitterionic [3]. Owing to their physicochemi-
cal properties, surfactants are widely used in detergents and cosmetics [4-8], pharmaceutical
formulations [9-11], agriculture, and a wide range of industrial applications [12-14].

The widespread use of surfactants results in their continuous release into the environ-
ment, where they may occur in aquatic ecosystems, sediments, and soils [15,16]. Although
many commercially used surfactants are biodegradable, continuous inputs may result in
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locally elevated concentrations and potential ecological risks. Their toxicity depends on
their chemical structure and concentration, as well as on the exposed organism and envi-
ronmental conditions [17,18]. Adverse effects have been reported in aquatic organisms and
microbial communities, with potential consequences for ecological processes. Surfactants
may disrupt cell membranes, affect cellular metabolism, and alter the composition of mi-
crobial communities [19]. In addition to their direct effects, surfactants may influence the
environmental mobility and distribution of other organic contaminants through solubili-
sation and interactions with environmental matrices [15]. Exposure to certain surfactants
may also be associated with adverse effects on human health through dermal contact or,
depending on their environmental occurrence, ingestion of contaminated food or drinking
water. Of particular relevance are their effects on the skin barrier. Interactions of surfactants
with proteins and lipids in the stratum corneum may disrupt its structural organisation and
facilitate surfactant penetration into deeper skin layers, potentially resulting in irritation
and inflammatory responses [20,21]. Disruption of the lipid matrix has also been associated
with increased transepidermal water loss, reduced skin hydration, and decreased elastic-
ity [22]. Other adverse effects reported for certain surfactants include eye and respiratory
tract irritation, further illustrating the diverse nature of their potential health effects [18,23].
For these reasons, the development of effective methods for their removal from aquatic
systems is the subject of intensive research.

Various physical, chemical, and physicochemical processes have been investigated for
surfactant removal, including electrocoagulation [24-26], membrane separation [27-29],
ozonation [30,31], Fenton’s process [32,33], and other advanced oxidation processes [34,35].
Although these technologies can achieve high removal efficiencies, their practical application
may be limited by high energy consumption, the need for chemical reagents, membrane
fouling, sludge formation, or the generation of oxidative intermediates [36-40]. From the
perspective of sustainable water treatment, increasing attention is therefore being paid
to technologies that combine high efficiency with simpler operation and lower operating
costs. In this context, adsorption represents an attractive alternative owing to its operational
simplicity, flexibility, broad range of applicable adsorbents, and potential for the utilisation
of low-cost and waste-derived materials. Another important advantage is the possibility of
tailoring adsorbent surface properties through physical or chemical modification, thereby
enhancing their affinity for particular groups of surfactants.

However, surfactant adsorption is a complex process governed by the interplay be-
tween the properties of the adsorbate, the adsorbent, and the aqueous medium. The ionic
character and concentration of the surfactant, its tendency to aggregate, the surface charge
and chemical composition of the adsorbent, as well as pH, temperature, contact time, and
the presence of other components in solution, all play important roles [41]. Compared
with the adsorption of simple ions or small organic molecules, surfactant adsorption is
distinctive because the hydrophilic and hydrophobic moieties may contribute differently to
interactions with the adsorbent surface. Consequently, electrostatic, hydrophobic, and dis-
persion interactions, hydrogen bonding, ion exchange, and interactions between adsorbed
surfactant molecules may contribute simultaneously to the overall adsorption process [42].
Furthermore, as surfactant concentration and surface coverage increase, the relative impor-
tance of individual interactions may change, potentially leading to the formation of surface
aggregates, including hemimicellar and admicellar structures [43]. For this reason, surfac-
tant adsorption behaviour cannot be interpreted on the basis of a single parameter alone;
rather, the combined effects of several physicochemical factors must be considered. The im-
portance of a comprehensive assessment of surfactant surface activity was also emphasized
by Kharazi, Saien and Miller, who discussed the critical micelle concentration, reduction in
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surface tension, and surface excess as complementary characteristics of adsorption behavior
at liquid interfaces [44].

However, the extent of available experimental evidence varies considerably among
different surfactant classes. Although zwitterionic surfactants constitute one of the major
classes of surface-active agents, their removal from aqueous solutions by adsorption in the
context of water treatment remains relatively underexplored in the available scientific liter-
ature. Several experimental studies have focused on their adsorption behavior on mineral
surfaces in the context of enhanced oil recovery [45-47]. In these systems, adsorption rep-
resents an undesirable loss of surfactant, and research therefore primarily aims to minimize
its adsorption onto rock surfaces. In water treatment applications, zwitterionic surfactants
have also been employed as modifiers of adsorbent materials to alter their surface properties
and enhance their performance in removing other contaminants, such as dyes, metal ions,
and organic pollutants [48-52]. In these applications, zwitterionic surfactants are not the
target contaminants to be removed but are instead used in the preparation or functional
modification of adsorbents.

Given the differences in application objectives and experimental conditions, the find-
ings of these studies cannot be directly compared with data on the adsorptive removal of
surfactants from aqueous environments, which is the primary focus of the present review.
Consequently, the limited availability of directly relevant experimental data prevents zwit-
terionic surfactants from being included in the comparative analyses to the same extent as
anionic, cationic, and nonionic surfactants.

Several previous reviews have addressed different aspects of surfactant adsorption,
including adsorption and aggregation at solid surfaces [41,42], surfactant removal from
wastewater [53], and adsorption isotherm modeling [43]. The present review builds upon
these studies by incorporating more recent research on the adsorption of selected anionic,
cationic, and nonionic surfactants. Its aim is to compare the adsorption performance
of different classes of adsorbents, with particular emphasis on the effects of pH, initial
surfactant concentration, adsorbent dosage, contact time, and temperature, as well as to
discuss the underlying adsorption mechanisms. Particular attention is paid to the limitations
associated with comparing adsorption capacities and removal efficiencies determined under
different experimental conditions. The review also addresses adsorbent regeneration and
reusability and identifies key challenges and future research directions for the practical
application of adsorption in wastewater treatment.

Relevant literature was systematically sought over a four-year period using the Web of
Science and Scopus databases, with search terms related to selected surfactants and their
adsorption from aqueous solutions onto solid adsorbents. Studies were selected based on
their relevance to the scope of the review, and their findings were critically evaluated from
a physicochemical perspective.

2. Adsorbents Used for the Removal of Surfactants

Adsorbents investigated for surfactant removal differ considerably in their origin,
chemical composition, surface properties, and porous structure. The main groups in-
clude carbon-based materials, natural and waste-derived adsorbents, biopolymers, mineral
materials, and various chemically or physically modified adsorbents. The selection of a
suitable adsorbent depends not only on its adsorption capacity but also on its availability,
cost, regeneration potential, and compatibility with the properties of the target surfactant.
Particular attention has therefore been directed towards renewable and waste-derived ad-
sorbents, which combine potential economic advantages with the valorisation of otherwise
underutilised materials (Table 1).
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Natural, agricultural, and industrial waste materials have therefore been extensively in-
vestigated as alternative adsorbents for surfactant removal. Their adsorption performance is
strongly influenced by the chemical composition of the raw material, the nature of its surface
functional groups, and the accessibility of adsorption sites. Ersa et al. [54] investigated rice
straw and waste eggshells for the removal of the anionic surfactant LAS, with both materials
achieving removal efficiencies of approximately 80% under acidic conditions. Tejada-Tovar
et al. [55] investigated different maize residues and observed variations in adsorption per-
formance among leaves, stalks, and other biomass fractions, illustrating the influence of the
composition and structure of the source material. The potential of plant-based biosorbents
was also demonstrated by Kulkarni, Jaspal and Itankar, who investigated the adsorption
of SDBS onto Moringa oleifera and Medicago sativa biomass. The maximum adsorption ca-
pacities estimated using the Langmuir model were 28.73 mg g~! for Moringa oleifera and
19.64 mg g~! for Medicago sativa. However, the findings obtained using laboratory-prepared
SDBS solutions require further validation under real wastewater conditions [56].

The adsorption performance of natural and waste-derived materials may be further
enhanced through physical, chemical, or thermochemical modification. The influence of
the activation method was demonstrated by Bhandari and Gogate [57] for the adsorption of
SDBS onto coconut-shell-derived adsorbents. Thermochemical activation with phosphoric
acid resulted in higher adsorption performance than chemical activation alone, demonstrat-
ing the substantial influence of the preparation method on the properties of the resulting
adsorbent. The potential of waste raw materials is not limited to plant-based materials.
Shami et al. [58] investigated dolachar, a by-product of the metallurgical industry, for SDS
removal and reported approximately 98% removal under the investigated optimum condi-
tions. Collectively, these studies demonstrate that waste-derived adsorbents can achieve
substantial surfactant removal; however, their performance is highly dependent on the
origin and composition of the raw material, the preparation or activation procedure, and
the experimental conditions employed.

Biochars, produced by the thermochemical conversion of biomass under oxygen-
limited conditions, represent an important group of carbon-based adsorbents. Their ad-
sorption performance is strongly influenced by the feedstock, pyrolysis conditions, pore
structure, and surface chemistry. Bautista Quispe et al. [59] compared SDS adsorption on
biochars produced from rice husks and wheat straw at 550 and 700 °C, as well as on a com-
mercial wood-based biochar. The differences in adsorption capacity among the investigated
materials demonstrated the influence of both feedstock and pyrolysis temperature, with
wheat-straw biochar produced at 550 °C exhibiting the highest adsorption capacity among
the biochars studied. Nevertheless, the reference activated carbon exhibited a higher ad-
sorption capacity than the investigated biochars. These findings demonstrate the potential
of residual biomass as a feedstock for the preparation of adsorbents for anionic surfactant
removal, while also showing that their adsorption performance remains dependent on the
preparation conditions [59]. Tiwari, Diwan and Sar investigated the removal of SDS using
lemon peel-derived biochar and its calcium alginate composite. Under optimized conditions,
the authors reported maximum adsorption capacities of 6.29 mg g~! for the pristine biochar
and 42.77 mg g~! for the composite. These findings suggest that incorporating biochar into
a calcium alginate matrix can enhance its adsorption capacity [60].

Another approach to modifying the adsorption properties of biochars is surface func-
tionalization. De Benedicto et al. [61] investigated coffee-husk biochar functionalised with
p-cyclodextrin for the adsorption of the anionic surfactant SDBS and the cationic surfactant
cetylpyridinium chloride (CPC). Functionalisation particularly affected CPC adsorption,
illustrating how modification of surface chemistry can alter the affinity of biochar towards
surfactants with different ionic characteristics.
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Among biopolymer-based adsorbents, chitosan has attracted particular attention for
the removal of anionic surfactants. Its adsorption behaviour is closely related to the pres-
ence of amino and hydroxyl functional groups. Under acidic conditions, protonation of
amino groups generates positively charged sites that can interact electrostatically with the
negatively charged head groups of anionic surfactants. Parhizgar et al. [62] reported a
maximum SDBS adsorption capacity of 6.38 mg g~! on chitosan and a removal efficiency
of approximately 97% under optimised conditions. Chemical modification of chitosan can
substantially alter its adsorption performance by increasing the number or accessibility of
functional groups involved in surfactant binding. Zhang et al. [63] reported high maximum
adsorption capacities for SDBS, SDS, and SLS estimated using the Langmuir isotherm
model, on amino-crosslinked chitosan microspheres prepared via the inverse suspension
method, highlighting the potential importance of additional amino functional groups in
the adsorption of anionic surfactants. Collectively, these studies highlight the importance
of the nature, density, and accessibility of functional groups in controlling the interactions
between chitosan-based adsorbents and ionic surfactants.

Mineral adsorbents provide another class of materials for surfactant removal, with
their performance strongly influenced by surface charge and surface chemistry. Kyzas
et al. [64] investigated nanocrystalline akaganeite (p-FeOOH) for the adsorption of the
anionic surfactant SDS, the cationic surfactant CTAB, and the non-ionic surfactant Tween 80.
Akaganeite exhibited high adsorption capacities for all three surfactants, with maximum
Langmuir adsorption capacities at 25 °C reaching 823.96 mg g~ for SDS, 1007 mg g~ for
CTAB, and 699.03 mg g~! for Tween 80. The differences observed among SDS, CTAB, and
Tween 80 highlight the importance of considering both surfactant ionic character and adsor-
bent surface charge when evaluating the performance of inorganic adsorbents. Liu et al.
also investigated the influence of mineral surface properties on surfactant adsorption by
comparing the adsorption of nonionic Triton X-100 and anionic SDBS onto montmorillonite,
calcium carbonate, and silica. The adsorption capacity decreased in the order montmoril-
lonite > calcium carbonate > silica. The combination of experimental measurements and
simulations also indicated the formation of bilayer adsorption structures and highlighted
the importance of surfactant molecular arrangement at the adsorbent surface [65].

Among the traditional and most frequently studied adsorbents are activated carbons,
which offer the advantages of high specific surface area, well-developed porosity, and
diverse surface chemistry. However, in surfactant adsorption, not only the total specific
surface area but also the pore size distribution and surface charge of the adsorbent are
important. Krivova et al. [66], studying the adsorption of a homologous series of cationic
alkyltrimethylammonium surfactants C, TABr (C;,—C,4), demonstrated the importance
of the microporous structure of activated carbon, with high adsorption associated with
pore sizes of 0.56-0.77 nm. At lower concentrations, adsorption occurred predominantly in
micropores, whereas at higher concentrations, mesopores and macropores also contributed
to the adsorption process. The adsorption of cationic surfactants may also be favoured by
electrostatic attraction to negatively charged sites on the carbon surface. When comparing
surfactants within a homologous series, the length of the hydrocarbon chain must also be
considered. In this context, Paria and Khilar discussed Traube’s rule, noting that increasing
the chain length enhances surfactant hydrophobicity and may shift adsorption isotherms
toward lower concentrations. At the solid-water interface, both hydrophobic interactions
between the surfactant and the surface and intermolecular interactions among adsorbed
surfactant molecules may contribute to adsorption. Therefore, differences in the adsorption
behavior of homologous surfactants cannot be attributed solely to adsorbent properties; the
molecular structure of the adsorbate must also be taken into account [42].
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The porous structure also plays a significant role in the adsorption of anionic surfac-
tants onto activated carbon. For anionic surfactants, however, electrostatic interactions with
negatively charged surface sites may be unfavourable, increasing the relative importance
of hydrophobic and dispersion interactions between the surfactant hydrocarbon chains
and the carbon surface. Bindes et al. [67] highlighted the importance of both pore size and
adsorbent particle size in SDS adsorption. Smaller activated carbon particles may improve
the accessibility of adsorption sites and reduce mass-transfer limitations associated with
surfactant transport to the adsorbent surface. The adsorption performance of carbona-
ceous materials cannot therefore be assessed solely on the basis of their specific surface
area; pore structure, surface chemistry, and the properties of the target surfactant must
also be considered.

Anthracite is another carbonaceous adsorbent investigated for surfactant removal. Saqr
et al. used anthracite to remove residual SDS following biological treatment and reported
a maximum adsorption capacity of 158.7 mg g~! for the adsorption stage. This value
represents the adsorption capacity of the polishing step rather than the overall removal
efficiency of the combined biological-adsorption process [68].

In addition to conventional carbon-based materials, nanocarbon adsorbents, particu-
larly graphene oxide (GO) and its derivatives, have been investigated for surfactant removal.
Their adsorption properties are associated with their accessible surface and the presence
of oxygen-containing functional groups, which can facilitate both electrostatic and non-
electrostatic interactions with surfactant molecules. Rezazadeh et al. [69] compared the
adsorption of CTAB on graphene oxide, reduced graphene oxide (rGO), graphene oxide
functionalised with humic acid (GO-HA), and functionalised rGO. The maximum adsorp-
tion capacities estimated using the Langmuir isotherm model varied considerably among
the investigated materials, reaching 2000 mg g~! for GO and 3333 mg g~! for GO-HA,
whereas substantially lower values were reported for rGO and functionalised rGO. The
authors pointed out that specific surface area alone was not the decisive factor in adsorption.
Based on zeta potential measurements, surface functional group characterization, and ad-
sorption results, the authors attributed the adsorption of surfactants onto GO and GO-HA
primarily to electrostatic interactions. In contrast, hydrophobic and cation-7t interactions
were proposed to play a more significant role in adsorption onto rGO and rGO-Th.

Another example of the application of functionalized graphene-based materials was
reported by Peyravian et al., who investigated the adsorption of SDBS onto chitosan-
functionalized magnetic graphene oxide. The maximum experimentally determined ad-
sorption capacity reached approximately 65 mg g~!, and the equilibrium data were best
described by the Langmuir model. The authors attributed adsorption to a combination of
electrostatic interactions and surface complexation, providing further insight into the role
of surface functional groups in the binding of anionic surfactants [70].

A comparison of the reviewed studies does not allow a single universally optimal
class of adsorbents to be identified. For carbonaceous materials, modified biopolymers,
and mineral adsorbents, adsorption performance depends on the interplay between sur-
face chemistry, pore structure, and surfactant properties. Recent studies on biochars and
modified paper fibers further highlight the importance of material origin and targeted sur-
face modification [59,61,71]. However, maximum adsorption capacities cannot be directly
used to rank adsorbent performance, as they were determined for different surfactants
under varying experimental conditions. Therefore, the effects of pH, initial surfactant
concentration, adsorbent dosage, and contact time are discussed in greater detail in the
following section.
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Table 1. Representative adsorbents investigated for the removal of surfactants from aqueous solutions.

Adsorbent Reported Adsorption Maximum Reported
Category Adsorbent Surfactant Capacity (mg g~1) Removal Efficiency (%) Reference
rice straw LAS 0.512 80% [54]
eggshells LAS 0.24° 80% [54]
thermochemically activated SDBS 28572 92.84% [57]
coconut shell
Natural/waste-derived above-ground corn biomass LAS ~2b 40% [55]
adsorbents
sheep wool SDS - 51.7% [72]
sheep wool CTAB - 98.4% [72]
Moringa oleifera biomass SDBS 28.732 - [56]
Medicago sativa biomass SDBS 19.64 2 - [56]
Industrial
waste-derived dolochar SDS 5782 98% [58]
adsorbents
chitosan SDBS 6.38 2 97.3% [62]
Biopol -]
aélc;?)i‘)b}g;zr based amino-crosslinked chitosan SDBS 12302 - [63]
amino-crosslinked chitosan SDS 8842 - [63]
activated carbon SDS 117.22 81% [73]
NH,Cl-activated carbon SDS 178.6 2 99% [73]
activated carbon SDS 80.652 97% [59]
fibrous activated carbon CTAB 244182 - [66]
wood-based activated carbon CTAB 240.54 2 - [66]
mineral-based activated carbon CTAB 328.01% - [66]
Carbon-based GO CTAB 2000 2 - [69]
adsorbents
GO-HA CTAB 33332 - [69]
anthracite ! SDS 158.7 2 - [68]
lemon peel-derived biochar SDS 6.29b - [60]
lemon peel blocl}ar é calcium sDs 42775 ) [60]
alginate composite
chitosar}-functlonahzef:l , SDBS 652 ~ [70]
magnetic graphene oxide
nanocrystalline akaganeite SDS 823.96 2 - [64]
ﬁxﬁiﬁg Organic nanocrystalline akaganeite CTAB 1007 2 - [64]
nanocrystalline akaganeite tween80 699.03 2 - [64]

Note: The reported adsorption capacities were obtained under different experimental conditions.
Model-derived maximum capacities and experimentally observed values are not directly equiv-
alent and should therefore be compared with caution. * Maximum adsorption capacity esti-
mated using the Langmuir isotherm model. ® Highest experimentally observed adsorption ca-
pacity within the investigated concentration range. ! Adsorption stage following biological treat-
ment. 2 Composite adsorbent containing carbonaceous and polymeric components. Abbrevia-
tions: GO—graphene oxide; GO-HA—humic acid-functionalized graphene oxide; LAS—linear
alkylbenzene sulfonate; SDBS—sodium dodecylbenzenesulfonate; SDS—sodium dodecyl sulfate;
CTAB—cetyltrimethylammonium bromide; Tween 80—polysorbate 80.

3. Factors Affecting Surfactant Adsorption
3.1. Effect of pH on Surfactant Adsorption

Solution pH is a key parameter influencing the adsorption of ionic surfactants, primarily
through changes in adsorbent surface charge and the ionisation state of surface functional
groups [42]. In systems where electrostatic interactions are important, adsorption of anionic
surfactants is generally expected to be favoured at lower pH values, where the adsorbent
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surface may become more positively charged. Conversely, higher pH values may promote
the formation of negatively charged surface sites and thereby favour the adsorption of
cationic surfactants [74]. Animportant parameter in this context is the relationship between
solution pH and the point of zero charge of the adsorbent (pH,zc), which provides an
indication of the net surface charge under given pH conditions [74]. However, experimental
studies show that this general trend is not universal and that the effect of pH depends
on the nature of the surfactant, the surface chemistry of the adsorbent, and the relative
contribution of different adsorption mechanisms.

In some systems, the effect of pH on the extent of adsorption may be relatively limited.
Bhandari et al. [75] reported complete SDS removal throughout the investigated pH range
of 2-8. Although enhanced adsorption might be expected below the adsorbent pH,zc
of 3.4, where the surface is positively charged, no measurable effect of pH on removal
efficiency was observed. This behaviour indicates that electrostatic interactions alone
cannot account for SDS adsorption in this system and suggests a contribution from non-
electrostatic interactions. Similarly, Bautista Quispe et al. [59] investigated the effect of
pH on SDS adsorption at pH values of 3, 5, 7, and 9. No clear decrease in adsorption
was observed at pH values above the pHyzc of the investigated adsorbents. For rice-husk-
derived biochars, SDS adsorption remained nearly constant across the investigated pH
range, further indicating that electrostatic interactions were not the sole factor controlling
adsorption under these conditions.

In contrast, a more pronounced pH dependence has been observed in systems in which
electrostatic interactions make a substantial contribution to surfactant adsorption [69,76,77].
Zou et al. [77] investigated SDS adsorption onto cellulose modified with quaternary am-
monium groups and reported the highest removal at approximately neutral pH, whereas
adsorption decreased under both more acidic and more alkaline conditions. The authors
attributed this behaviour to competitive interactions involving H* and OH~ ions, SDS, and
the quaternary ammonium sites of the adsorbent, which reduced favourable adsorbent-
surfactant interactions away from neutral pH.

A pronounced pH dependence was also reported for CTAB adsorption onto graphene-
based adsorbents, with adsorption generally increasing as the solution pH increased [69].
The lower adsorption under acidic conditions was associated with a less negative surface
charge, resulting in weaker electrostatic attraction towards the cationic surfactant. The
optimum pH nevertheless depended on the surface characteristics of the adsorbent: more
hydrophilic GO and humic-acid-modified GO exhibited maximum adsorption near neutral
pH, whereas adsorption onto reduced graphene oxide and its modified form continued to
increase under alkaline conditions. A similar trend was reported by Baghdadi et al. [76]
for CTAB adsorption onto modified cellulose, where adsorption increased continuously
over the pH range 2-11 and reached a maximum capacity of 1000 mg g~! at pH 11. This
behaviour was attributed to the increasing number of negatively charged surface sites above
the adsorbent pH, zc of approximately 7, which favoured electrostatic attraction of the
cationic surfactant.

Recent studies confirm that the optimal pH depends on the specific adsorption system.
Kulkarni, Jaspal and Itankar investigated SDBS adsorption over a pH range of 5-9 and
observed maximum adsorption at pH 8 for Moringa oleifera biomass and pH 6 for Medicago
sativa biomass [56]. Tiwari, Diwan and Sar examined SDS adsorption over a pH range
of 2-10, identifying optimal pH values of 6 for lemon peel-derived biochar, 8 for calcium
alginate, and 7 for their composite [60]. These differences demonstrate that even for the
same anionic surfactant, a single optimal pH cannot be assumed across different adsorbents.

The effect of pH on surfactant adsorption cannot, therefore, be interpreted solely on
the basis of adsorbent surface charge. The observed adsorption behaviour reflects the
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combined influence of electrostatic and non-electrostatic interactions, surface chemistry,
and solution composition. Although the adsorption of anionic surfactants is often favoured
at lower pH and that of cationic surfactants at higher pH, deviations from these general
trends may occur (Table 2), reflecting the complex interplay of mechanisms involved in
surfactant adsorption.

Table 2. Effect of solution pH on the adsorption of selected ionic and non-ionic surfactants.

pH at Maximum

Surfactant Type Surfactant Adsorbent pH Range Adsorption Reference
SDS Nanocrystalline akaganeite 5-11 5 [64]
SDS Dolochar 2-12 24 [58]
SDS Chitosan 1-9 3 [63]
SDS Activated carbon 2-12 2-12 [73]
SDS Activated carbon 3-9 3-9 [59]
SDS Cellulose 3-11 7 [77]
SDS Lemon peel-derived biochar 2-10 6 [60]
Anionic SDS Calcium alginate 2-10 8 [60]
sDs Lemon pec blocharclctum 210 7 [60]
SDS Anthracite ! 3-10 7 [68]
LAS Rice straw and eggshell waste 3-12 3 [54]
SDBS Coconut shell 2-12 2 [57]
SDBS Moringa oleifera biomass 5-9 8 [65]
SDBS Medicago sativa biomass 5-9 6 [65]
CTAB Nanocrystalline akaganeite 5-11 11 [64]
Cationic CTAB Modified cellulose 2-11 11 [76]
CTAB Graphene oxide 3-10 7 [69]
Nonionic Tween 80 Nanocrystalline akaganeite 5-11 5-11 [64]

Abbreviations: LAS—linear alkylbenzene sulfonate; SDBS-sodium dodecylbenzenesulfonate;
SDS—sodium dodecyl sulfate; CTAB—cetyltrimethylammonium bromide; Tween 80—polysorbate
80. Note: ! Anthracite was used for the adsorption of residual SDS after biological treatment.

3.2. Effects of lonic Strength, Competing lons, and Water Matrix Composition

Ionic strength, the presence of competing ions, and water matrix composition are
important factors influencing the adsorption of surfactants. Dissolved electrolytes can
modify electrostatic interactions between surfactants and adsorbent surfaces, affect the
structure of the electrical double layer, or contribute to ion bridging. Coexisting ions may
also compete with surfactants for available adsorption sites. The overall effect therefore
depends on the concentration and chemical nature of the ions present, the properties of the
adsorbent, and the charge characteristics of the surfactant.

The adverse effects of coexisting ions were observed during the adsorption of the
anionic surfactant SDBS onto polyethyleneimine (PEI)-modified lignin-based adsorbents.
The presence of Na*, Ca?*, and Mg?* cations, as well as Cl~ and SO,?~ anions, reduced
the amount adsorbed, with the inhibitory effect becoming more pronounced at higher ion
concentrations. Divalent cations exhibited a stronger negative effect than Na*, which may
be associated with differences in solution ionic strength and ion-specific interactions. The
authors attributed the inhibitory effect of anions to their competition with SDBS for positively
charged adsorption sites, with SO,2~ causing a greater reduction in adsorption than Cl~ ata
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concentration of 50 mmol L' [78]. In contrast, Zahoor et al. observed no substantial effect
of NaCl concentrations ranging from 0.025 to 0.20 mol L~! on the removal efficiency of the
cationic surfactant CDEAB using magnetic activated carbon derived from almond shells.
These findings illustrate the different sensitivities of the investigated adsorption systems to
electrolytes, although differences in adsorbent properties, surfactant characteristics, and
experimental conditions must be considered when comparing the results [79].

The dependence of electrolyte effects on surfactant concentration was also demon-
strated by Ghaleh Golab, who investigated the adsorption of zwitterionic and polymeric
surfactants onto sandstone. The presence of NaCl generally reduced the amount adsorbed
compared with the salt-free system, although increasing its concentration within saline
systems resulted in a slight increase in adsorption. In the presence of MgCl, and CaCl,, en-
hanced adsorption was observed in some cases at lower surfactant concentrations, whereas
at higher concentrations, the amounts adsorbed were often lower than those obtained
without added salt. At the investigated salt mass concentrations, adsorption was generally
highest in the presence of CaCl,, followed by MgCl, and NaCl, although the differences
between the systems depended on surfactant concentration. Since equal mass concentra-
tions of different salts do not correspond to equal ionic strengths, the observed differences
cannot be attributed solely to the chemical nature of the individual ions [47].

In addition to electrolytes, nonionic dissolved substances can also influence surfactant
adsorption. Singh, Dixit and Mohan investigated the adsorption of SDBS and CTAB onto
ultrasound-treated sugarcane bagasse in the presence of urea. At a urea concentration of
0.1 mol L1, the adsorption capacity decreased from 25.6 to 21.4 mg g~! for SDBS and from
36.2 to 30.4 mg g~! for CTAB. The authors associated this decrease with the disruption
of hydrogen bonding, although urea may also affect hydration and other interactions in
solution [80]. The importance of evaluating adsorption performance in complex water
matrices was demonstrated by Dai et al., who achieved SDBS removal efficiencies exceeding
90% when treating both synthetic and real greywater. Despite the inhibitory effects of
individual coexisting ions observed in model solutions, these findings cannot be directly
compared without accounting for differences in the composition and concentrations of
dissolved constituents. They nevertheless highlight the importance of evaluating adsorption
performance in real water matrices, as results obtained under model conditions may not
adequately reflect adsorbent behavior in complex aqueous systems [78].

3.3. Effect of Initial Surfactant Concentration

Initial surfactant concentration is an important parameter influencing adsorption, as it
affects the concentration gradient between the bulk solution and the adsorbent surface and,
consequently, the driving force for mass transfer [59]. In general, increasing the initial surfac-
tant concentration tends to increase the adsorption capacity until saturation is approached,
whereas the percentage removal may decrease as the number of available adsorption sites
becomes increasingly limited relative to the amount of surfactant present [59,75,81,82].
Selected examples of the effect of initial concentration on the adsorption of various types of
surfactants are summarised in Table 3.

This concentration-dependent behaviour has also been reported for SDS adsorption. Pal
etal. [82] observed an increase in adsorption capacity from approximately 20 to 70 mg g~ as
the initial SDS concentration increased from 10 to 60 mg L~!, while the removal efficiency de-
creased from 100% to 50%. The increase in adsorption capacity was attributed to the greater
concentration gradient and resulting mass-transfer driving force, whereas the decrease
in percentage removal reflected the progressively limited availability of adsorption sites
relative to the increasing amount of surfactant in solution. Similar concentration-dependent
trends have been reported in other SDS adsorption systems [59,75,81].
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However, for surfactants, their tendency to self-aggregate must also be considered.
Consequently, the concentration dependence of adsorption may not remain monotonic over
the entire concentration range and may change as the critical micelle concentration (CMC)
is approached. Sanchez-Martin et al. [83] observed increasing SDS adsorption onto clay
minerals until the equilibrium concentration approached the CMC, beyond which adsorp-
tion reached a plateau. Such behaviour may reflect the progressive saturation of available
adsorption sites together with concentration-dependent surfactant-surfactant interactions
and the formation of surface aggregates. Initial surfactant concentration therefore affects
not only the mass-transfer driving force and occupancy of adsorption sites but, particularly
at higher concentrations, also surfactant-surfactant interactions and aggregation at the
adsorbent—solution interface.

Table 3. Effect of initial surfactant concentration on adsorption.

Initial Concentration Range Initial Concentration at

Surfactant Type Surfactant Adsorbent 1 Maximum Adsorption Reference
(mg L ) L!
(mgL™)
LAS rice straw 10-50 35 [54]
LAS eggshells 10-50 20 [54]
LAS above-ground corn biomass 10-80 80 [55]
SDBS thermochemically activated 15-45 B [57]
coconut shell
SDBS chitosan 5-50 25 [62]
Anionic
SDBS amino-crosslinked chitosan 10-2000 1000 [63]
SDS dolochar 10-100 47 [58]
SDS amino-crosslinked chitosan 10-2000 500 [63]
SDS activated carbon 50-500 - [73]
SDS activated carbon 50-200 100 [59]
SDS sheep wool 86-1441 86 [72]
CTAB sheep wool 109-1822 109-911 [72]
CTAB activated carbon 200-1822 - [66]
CTAB fibrous activated carbon 200-1822 - [66]
Cationic i
CTAB wood-based 200-1822 - [66]
activated carbon
CTAB graphene oxide 50-3000 - [69]
CTAB nanocrystalline akaganeite 0-40 40 [64]
Nonionic Triton X-100 ottawa sand 33-1060 200 [84]

Abbreviations: LAS—Iinear alkylbenzene sulfonate; SDBS—sodium dodecylbenzenesulfonate;
SDS—sodium dodecyl sulfate; CTAB—cetyltrimethylammonium bromide.

3.4. Effect of Adsorbent Dose on Surfactant Adsorption

Adsorbent dose is an important operating parameter influencing both surfactant re-
moval efficiency and adsorption capacity. At a constant initial surfactant concentration and
solution volume, increasing the adsorbent dose generally provides a greater number of
available adsorption sites and may therefore increase the percentage removal. However, the
adsorption capacity per unit mass of adsorbent may decrease because the available amount
of surfactant is distributed over a greater adsorbent mass, leaving a larger proportion of
adsorption sites unoccupied [71,85]. Adsorbent dose may therefore have opposite effects
on percentage removal and adsorption capacity, and these two performance metrics should
be clearly distinguished when comparing adsorption systems.
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The existence of an optimum adsorbent dose was demonstrated by Adak et al. [86]
for the removal of anionic surfactants using neutral aluminium oxide. In the treatment of
real laundry wastewater containing 8068 mg L~! of anionic surfactants, removal efficiency
increased with adsorbent dose but showed little further improvement above 120 g L~!. At
the optimised dose of 120 g L~!, approximately 94% removal was achieved. This behaviour
illustrates that increasing adsorbent dose beyond a certain level may provide only limited
additional improvement in removal efficiency.

The influence of adsorbent properties was evident in the study of Bautista Quispe
et al. [59], who compared different biochars and activated carbon for SDS removal. At an
initial SDS concentration of 100 mg L=}, an optimised dose of 4 g L~! resulted in removal
efficiencies of 78-90.4% for the biochars, compared with 97% for activated carbon. These
differences demonstrate that adsorbent dose alone does not determine removal perfor-
mance, as the properties of the adsorbent remain important even under comparable dosage
conditions. Adsorbent dose should also be considered in relation to other operational
variables. Using response surface methodology, Shami et al. [58] simultaneously evaluated
adsorbent dose, initial SDS concentration, and contact time for SDS removal by dolochar.
Optimisation identified a dose of 16.62 g L~! together with an initial SDS concentration of
47 mg L~! and a contact time of 40 min, resulting in a removal efficiency of 98.91%. This
study illustrates that the optimum adsorbent dose is system-specific and may depend on its
interaction with other operating conditions.

The contrasting effects of adsorbent dose on adsorption capacity and removal efficiency
were clearly demonstrated by Zou et al. [71] for SDBS adsorption onto paper fibres modified
with quaternary ammonium groups. The adsorption capacity reached a maximum at an
adsorbent dose of 0.3 g, whereas the removal efficiency continued to increase with increasing
dose, reaching 97.6% at 1.5 g. This result illustrates that the dose providing the highest
adsorption capacity per unit mass does not necessarily correspond to that providing the
highest percentage removal.

From a practical perspective, optimisation of adsorbent dose should consider not only
the removal efficiency but also the effective utilisation of the adsorbent capacity. Excessive
dosing may increase adsorbent consumption and the costs associated with its subsequent
separation, regeneration, or disposal without a commensurate improvement in removal
performance. An appropriate adsorbent dose should therefore achieve the required removal
while avoiding unnecessary material consumption. Simultaneous consideration of removal
efficiency, adsorption capacity, and initial surfactant concentration provides a more mean-
ingful basis for comparing adsorption systems and assessing their practical applicability.

3.5. Effect of Contact Time on Surfactant Adsorption

Contact time is an important operational parameter in adsorption processes, as it
influences the extent of adsorption and determines the time required to approach equilib-
rium [87]. Surfactant adsorption is generally characterised by a rapid initial phase, during
which uptake increases rapidly owing to a relatively high concentration gradient and the
availability of numerous unoccupied adsorption sites [57].

As contact time increases, the adsorption rate gradually decreases, and the amount
adsorbed may eventually approach a nearly constant value [59].

Such time-dependent behavior, characterized by rapid initial removal followed by a
gradual decrease in the adsorption rate, has been observed for various anionic surfactants.
Shami et al. [58] reported rapid SDS removal during the initial stage of adsorption, with a
removal efficiency of 91.6% achieved within the first few minutes of contact. Subsequently,
the removal efficiency increased more slowly, reaching approximately 98% after 60 min,
with only negligible changes observed upon further extension of the contact time. The
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authors attributed this behavior to the progressive occupation of available adsorption
sites and a decreasing concentration gradient between the solution and the adsorbent
surface. Similar results were reported by Parhizgar et al. [62] for SDBS adsorption,
where the initial removal efficiency of 75.3% gradually increased to 97.32% after 60 min
of contact. Between 60 and 100 min, only minor changes in removal efficiency were
observed, indicating that the adsorption process had approached a steady state under the
investigated experimental conditions.

The time required for the removal efficiency or adsorbed amount to become nearly
constant may vary among adsorption systems depending on the properties of the adsorbent
and surfactant, the availability of adsorption sites, mass transfer processes, and experimental
conditions. However, such stabilization does not, by itself, provide conclusive evidence
that true adsorption equilibrium has been attained. Confirming equilibrium requires a
more thorough evaluation of kinetic data and, where appropriate, a mass balance analysis.
From a practical perspective, it is therefore important to determine the contact time beyond
which further extension produces no substantial improvement in removal efficiency. This
parameter allows the duration of the adsorption process to be optimized without necessarily
assuming that true adsorption equilibrium has been reached. Differences in the contact
times required for the observed stabilization of adsorption among individual surfactant—
adsorbent systems are summarized in Table 4.

Table 4. Contact time associated with apparent adsorption stabilization for selected surfactant—
adsorbent systems.

Time to Apparent

Surfactant Type Surfactant Adsorbent Contact Time Range Stabilization Reference
Nonionic Triton X-100 GO, rGO, GO-HA, GO-SA 10-100 min 60 min [87]
SDBS Fly ash-based geopolymer 0-1440 min 180 min [88]
magnetic graphene oxide
SDBS (GO) nanocomposite 10-120 min 75 min [70]
functionalized with chitosan
SDS rubber granule 0-10h 6h [89]
Anionic SDS biochar 5-180 min 120 min [59]
SDBS Chitosan 10-120 min 60 min [62]
LAS stems and leaves of corn 0-1500 min 1500 min [55]
SDS dolochar 5-180 min 60 min [58]
SDS pinecone biomass 0-150 min 100 min [81]
CTAB clayey soil 10-1140 min 30 min [90]
Cationic CTAB clay 10-60 min 10 min [91]
CTAB silica gel 0-50 min 30 min [92]

Note: The reported times refer to the apparent stabilization of adsorption or removal under the
investigated experimental conditions and do not necessarily indicate the attainment of true adsorp-
tion equilibrium. Abbreviations: LAS—linear alkylbenzene sulfonate; SDBS—sodium dodecylben-
zenesulfonate; SDS—sodium dodecyl sulfate; CTAB—cetyltrimethylammonium bromide; Tween
80—polysorbate 80.

3.6. Effect of Temperature on Surfactant Adsorption

Temperature is an important factor influencing surfactant adsorption, as it can affect
adsorption interactions, adsorption capacity, and mass transfer rates. Its effect depends on
the properties of the adsorbent, the nature of the surfactant, and the experimental conditions,
with increasing temperature potentially either enhancing or inhibiting adsorption. Changes
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in adsorption behavior are primarily associated with the thermal motion of molecules, their
interactions with the adsorbent surface, and adsorption—desorption processes.

In several adsorption systems, increasing temperature leads to a decrease in the amount
adsorbed or removal efficiency. Such behavior was observed for the adsorption of the an-
ionic surfactant SDBS and the nonionic surfactant Triton X-100 onto calcium carbonate over
a temperature range of 25-70 °C, with a more pronounced decrease observed for Triton
X-100 [65]. A similar decline in Triton X-100 removal efficiency with increasing temperature
was reported for graphene oxide-based adsorbents, although the extent of the decrease
varied depending on the surface modification of the material. As the temperature increased
from 15 to 45 °C, removal efficiency decreased from approximately 58% to 46% for GO-HA
and from 34% to 10% for GO-SA [87]. A different temperature-dependent behavior was
observed for the adsorption of the cationic surfactants CTAB and TTAB onto montmoril-
lonite, where the relationship between the amount adsorbed and temperature over the
range of 293-323 K varied with the surfactant type and equilibrium concentration [93].
These findings highlight differences in the sensitivity of individual adsorption systems to
temperature changes.

However, increasing temperature does not necessarily result in reduced adsorption. For
SDS adsorption onto cellulose modified with quaternary ammonium groups, the amount
adsorbed increased from approximately 21 mg g~ at 20 °C to 33 mg g~! at 60 °C, followed
by a slight decrease at 70 °C [77]. A similar temperature dependence was reported for SLS
adsorption onto clay, calcium phosphate hydroxide (CPH), and their composite (CPH@C).
Removal efficiency initially increased with temperature, reaching a maximum at 55 °C for
clay and CPH and at 65 °C for the composite. Further increases in temperature resulted
in a decline in removal efficiency [94]. These findings suggest that the beneficial effect
of increasing temperature on adsorption may be limited to a specific temperature range,
beyond which the amount adsorbed or removal efficiency decreases.

Thermodynamic evaluation of these systems reveals differences in the nature of the
adsorption processes. Negative adsorption enthalpy values were reported for SDBS and
Triton X-100 adsorption onto calcium carbonate [65], Triton X-100 adsorption onto graphene
oxide-based materials [87] and SDS adsorption onto lemon peel-derived biochar, calcium
alginate, and their composite [60]. Exothermic adsorption was also observed for the cationic
surfactants CTAB and TTAB onto montmorillonite [93]. In contrast, positive adsorption
enthalpy values were reported for SDS adsorption onto cellulose modified with quaternary
ammonium groups [77] and SLS adsorption onto clay, calcium phosphate hydroxide, and
their composite [94]. The differences in thermodynamic behavior, even among surfactants
with the same ionic character, highlight the importance of adsorbent surface properties and
adsorption interactions in determining the temperature dependence of the process. Further-
more, the exothermic or endothermic nature of adsorption alone does not fully describe the
magnitude of changes in the amount adsorbed within the investigated temperature range.
Therefore, comparisons between studies should also account for differences in experimental
conditions and the adsorption performance metrics employed.

4. Types of Interactions in the Surfactant Solution-Adsorbent System

Surfactant adsorption is governed by a combination of interactions whose relative
contributions depend on the ionic nature and molecular structure of the surfactant, the
chemical composition and surface charge of the adsorbent, and the conditions of the aqueous
medium, particularly pH, ionic strength, and surfactant concentration [59]. Unlike simple
ions, the adsorption behaviour of surfactants is strongly influenced by their amphiphilic
structure, as the hydrophilic head group and hydrophobic chain may interact differently
with the adsorbent surface. The principal interactions contributing to surfactant adsorption
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include electrostatic attraction, hydrophobic and dispersion interactions, hydrogen bonding,
ion exchange, and, in aromatic systems, m—7t interactions (Figure 1) [53,95].
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Figure 1. Schematic representation of the principal interactions and transport processes involved in
surfactant adsorption: (a) hydrophobic interactions; (b) T—7t interactions; (c) hydrogen bonding; (d) ion
exchange; (e) pore diffusion; (f) electrostatic interactions; and (g) lateral hydrophobic interactions.

Electrostatic interactions play an important role in the adsorption of ionic surfactants
onto oppositely charged surfaces and may dominate adsorption at relatively low surfactant
concentrations [53]. Their strength is closely related to the surface charge of the adsor-
bent, which depends on the solution pH and the properties of surface functional groups.
Therefore, the point of zero charge (pH,zc) of the adsorbent should be considered when
evaluating the contribution of electrostatic interactions. An example is the adsorption of an-
ionic surfactants onto alumina, for which Adak, Bandyopadhyay and Pal reported a pszc
of 9.15. At pH values below this point, the alumina surface is generally positively charged,
creating favorable conditions for electrostatic attraction between the surface and the anionic
headgroups of surfactants [86]. A contrasting system is the adsorption of Ethomeen T/15
onto negatively charged montmorillonite, for which Borrego-Sanchez et al. interpreted the
adsorption mechanism using a combination of FTIR spectroscopy and molecular modeling.
The authors attributed changes in the absorption band of montmorillonite hydroxyl groups
at 3629 cm~! and shifts in the C-H stretching bands to possible electrostatic interactions
between the surfactant and the mineral surface, while molecular dynamics simulations also
suggested the involvement of hydrogen bonding [96].

However, the relative contribution of individual interactions may change with increas-
ing surfactant concentration and surface coverage. Following the initial adsorption of sur-
factant molecules, lateral hydrophobic interactions between their hydrocarbon chains may
promote association and the formation of surface aggregates. This concentration-dependent
behaviour is characteristic of the Somasundaran-Fuerstenau adsorption isotherm, in which
adsorption at low concentrations is initially governed predominantly by interactions be-
tween the surfactant and the adsorbent surface. As surfactant concentration and surface
coverage increase, lateral interactions between adsorbed molecules become increasingly
important, promoting cooperative adsorption and the formation of surface aggregates such
as hemimicelles and admicelles (Figure 2) [43].
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Figure 2. Schematic representation of the Somasundaran-Fuerstenau adsorption isotherm, illustrating
the concentration-dependent adsorption of surfactants and the formation of surface aggregates with
increasing surface coverage. Here, q. represents the equilibrium adsorption capacity and c. the

equilibrium surfactant concentration.

Experimental support for this mechanism was provided by Chandar, Somasundaran
and Turro, who combined adsorption isotherm and zeta potential measurements with
fluorescence spectroscopy to investigate SDS adsorption onto alumina. Fluorescence mea-
surements revealed the formation of a less polar microenvironment characteristic of associ-
ated hydrocarbon chains at concentrations below the critical micelle concentration (CMC).
Using time-resolved fluorescence spectroscopy, the authors also estimated the aggregation
numbers of surface aggregates, which ranged from approximately 120 to 130 molecules in
region Il and reached approximately 356 molecules in region III. These findings provide
experimental evidence supporting the contribution of lateral hydrophobic interactions to
the formation and growth of organized aggregates on the adsorbent surface [97].

Hydrophobic interactions can contribute significantly to the adsorption of surfactants
onto carbonaceous and other hydrophobic materials. They arise from the tendency of
non-polar hydrocarbon chains to minimise contact with the aqueous environment and
associate with hydrophobic regions of the adsorbent surface [98]. The importance of these
interactions is supported by the findings of Schouten et al., who compared the adsorption
of the anionic surfactants LAS and AOS onto adsorbents with different surface properties.
While a negatively charged resin exhibited negligible LAS adsorption, adsorption onto
uncharged hydrophobic resins was attributed predominantly to nonionic interactions. The
comparison of LAS and AOS also highlighted the importance of surfactant molecular
structure, with the stronger adsorption of AOS onto activated carbon attributed by the
authors to its greater hydrophobicity [99]. Further experimental support was provided by
Ncibi, Gaspard and Sillanp&a, who observed only minor variations in the adsorption capacity
of the nonionic surfactant TX-100 onto multiwalled carbon nanotubes (285-315 mg g~!)
over a wide pH range of 2-12. The authors interpreted this relative independence from pH as
an indication of a significant contribution from hydrophobic and possible Tt—t interactions,
whereas ionic surfactants exhibited a more pronounced pH dependence, suggesting the
additional involvement of electrostatic interactions [100].

Depending on the chemical nature of the adsorbent and surfactant, ion exchange,
hydrogen bonding, and van der Waals dispersion interactions may also contribute to ad-
sorption. The importance of these interactions was demonstrated by Sabah, Turan and Celik,

https://doi.org/10.3390/molecules31224113


https://doi.org/10.3390/molecules31224113

Molecules 2026, 31,4113

17 of 24

who investigated the adsorption of cationic surfactants onto natural and activated sepiolite.
The authors attributed the initial adsorption of the quaternary ammonium surfactants
DTAB and HTAB to ion exchange between the cationic headgroups of the surfactants and
Mg?* ions in the sepiolite structure, with this mechanism further supported by an increase
in the Mg2+ concentration in solution. At higher concentrations, lateral interactions between
the hydrocarbon chains of adsorbed molecules became more pronounced, as suggested by
the steeper increase in adsorption density observed for HTAB, which has a longer alkyl
chain. Based on a comparison of adsorption isotherms, the authors also estimated the
contribution of a methylene group to the free energy of adsorption to be approximately
—2.26 k] mol~!, supporting the importance of hydrocarbon chain association through van
der Waals interactions. The possible involvement of hydrogen bonding was suggested by
the higher adsorption of the primary amine compound DAH compared with DTAB, which
the authors attributed to interactions between the amine group and water molecules bound
within the sepiolite structure [101].

Surfactant adsorption cannot be attributed to a single mechanism in most systems.
Multiple interactions may occur simultaneously, and their relative contributions may vary
with pH, surfactant concentration, surface coverage, and adsorbent properties. When
interpreting the adsorption process, it is also important to distinguish between interactions
responsible for surfactant binding and mass-transfer processes governing the transport
of surfactant molecules to adsorption sites, including film and intraparticle diffusion [82].
The importance of pore structure was highlighted by Bindes and Franco Jr., who proposed
that, during SDS adsorption onto activated carbon, surfactant molecules are adsorbed
predominantly in micropores at low concentrations, whereas mesopores and macropores
may also contribute at higher concentrations [67]. These findings highlight the importance
of adsorption-site accessibility but do not conclusively identify the underlying transport
mechanism. Therefore, a comprehensive interpretation of the adsorption mechanism should
be based on a combination of equilibrium and kinetic data, together with characterization
of the adsorbent surface and pore structure before and after adsorption.

A broader physicochemical perspective on surfactant adsorption behavior and interfa-
cial interactions is provided in the literature [44,102].

5. Adsorbent Regeneration and Reusability

Adsorbent regeneration and the retention of adsorption performance upon repeated
use are important criteria for assessing the practical applicability of adsorption processes.
Regeneration efficiency depends on the nature of the interactions between the adsorbent
and the surfactant, as well as on the desorbing agent employed. Available studies reveal
considerable differences in the regeneration behavior of individual adsorption systems.

The desorption of anionic surfactants is strongly influenced by the regeneration proce-
dure applied. Pal, Pan and Saha observed no desorption of SDS from chitosan beads under
strongly alkaline conditions (pH 11.0-14.0) or when acetone was used as the desorbing
agent [82]. In contrast, Bhandari and Gogate achieved a desorption efficiency of 95% for
SDS from the PAACS-I adsorbent using ethanol, whereas acidic, alkaline, and deionized
water resulted in substantially lower efficiencies of 6%, 10.6%, and 28%, respectively [75].
Different results were reported by Din et al. for the desorption of sodium lauryl sulfate
(SLS) from mineral and hybrid adsorbents, with EDTA exhibiting the highest desorption
efficiency, followed by ethanol and NaOH [94]. These findings highlight the importance
of selecting a suitable regenerating agent according to the characteristics of the specific
adsorption system.

For cationic surfactants, adsorbent reusability has been demonstrated following re-
generation with HCl. Koner, Pal and Adak reported a decrease in the removal efficiency of
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cationic surfactants by approximately 4-5% after the first regeneration cycle and 9-12% after
the second cycle when reusing waste silica gel, relative to the fresh adsorbent [103]. Li et al.
demonstrated favorable cycling stability of SA/SiO, microspheres, which maintained nearly
constant removal efficiencies for CTAB and OTAB over six adsorption—desorption cycles
using 0.1 M HCI, with reported changes of approximately 6% and 1%, respectively [104].
These results suggest that certain adsorbents can retain high removal efficiencies for cationic
surfactants upon repeated use, although the cited studies do not provide separate quantita-
tive data on desorption efficiency.

Nevertheless, adsorbent regeneration may also be accompanied by a substantial de-
terioration in adsorption performance. Zou et al. reported that the removal efficiency of
SDBS by quaternary ammonium-functionalized paper fibers decreased to 76.2% during
the second use and approximately 50% over the subsequent three cycles, with pronounced
material degradation observed after the fifth use [71]. For mineral and hybrid adsorbents
regenerated using EDTA, the desorption efficiency of SLS decreased to 60.42-69.26% after
five cycles [94]. Limited regenerability was also observed for the nonionic surfactant Triton
X-100, for which the amount adsorbed onto activated biocarbons derived from Salvia offici-
nalis L. processing residues decreased markedly over three adsorption—desorption cycles.
Among the tested desorbing agents (water, HCl, and NaOH), NaOH was the most effective;
however, even this treatment failed to adequately restore the initial adsorption capacity of
the materials [105].

Overall, these findings indicate that adsorbent regenerability varies considerably de-
pending on the characteristics of the adsorption system and the regeneration procedure
employed. High desorption efficiency does not necessarily ensure the retention of adsorp-
tion capacity upon repeated use. Therefore, assessments of regenerability should distinguish
between desorption efficiency, retention of adsorption performance, and adsorbent stability
over successive cycles. Direct comparisons among published studies are further complicated
by differences in experimental conditions, performance metrics, and the relatively limited
number of regeneration cycles investigated. Moreover, the use of chemical regenerating
agents may increase operating costs and generate secondary waste streams, which should
also be considered when evaluating the practical feasibility of adsorption processes.

6. Perspectives and Future Research Directions

Despite the large number of published studies, objective comparison of the adsorption
performance of different materials remains challenging. Experimental conditions vary
considerably among studies, including initial surfactant concentration, adsorbent dose,
pH, temperature, and contact time, while the metrics used to evaluate adsorption perfor-
mance also differ. Some studies report maximum adsorption capacity (qma.c), Whereas
others primarily focus on percentage removal. These parameters describe different aspects
of adsorption performance and are strongly dependent on the experimental conditions,
which limits direct comparison among adsorbents. Future research should therefore aim
for more standardised evaluation of adsorption systems and transparent reporting of exper-
imental conditions, enabling more reliable comparison of adsorption performance across
different materials.

The development of new adsorbents should not focus solely on maximising adsorption
capacity. For practical applications, adsorbent selectivity, regeneration potential, stabil-
ity during repeated use, raw-material availability, and the economic and environmental
costs associated with adsorbent preparation are also important considerations. The use
of waste-derived and renewable materials, together with targeted modification of their
surface charge, chemical composition, or pore characteristics, represents one potential
strategy for developing more practically applicable adsorbents. However, high adsorption
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capacities achieved through complex surface functionalisation do not necessarily translate
into practical advantages, particularly when adsorbent preparation is material-, energy-,
or cost-intensive.

The importance of effective surfactant removal is not limited to their direct environ-
mental effects. Owing to their amphiphilic structure, surfactants can also influence the
environmental behaviour of other contaminants by reducing interfacial tension and increas-
ing the apparent solubility of hydrophobic organic compounds, thereby potentially affecting
their desorption, mobility, and bioavailability. These properties are exploited in surfactant-
assisted remediation of contaminated soils [106,107]. However, these effects depend on
surfactant concentration and sorption, as well as on the properties of the contaminant and
environmental matrix, and therefore cannot be generalised across all organic contaminants.

This issue may also be relevant to emerging organic micropollutants, including phar-
maceuticals. The environmental mobility of antibiotics, for example, depends on their
molecular and physicochemical properties as well as on pH, organic matter, ionic composi-
tion, and the characteristics of the environmental matrix [108]. Whether and to what extent
residual surfactants modify the sorption, mobility, or bioavailability of pharmaceuticals and
other organic micropollutants in complex environmental matrices remains an important
question for future research.

Another important limitation of current research is the prevalence of adsorption experi-
ments conducted in simple model solutions containing a single surfactant. Real wastewaters,
however, are considerably more complex matrices in which different surfactants, inorganic
ions, natural organic matter, and other organic contaminants may occur simultaneously.
Competitive adsorption and interactions among these components may alter adsorption
behaviour compared with single-component systems. Future studies should therefore
place greater emphasis on testing adsorbents in real wastewater matrices, evaluating their
long-term stability and regeneration, and progressing from laboratory-scale batch experi-
ments towards continuous-flow, pilot-scale, and ultimately full-scale systems. Such studies
are essential for assessing the technological, economic, and environmental feasibility of
surfactant adsorption under practically relevant water-treatment conditions.

7. Conclusions

Adsorption represents a promising approach for the removal of surfactants from
aqueous systems owing to its operational simplicity, process flexibility, and compatibility
with a broad range of adsorbent materials. The available literature demonstrates that
conventional carbon-based and mineral adsorbents, biopolymers, biochars, natural and
waste-derived materials, as well as advanced and surface-modified adsorbents, can be
applied to the removal of anionic, cationic, and non-ionic surfactants. In particular, the
use of renewable and waste-derived materials, together with targeted surface modification,
provides opportunities to tailor adsorbent properties towards surfactants with different
molecular and ionic characteristics. However, the practical value of such modifications
must be considered alongside their material, energy, and economic requirements.

Surfactant adsorption is governed by the interplay between the molecular structure and
ionic character of the surfactant, the physicochemical properties of the adsorbent surface,
and the experimental conditions. Key factors include pH, initial surfactant concentration,
contact time and adsorbent dose. In addition, the tendency of surfactants to self-aggregate
introduces further complexity, as the relative contribution of individual interactions may
change with surfactant concentration and surface coverage. Consequently, surfactant adsorp-
tion generally cannot be attributed to a single mechanism but rather involves a combination
of electrostatic, hydrophobic, and dispersion interactions, hydrogen bonding, ion exchange,
and interactions between adsorbed surfactant molecules. Effective design and interpretation
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of adsorption systems therefore require simultaneous consideration of surfactant properties,
adsorbent surface characteristics, and operating conditions.

Despite the substantial progress achieved in surfactant adsorption research, direct
comparison among reported adsorbents remains challenging because of differences in
experimental conditions and performance metrics. Future studies should therefore place
greater emphasis on standardised evaluation and transparent reporting, while considering
not only adsorption capacity but also selectivity, regeneration, stability, and the economic
and environmental requirements of adsorbent preparation. Most importantly, validation in
complex real wastewater matrices and progression from laboratory batch experiments to-
wards continuous-flow and pilot-scale systems are needed to determine whether promising
adsorption performance can be translated into practical water-treatment applications.
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