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Abstract
This comprehensive review delves into the recent advancements in the study of surfactant adsorption, a crucial factor influ-
encing the efficiency of chemical enhanced oil recovery (cEOR) applications across various oil types. By integrating findings 
from the latest literature, we shed light on the dynamic interactions between surfactants and diverse adsorbents including 
sandstone, carbonate, and shale sandstone. This review highlights the nuanced understanding of how operational variables 
such as initial surfactant concentration, pH, adsorbent dose, contact time, temperature, along with adsorption kinetics, iso-
therm models, thermodynamics, and the presence of competing ions, contribute to the adsorption process. A novel synthesis 
of recent studies reveals that the Langmuir and pseudo-second-order models continue to accurately describe the equilibrium 
and kinetics of adsorption in most scenarios, with the adsorption process predominantly exothermic. Additionally, this review 
introduces cutting-edge insights into the molecular-level mechanisms underpinning surfactant adsorption, emphasizing the 
role of crude oil components, initial wettability of reservoir rocks, and the intrinsic properties of the rock itself. By summa-
rizing these contemporary findings, the review aims to provide a deeper understanding of the key parameters affecting the 
retention of surface-active agents on various adsorbents, thereby proposing new avenues for optimizing surfactant flooding 
in cEOR. This enhanced focus on recent contributions to the field distinguishes our review from existing literature, offering 
fresh perspectives on the optimization of surfactant use in oil recovery processes.
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1 Introduction

Surfactant flooding is an advanced method for enhanc-
ing oil recovery from petroleum reservoirs, exploiting the 
unique properties of surfactants to modify the oil–water 
interfacial tension (IFT) and improve oil mobilization 
[1–3]. This technique, pivotal in the domain of Enhanced 
Oil Recovery (EOR), relies on the intricate mechanism by 
which surfactants decrease IFT to ultra-low levels (as low 
as  10–4 dyne/cm), facilitating the release of oil entrapped 
by capillary forces within the reservoir's porous media. 
The efficacy of surfactant flooding hinges on maintaining a 
low IFT over extended periods [4, 5], which is challenged 
by the complex interactions between surfactants and the 
reservoir environment, including rock heterogeneity, sur-
factant interaction with reservoir fluids, coalescence of oil 
droplets, and notably, surfactant adsorption on reservoir 
rock surfaces [6, 7].

The interaction of surfactants with the reservoir rock 
and fluids is of paramount importance, as adsorption 
phenomena can significantly impact the efficiency of sur-
factant flooding operations [8, 9]. Surfactants may adsorb 
onto rock grains through electrostatic repulsion between 
charged surfactant molecules and the rock surface or via 
hydrogen and hydrophobic bonds in the case of non-ionic 
surfactants [10]. This adsorption is influenced by several 
factors, including surfactant concentration [8], temperature 
[11–14], pH [15–17], surfactant type, ionic strength [12, 
13, 15], and adsorbent dose [18]. Of these, the surfactant 
type is often the only variable that can be adjusted to opti-
mize EOR processes, given that other factors are dictated 
by inherent reservoir conditions.

Recent laboratory and simulation studies have shed 
light on the adsorption behavior of surfactants, under-
scoring the need for a comprehensive understanding of 
surfactant-reservoir interactions [9, 19–21]. These stud-
ies contribute to the optimization of surfactant selection 
and formulation, aiming to minimize adsorption losses and 
enhance oil recovery efficiency. Furthermore, a plethora 
of adsorption isotherm models—such as Langmuir, Fre-
undlich, and Temkin—and kinetic models—like pseudo-
first-order and pseudo-second-order—have been employed 
to elucidate the equilibrium and dynamics of surfactant 
adsorption, offering insights into the thermodynamics 
of the process, including changes in Gibbs free energy, 
enthalpy, and entropy [22–31].

Given the critical role of surfactants in EOR, this 
review aims to provide a thorough review of the surfactant 
flooding process, emphasizing the mechanism of action 
of surfactants in porous media, the challenges posed by 
surfactant adsorption, and the strategies to mitigate these 
effects. By incorporating recent findings from laboratory 

and simulation studies, this review endeavors to present 
a consolidated perspective on the state-of-the-art in sur-
factant technology for EOR, highlighting the significance 
of surfactant choice and formulation in overcoming the 
challenges of surfactant flooding and advancing the effi-
ciency of oil recovery operations.

In light of the suggested references, our discussion will 
integrate the latest advancements and empirical data from 
pivotal studies, enriching our review with cutting-edge 
insights and contributing to the broader understanding of 
surfactant applications in EOR. This enhanced focus on 
the detailed mechanisms of surfactant action, coupled with 
a comprehensive survey of recent research on surfactant 
adsorption behavior, aims to elevate the scholarly value of 
our manuscript and provide a foundational resource for both 
academic researchers and industry practitioners in the field 
of petroleum engineering.

2  Surfactants

A surfactant (Abbreviation of surface-active agent) is a com-
ponent which, whenever available in a system in a range of 
concentrations, will have a certain property of adsorbing 
to the surfaces or interfaces of the system and significantly 
modifying the surface or interfacial free energy in between 
these surfaces (or interfaces). The terminterface relates to 
the boundaries of different immiscible phases; the concept 
surface relates to an interaction in which one of the phases is 
a gas, typically air [32].It is important to note that surfactants 
typically amphiphilic, which means they have both hydro-
philic and hydrophobic groups in their chemical structure, 
as seen in Fig. 1.The hydrophilic group can be dissolved in 

Fig. 1  Schematic structures of surfactant
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water, but the hydrophobic group cannot (oil soluble). The 
soluble component, or hydrophilic group, is referred as the 
"head," while the hydrophobic group is referred as the "tail" 
in conventional surfactant nomenclature. In order to reduce 
the IFT and change the reservoir rock preference, the head 
and tail surfactants attack the interface between two immis-
cible surfaces [33–35].

3  Classification of Surfactants

3.1  Based on the Source

Surfactants can be categorized in a variety of ways. The 
basic approach to categorize a surfactant is by its source, 
which can be classified as natural or synthetic.

3.1.1  Natural Surfactants

Natural surfactants, extracted from a myriad of biological 
sources, are increasingly sought after for their eco-friendly 
attributes, including biodegradability and lower toxicity, in 
comparison to their synthetic counterparts. These surfactants 
are derived from a diverse array of plant and animal materi-
als, offering a renewable and often more sustainable option 
for various applications [36, 37].

3.1.1.1 Plant‑Based Surfactants Among plant-derived 
surfactants, saponins stand out due to their unique chemi-
cal structure and natural detergent properties [38]. Sapo-
nins are a broad class of high-molecular-weight glycosides 
that are characterized by their ability to form stable foams 
in aqueous solutions. The structural complexity of sapo-
nins is vast, with variations in their aglycone (sapogenin) 
core structures and sugar side chains. This structural diver-
sity results in a wide range of physicochemical properties, 
influencing their solubility, surface activity, and biological 
activity. Saponins are found in numerous plants, including 
soaproot (Chlorogalumpomeridianum), soapberry (Sapin-
dusmukorossi), soapbark (Quillajasaponaria), and yucca. 
Each source offers saponins with distinct structural features 
and, consequently, diverse functionalities. For example, 
Quillajasaponaria saponins are renowned for their potent 
emulsifying properties and are used in food and beverages, 
vaccines, and cosmetics. Sapindusmukorossi, commonly 
known as soapberry, provides saponins that are effective 
natural detergents, used in eco-friendly laundry and clean-
ing products [39–42].

3.1.1.2 Animal‑Based Surfactants In addition to plant 
sources, certain animal-derived materials also serve as 
sources of natural surfactants. For example, phospholipids 
from egg yolks and marine sources (such as krill and fish 

eggs) exhibit surfactant properties [43, 44]. These com-
pounds, particularly phosphatidylcholine, play a crucial role 
in food emulsions and in pharmaceutical formulations for 
drug delivery systems [45].

Additionally, the applications of natural surfactants 
extend far beyond traditional cleaning and emulsifying 
roles. In agriculture, saponins serve as bio-pesticides, lev-
eraging their natural toxicity to pests while being harmless 
to humans and beneficial insects. In the pharmaceutical 
industry, saponins are utilized as adjuvants in vaccines and 
for their ability to enhance the permeability of drugs across 
biological membranes [44, 46].

3.1.2  Synthetic Surfactants

Synthetic surfactants are chemically formulated to achieve 
specific properties and functionalities that are tailored to 
a wide array of industrial, personal care, and household 
applications. Unlike their natural counterparts, synthetic 
surfactants can be designed to exhibit enhanced stability, 
effectiveness, and efficiency under a variety of conditions, 
including extreme pH, temperature, and salinity. This flex-
ibility in design allows for the creation of surfactants with 
highly specialized characteristics, such as increased solu-
bility, targeted detergency, or specific interaction patterns 
with other substances [47–49].The production of synthetic 
surfactants involves the chemical modification of petro-
leum derivatives, fats, and oils, leading to a diverse range 
of surfactant molecules. Furthermore, synthetic surfactants 
have significantly expanded the possibilities for formulating 
products that meet specific consumer needs and industrial 
requirements. Through continuous innovation in chemical 
synthesis and environmental sustainability, the development 
of synthetic surfactants seeks to minimize potential ecologi-
cal impacts while maximizing performance and biodegrada-
bility [48, 50, 51]. This ongoing advancement underscores 
the critical role of synthetic surfactants in modern society, 
driving improvements across a wide range of sectors from 
environmental remediation to healthcare and beyond.

3.2  Based on the Charge

Long-chain hydrocarbon residues typically contribute as 
the hydrophobic group's building blocks with halogenated 
or oxygenated hydrocarbon or siloxane chains occurs less 
frequently; An ionic or highly polar group also constitutes 
the hydrophilic group [32]. Negative, positive, or neutral 
charges are all possible. According to hydrophilic head's 
charge, a surfactant is anionic, nonionic, cationic, ampho-
teric (or zwitterionic), and Gemini [52, 53]. Figure 2 sche-
matically illustrates the common types ofsurfactants.
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3.2.1  Anionic Surfactants

Anionic surfactants, which constitute about half of all sur-
factants produced worldwide, are favored for their ease of 
synthesis and cost-effectiveness. These surfactants possess 
negatively charged head groups, such as carboxylate (e.g., 
sodium lauryl sulfate), sulfate (e.g., sodium dodecylbenze-
nesulfonate), sulfonates, and phosphate, which dissociate 
in water into an amphiphilic anion and a cation, typically 
sodium, potassium, ammonium, calcium, or various amines. 
These surfactants are prevalent in applications ranging from 
household detergents to industrial cleaning agents due to 
their robust cleaning performance and high lathering capa-
bilities [42, 54].

3.2.2  Non‑Anionic Surfactants

Nonionic surfactants are the second most utilized surfactant 
type, prized for their non-dissociating hydrophilic groups 
and lack of ionization in aqueous solutions, making them 
ideal for hard water conditions and charge-sensitive sys-
tems. These surfactants include groups such as alcohols 
(e.g., nonylphenol ethoxylates), phenol, ether, ester (e.g., 
polysorbate 80), and amide. Their environmental compat-
ibility, especially those with sugar-based head groups like 
alkyl polyglucosides, makes them suitable for eco-friendly 
applications. Ethoxylated alcohols and sorbitan esters are 
key examples, widely used in personal care, household 
cleaning, and industrial processes.A significant advantage 
of nonionic surfactants is their environmental compatibility. 
Sugar-based head groups, for instance, have been utilized 

to enhance biocompatibility, reducing the environmental 
impact associated with surfactant use. For the lipophilic 
part, alkyl chains derived from fatty acids or alkylbenzene 
are commonly employed. The choice of these groups is often 
dictated by the desired solubility, toxicity, and biodegrada-
bility properties. Examples of nonionic surfactants include 
ethoxylated alcohols, such as C12-15 alcohols ethoxylated 
with an average of 7 mol of ethylene oxide per mole of alco-
hol, and sorbitan esters, which are derived from the reaction 
of sorbitol with fatty acids. These surfactants find extensive 
application in personal care products, household cleaners, 
and industrial processes where mild yet effective surface 
activity is required [42, 55, 56].

3.2.3  Cationic Surfactants

Cationic surfactants, with their positively charged head 
groups, include long-chain amines and quaternary ammo-
nium salts (e.g., cetyltrimethylammonium bromide (CTAB)). 
Although their production cost is higher due to the com-
plex manufacturing process, their unique properties, such 
as excellent conditioning effects in hair care products and 
efficacy as fabric softeners, make them indispensable in cer-
tain applications. They also play a crucial role in industrial 
applications like corrosion inhibition and as antimicrobial 
agents due to their positive charge [42, 55, 56].

3.2.4  Zwitterionic Surfactants

Zwitterionic surfactants, or amphoteric surfactants, contain 
both positive and negative charges within the same mol-
ecule, rendering them electrically neutral. This unique fea-
ture provides them with excellent skin compatibility and 
mildness, making them preferred choices in personal care 
formulations. Betaines (e.g., cocamidopropyl betaine) and 
carboxybetaines are common examples, widely used in 
shampoos and body washes for their gentle cleansing prop-
erties [42, 55, 56].

3.3  Other Type of Surfactant

3.3.1  Gemini Surfactants

Gemini surfactants, distinguished by their unique molecular 
architecture featuring dual hydrophilic heads and hydropho-
bic tails connected via a spacer, markedly outperform tradi-
tional surfactants in terms of surface activity. This superior 
performance is attributed to their structural configuration, 
which enables more efficient surface tension reduction and 
micelle formation at significantly lower concentrations than 
their single-headed counterparts. Quaternary ammonium 
Gemini surfactants, typified by the notation 16-5-16—where 
'16' denotes the length of the hydrophobic alkyl chains and 

Fig. 2  Surfactant types classified according to hydrophilic head's 
charge
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'5' the number of carbon atoms in the spacer—exemplify 
this group's effectiveness. Their remarkable efficiency is not 
only crucial in applications such as enhanced oil recovery, 
where they improve oil mobilization by altering the wet-
ting properties and reducing the interfacial tension between 
oil and water, but also in antimicrobial formulations, where 
their ability to disrupt microbial cell membranes makes them 
potent biocidal agents [56–59]. Figure 3 vividly illustrates 
the schematic structure of a Gemini surfactant, provid-
ing a visual representation of the molecular arrangement 
that underpins their enhanced performance. The figure 
underscores the dual-head and tail configuration, bridged 
by a spacer, which is central to the Gemini surfactants' 
functionality.

Moreover, the Gemini surfactants' efficacy is signifi-
cantly influenced by the balance between hydrophilicity 
and hydrophobicity, enhanced by the presence of two polar 

heads. This dual-head structure promotes a higher degree of 
interaction with water and oil phases, respectively, facilitat-
ing more effective surface activity. The type m-s-m Gemini 
surfactants, where 'm' indicates the alkyl chain length and 's' 
the spacer length, represent the most extensively researched 
subclass within this category [56, 57].

3.3.2  Polymer Surfactants

A polymeric surfactant is a macromolecule with both hydro-
philic and hydrophobic components. Introduce a novel sur-
factant with a wide range of various applications. These 
include classical applications as emulsion stabilizers and 
more "modern" applications as thickeners for EOR, where 
they can be employed in place of traditional surfactants 
mixed with polymers [60, 61]. Therefore, these macromo-
lecular systems allow a significantly wider configuration 
than other surfactants. Based on hydrophilic and lipophilic 
component distribution, consider two primary forms struc-
turally. Polysoaps are macromolecules composed of the 
polymerization of intrinsically amphiphilic monomers or 
oligomers. While macrosurfactants are polymers with clear 
separation among the two groups, these are made by copo-
lymerizing a hydrophobic monomer with a hydrophilic mon-
omer. Thus, these copolymer structures could be random, 
gradient, or block [62–64]. The forms of typical complex 
polymer surfactants are shown in Fig. 4.

4  Surfactant Adsorption: Influence 
of Various Variables and Interactions

Surfactant adsorption on reservoir rocks is a multifaceted 
process influenced by a range of operational variables [1, 
65]. The comprehensive review of such variables, including 
the pH, salt concentration/ionic strength, initial surfactant Fig. 3  Schematic structure of a Gemini surfactant

Fig. 4  Schematic structures 
of typical polymer surfactants 
complex
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concentration, adsorbent dose, contact time, and tempera-
ture, is crucial for the optimization of cEOR strategies. 
Herein, we systematically investigate these variables to elu-
cidate their collective impact on the adsorption efficiency, 
as illustrated in Table 1. Upon careful examination of the 
data presented in Table 1, the adsorptive capacity of sur-
factants on rock reservoirs exhibits significant variation 
across different rock types, from sandstone to carbonate 
and shale. This variation emphasizes the critical role played 
by the inherent mineralogy and surface chemistry intrin-
sic to each rock type. These fundamental properties gov-
ern the interactions with various surfactant classes, thereby 
dictating the adsorption dynamics. It is critical to note that 
the initial wettability of the reservoir rock markedly influ-
ences surfactant adsorption. This wettability, dictated by the 
rock's exposure to crude oil components, prescribes how 
surfactants will interact with the rock surface. Differences 
in adsorption mechanisms on water-wet versus oil-wet sur-
faces necessitate a thorough characterization of the rock's 
initial state [66–68].Moreover, the spectrum of surfactant 
structures, from natural glycosides like saponins to synthetic 
anionic surfactants, manifests unique adsorption behaviors. 
Saponins, owing to their amphipathic structure, engage with 
reservoir rocks differently compared to synthetic surfactants, 
which are tailored to establish specific surface interactions.
The mineralogical composition and surface chemistry of 
reservoir rocks—encompassing sandstone, carbonate, and 
shale—determine the nature and extent of surfactant adsorp-
tion. The variability in rock properties such as porosity, per-
meability, and surface area affect the adsorption process. 
For example, carbonate rocks with a higher calcite content 
may have distinct interactions with anionic surfactants due 
to the divalent cations present, which can bridge surfactant 
molecules to the rock surface [69, 70].

Furthermore, the physicochemical milieu underpinning 
the adsorption process significantly alters its efficiency and 
kinetics. Factors such as pH and ionic strength pivotally 
influence the electrostatic interactions between surfactants 
and the rock surfaces. Simultaneously, the surfactant con-
centration and the amount of adsorbent are intrinsically 
linked to the adsorption magnitude. Additionally, param-
eters like contact time and ambient temperature play crucial 
roles in achieving adsorption equilibrium, with temperature 
specifically influencing the surfactant's physical state and 
its propensity for the adsorbent surface. Through this rig-
orous analytical endeavor, our objective is to elucidate a 
comprehensive, methodically structured understanding of 
the numerous factors that influence surfactant adsorption. 
By systematically categorizing and correlating empirical 
data from extensive studies, we articulate the operational 
conditions that enhance surfactant adsorption efficacy, 
thereby advancing the development of more efficient cEOR 
methodologies. The insights gathered from the systematic 

examination of data within Table 1 not only highlight the 
strategic imperative in surfactant selection and application 
within oil recovery operations but also facilitate a coherent, 
logically structured narrative that enhances the clarity and 
impact of the subsequent discussion.

4.1  pH Effect

The pH significantly impacts surfactant adsorption since the 
charge of solid surfaces changes with pH. One of the most 
critical variables in any process is the pH level, which may 
affect adsorbents' adsorption of surface-active compounds 
(the rock reservoir) and is also the subject of this inves-
tigation. Lebouacheraet al. [84]studied the influence of a 
variety of parameters on SDS adsorption on Algerian rock 
reservoirs. The pH range has an effect on the degree of SDS 
adsorption on the surface of Algerian rock in Fig. 5.

The sand particles revealed a significant capacity for 
adsorption (15.9, 12.365, 9.7896, and 7.165) for the con-
centration range of (200- 800ppm) respectively in the pH 
between (3–7) for anionic SDS surfactant. Then, adsorp-
tion rapidly decreases within a pH range of (7–12). When 
pH increases, anionic surfactant adsorption decreases. The 
adsorption capacity decreases in alkaline solution due to 
decreased positively charged sites on the adsorbent and 
competition for adsorption sites with both OH & anionic 
surfactant. These findings confirmed the previous studies, 
indicating that as the reservoir's pH increased, surfactant 
adsorption on the solid matrix decreased [15, 74, 89, 90].

Several surface-active agents have been studied onto 
rock reservoir adsorption. Bera et al. [74] examined the 
effect of pH on the efficacy of different surfactants (anionic, 
non-ionic, and cationic) adsorbed on a sand surface that is 
clean. At low pH, sand particles demonstrated a significant 
capacity for anionic and nonionic surfactant adsorption. 
However, with cationic surfactants, the reverse tendency 
was seen. When the pH is low, sand has a high capacity 
for adsorption of SDS owing to the solution's acidic com-
position, this contributes to the positive charge on the sand 
surface, increasing the surface's interaction with the anionic 
surfactant SDS. Tergitol 15-S-7 adsorption decreases up to 
neutral pH and stays virtually constant in the alkaline pH 
range (non-ionic). This may be shown by the presence of 
an electron pair on the oxygens in the ethylene oxide group 
of a non-ionic ethoxylated surfactant that is attracted to the 
positively charged surfaces of sand particles at pH values 
higher than 7. The alkaline area has a decreased adsorp-
tion capacity owing to a variety of hydrophobic interactions, 
not simply the surfactant itself. Increased adsorbent capac-
ity when pH rises owing to the fact that cationic surfactant 
(CTAB) is highly attracted to negatively charged sand sur-
faces due to its positively charged head groups. According 
to the results of the research, it is feasible to minimize or 
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change surfactant adsorption on rock surfaces by modifying 
the pH of the solution for non-ionic and ionic surfactants, 
which is a significant aspect in evaluating the economic fea-
sibility of surfactant flooding [74].

Additionally, Bryant et al. evaluated induced wettabil-
ity modifications in cEOR applications by adsorbing and 
removing amine sulfates with well-characterized molecular 
structures from mica surfaces exposed to decane solutions of 
the surfactant brine. Protonation of the surface amine groups 
is improved, resulting in the greatest increase in wettabil-
ity at low PH levels. When the PH was elevated to 8 or 
9, no adsorbed surfactant molecules remained on the mica 
surface [91]. Mushtaq et al. [92] found that adding alkali 
inhibited the adsorption of both anionic surfactants (FS-1 
and FS-2) on sandstone. At pH 6, FS-1 and FS-2 adsorp-
tion were 4.32 and 4.94 mg/g, respectively. Additionally, 
at pH 10, FS-1 and FS-2 were found to be 0.51 and 0.89 
mg/g, respectively, indicating that the charges on the sur-
face of the rocks had switched from mostly positive to pre-
dominantly negative. The negative charges on the surface 
form repulsive interactions with the negative charges on 
the surfactants, significantly reducing adsorption. Ishig-
uro and Li [93],They analyzed the adsorption of SDS onto 
pore silicon dioxide powder gels and found that owing to 
its hydrophobic surface on siloxane silica can adsorbs SDS. 
SDS adsorption reduces when the pH of the silica rises due 
to higher electrostatic repulsion. Additionally, they reported 
that when the repulsion increases, SDS adsorption becomes 
undetectable. The influence of pH on the adsorption of SDS 
was determined using the modified Langmuir equation 
and the 1-pK basic Stern model. Tagavifar et al. [83]. The 
pH effect was investigated using the adsorption of alkali 
 (Na2CO3) anionic surfactant on Indiana limestone across a Ta
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pH and surfactant-to-solid ratio range. They found that the 
anionic surfactantsadsorption is 2.4 mg/m2 at pH ~ 8 and 
practically linearly decreases with pH levels higher than 9. 
In low pH conditions, the dominant mode of adsorption on 
calcite and clay is charge-regulated. Although hydrogen—
bonded adsorption is significant in calcite, it is the dominat-
ing mode around pH levels ~ 10. Jian et al. [85] investigated 
the adsorption among each component and surfactant mix 
on various mineral surfaces with varying charges. The key 
discovery was that when LB was combined with IOS and 
also L38, its adsorption increased as a result of surfactant 
complexation on the pure calcite surface at a lower pH.These 
systems' adsorption was influenced by at least three factors. 
The first element is surfactant complex, or more precisely, 
anionic/cationic surfactant complexes; the second factor is 
surfactant electrostatic interaction with solid surfaces; and 
the third factor is the distribution of surfactant complexes 
between the surface and the micelles.

More recently, Liu et al., Liu et al. determined the ani-
onic surfactant the adsorption behavior, alcohol alkoxy 
sulfate (AAS). With 9.5 pH, the surface of silica is highly 
charged negatively, providing an abundance of sites in order 
to bind AAS through calcium ion bridging. As a result, they 
revealed that decreasing the pH of the fluid (making it less 
alkaline) reduces AAS adsorption. The increased pH results 
in an increment in the amount of anionic surface sites pre-
sent for interacting with such an anionic surfactant through 
a bridging agent such as calcium cation [94]. At pH values 
ranging from 1–14, the impact of pH on the adsorption of 
MB using traditional  TiO2, synthetic  TiO2, and NS/TiO2 was 
examined. It was established that as the pH level increased, 
thus increased the adsorption efficiency.  TiO2 adsorbents 
acquire a positive charge at the surface when the pH is 
low. Since adsorbents have such a positively charged sur-
face, electrostatic repulsion exists among the adsorbent and 
also the MB cationic fragments, resulting in a decrease in 
adsorption efficiency. Since many H + ions compete for MB 
at low pH, adsorption is decreased under acidic conditions. 
Whenever the solution pH decreased due the deprotonation, 
the charge also on adsorbent surface became progressively 
negative [95]. In light of the findings of this study and the 
data in Table 1, it is obvious that active surface adsorption 
has been affected throughout a broad pH range, (i.e., 3–11).

4.2  Initial Surfactant Concentration Effect

To quantify the amount of surfactant adsorption and the pro-
portion of surfactant removed from such a solution, it is 
necessary to investigate the initial surface agent concentra-
tion effect. Increasing the initial surfactant concentration 
often results in an increase in the percentage of static adsorp-
tion, according to previous research [28, 96, 97]. It has been 
attributed by several authors to the adsorbate species' 

saturation of sorbent surface adsorption sites. The percent-
age of surfactant adsorption increases with increasing con-
tact time at all starting surface agent concentrations [96]. 
Surface-active concentration differences between the aque-
ous and solid phases function as a driving factor to overcome 
mass transfer barrier from surfactant molecules. Arabloo 
et al. [28] investigated various initial concentrations of Gly-
cyrrhiza Glabra onto local sandstone formation. At several 
contact times, increasing the Glycyrrhiza Glabra concentra-
tion increased adsorption density. This behavior could be 
seen in equilibrium adsorption data too. Glycyrrhiza Glabra 
adsorption is rapid at the beginning of the experiment and 
slows until equilibrium is attained. The trend becomes more 
obvious when concentrations increase. Glycyrrhiza Glabra 
equilibrium was reached more rapidly at a lower initial con-
centration. There is less competition between surfactant 
molecules and binding sites due to the low surfactant mol-
ecule to available adsorption site ratio [28, 98]. TFG adsorp-
tion on sandstone rock was investigated by Barati-Harooni 
et al. [96]. The IFT between water and restricted oil may be 
greatly reduced with this new natural surfactant. A variety 
of adsorption models were used to simulate this process of 
surfactant adsorption on the minerals in sandstones. Accord-
ing to the authors, increasing the surfactant concentration 
(5000–80000 mg/L) results in an adsorption amount due to 
the concentration difference among the crushed rock surface 
and the bulk solution increases. Additionally, the surfactant's 
adsorption gradient on crushed rock is high from starting 
concentrations up to 40,000 mg/L, and continues with a low 
gradient above this concentration. E.g., at 5000 mg/L, 
adsorption occurs at 2.5943 mg/g rate, while at 40,000 
mg/L, adsorption occurs at 12.021 mg/g rate. Adsorption 
reaches 14.763 mg/g when 80,000 mg/L is included. This 
demonstrates that the adsorption process involves a brief 
period of high adsorption followed by a longer period of 
reduced adsorption [96]. Barati et al. [78], when they used 
Trigoonellafoenum-graceum as a newly introduced non-
ionic surfactant on mineral phases, they demonstrate the 
importance of equilibrium adsorption in determining the 
quantity of surfactant lost onto the absorbent. When sur-
factant concentrations were increased from (0.5–8 wt %), 
adsorption was found to increase due to the difference con-
centration between the bulk solution and solid–liquid inter-
face. Moreover, it is critical to note that the adsorption per-
centage decreases and achieves saturation. Ahmadi et al. 
[73] evaluated the adsorption behaviors (respectively 
dynamic and static) of such a natural non-ionic surfactant at 
concentrations ranging from (0.1wt % to 8%), derived from 
Zyziphus Spina Christi leaves and applied to the real shale-
sandstone reservoir sample. It has been reported that as the 
surfactant concentration increases, the capacity of the sur-
factant to adsorb on the sandstone samples increases signifi-
cantly. This is likely due to the increase in the concentration 
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gradient between the bulk and surface of the sandstone rocks 
as the surfactant solution's basic concentration increases. 
Bera et al. [74] explain the performance of adsorption of 
three different surfactants on clean sand particles, namely 
anionic, cationic, and non-ionic. The concentrations evalu-
ated were between 0 and 1200 mg/L. The SDS adsorbed on 
adsorbent was found to be the lowest when compared to 
some others. Tergitol 15-S-7 and CTAB are considerably 
more adsorbed on particles of sand at equilibrium than SDS. 
The adsorption isotherms of all surfactants were observed 
to quickly increase with surfactant concentration. The sud-
den increase in the adsorption isotherm can be explained by 
the surfactant aggregates surface formation known as the 
"hemi micelles" on the surfacesanddue to lateral interaction 
between different hydrocarbon chains. This interaction pro-
duces a second driving force that balances out the electro-
static attraction that is already there, resulting in a consider-
able increase in adsorption. Throughout all the cases, the 
authors found an increase in adsorption with increasing 
concentration up to a certain point, after which no increase 
was seen. For CTAB, micelles are formed and remain in 
bulk solution, acting as a potential chemical sponge for any 
extra surfactant that is added to the system after CMC has 
been reached. When the concentration of surfactants 
increased, the adsorption of the surfactant was characterized 
by low or no increases in the surfactant adsorption isotherm. 
As a consequence, the SDS concentration increases. Due to 
the SDS surfactant's negative head groups, sand and sur-
factant molecules are strongly attracted to each other. As a 
result, before using CMC, increasing the concentration of 
surfactant had no effect on adsorption.Tergitol 15-S-7, on 
the other hand, shows a little increase in adsorption after 
CMC treatment, owing to the existence of weak hydrophobic 
and hydrogen bond interactions [74]. Yekeen et al. [80] stud-
ied the adsorption and foaming capabilities of SDS sur-
factants at various concentration from 0.01 to 1%. They 
measured the rates of SDS adsorption on kaolinite by deter-
mining the surfactant's CMC (using surface tension) during 
kaolinite equilibration. The results suggest that while the 
CMC of the surfactants at 0 wt% NaCl and surface tension 
are comparable to those of pure SDS, the CMC and surface 
tension of the surfactants increased slightly during equilibra-
tion with kaolinite. Meanwhile, the CMC's surface tension 
was essentially comparable throughout adsorption. SDS's 
CMC increases to 0.25 wt% following equilibration. When 
the CMC value is normalized to the mass of kaolinite, the 
change in CMC results in an estimated adsorption approxi-
mately 0.005 g-SDS/g-Kaolinite or 5 g-SDS. Park et al. [75] 
tested different flooding adsorption characteristics of four 
surfactant compounds at concentrations of 0.001 to 1.0 wt%. 
DBS was the most adsorbent, followed by PONP, PS20, and 
LS. According to the literature (e.g., 936.10–6 mol/g for 
DBS and 066.10–6 mol/g for LS), these adsorption 

concentrations are extremely constant. For a better under-
standing from how anionic surfactants attach to kaolinite's 
surface, consider: At low surfactant concentrations, hydro-
phobic contact between the hydrocarbon chains of the sur-
factant and the kaolinite surface under neutral pH is the 
major mechanism of adsorption. Smaller surfactant aggre-
gates (called'soloids' or 'hemimicelles') emerge on the kao-
linite surface as surfactant concentration increases, Because 
of alkyl–alkyl hydrophobic interactions between the bulk 
and the adsorbed molecules. At some point, the CMC is 
reached, and then surfactant molecules begin adsorbing 
above the CMC, creating bilayers and multilayers. If low 
concentrations of non-ionic surfactants are used, weak mol-
ecules are attracted to the monomer form of the surfactant. 
When the polyoxyethylene component comes into contact 
with hydroxyl groups on the surface, hydrogen bonds are 
formed between them. There is no indication of significant 
hydrophilic groups between hydrophobic groups in the lat-
eral direction. At increasing concentrations, hemimicelles 
form and molecules prefer to float evenly on the surface. As 
a result, the amount of adsorption significantly increases due 
to cooperative interactions between adsorbates in this set-
ting. As the adsorption process accelerates, the orientation 
of the adsorbed molecules changes, and surface aggregates 
form as such a result of lateral alkyl–alkyl interactions [12, 
75, 99, 100].

Recent research by Lebouachera et al. [84] analyses the 
effect of several parameters on SDS adsorption on the Alge-
rian rock Hassi Messaoud. At equilibrium, concentrations 
of SDS surfactant of 200, 400, 600, and 800 ppm exhibited 
adsorption capacities of 2.05, 2.29, 2.90, and 4.21 mg/g, 
respectively. Fast adsorption is a result of SDS molecules 
coming into touch with widely available surface adsorp-
tion sites. In comparison, progressive adsorption may be 
attributed to SDS molecules adsorbing into the rock res-
ervoir's pores. A single/Gemini cationic surfactant and a 
single/Gemini zwitterionic surfactant were produced as 
test quaternary ammonium surfactants by Mao et al. [101]. 
At concentrations between 0.01 and 0.1%, several types 
of viscoelastic surfactants were tested for their capacity to 
attach to carbonate rocks and sandstones and their ability 
to moisten them. Weight percentages range from 0.2 and 
1.2%. The experimental findings show that the adsorption 
initially increased and became stable as the surfactant con-
centration increased. That's because when concentrations 
increase, the surfactant produces monomolecular layers on 
the adsorbent surface. Furthermore, Increased surfactant 
concentrations are no longer effective at increasing adsorp-
tion. Additionally, rocks had no noticeable effect on sur-
factant adsorption, despite the surfactants being opposite. 
Owing to the existence of two hydrophobic chains and two 
hydrophilic groups connected by intervals through chemi-
cal interactions, Gemini zwitterionic surfactants have the 
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highest adsorption capacity and greater hydrophobicity 
than standard single-tailed surfactants. It may minimize the 
attractive force between hydrophilic groups and also the 
hydration layers' barrier and increasing the charge density 
of the individual surfactant's molecular heads. This increases 
the adsorption of Gemini zwitterionic surfactant on charged 
rock surfaces and concentrates them at the water surface. As 
a consequence, the Gemini zwitterionic surfactant is opti-
mized for enhanced adsorption on the rock surface [101]. 
Ahmadi et al. discuss the adsorption equilibrium of vari-
ous types of nanosilica and Zyziphus Spina Christi, a novel 
surfactant, in aqueous solutions for the aim of enhanced oil 
recovery (EOR) and reservoir stimulation. They performed 
batch adsorption experiments on Zyziphus Spina Christi 
and different stages of Nanosilica. The initial concentra-
tions of surfactant and nanosilica are different, ranging from 
1000 to 80,000 ppm for surfactant and 500 to 2000 ppm for 
nanosilica, respectively. Increased surfactant concentration 
increases the surfactant's ability for adsorption on carbonate 
samples. This is because the concentration gradient between 
the bulk and the surface of the carbonate rock increases as 
the initial concentration of the surfactant solution increases 
[72]. Muherei et al. investigated the adsorption characteris-
tics surfactants (Triton X100 and SDS) and their mixtures 
(1:2; 1:1; 2:1 SDS: TX100 by weight) in the combination 
of different naturally occurring adsorbents, sandstone and 
shale. The findings shows that the anionic surfactant, SDS, 
has only a minimal capacity for adsorption to both shale and 
sandstone. The maximum adsorption quantities of SDS on 
both shale and sandstone were lower than those of TX100. 
This was related to repulsive interactions between negatively 
charged SDS and negatively charged shale/sandstone [71]. 
Rashid et al. recently evaluated the impact concentration 
solution on methylene blue (MB) adsorption used traditional 
and synthetic  TiO2, and NS/TiO2 at different concentrations 
from 10 to 40 mg/L (30 ppm Co; adsorbent0.06 g; pH 10; 
temperature of 298K; agitation 100 rpm). It was found that 
the initial dye concentration has a significant influence 
on the amount of solute molecules that can be pushed to 
overcome the solid-to-liquid mass transfer barrier through 
adsorption [95]. Thus, increasing the surfactant concentra-
tion results in an increase in surface adsorption [102].

4.3  Adsorbent Dosage Effect

Adsorption of a solute generally increases with adsorbent 
concentration, since an increase in adsorbent concentration 
results in an increase in active exchangeable adsorption sites 
[74, 103]. As seen in Fig. 6, SDS sand adsorption is dose-
dependent. At 25 °C, the adsorption process with SDS at 200 
and 800 ppm concentrations were investigated. As shown in 
the figure, adsorption increased on the ranging 3.294–7.96 
mg/g when the dosage of rock risen from 1 to 9 g and then 

stayed nearly constant until the final amount of adsorbent. 
For each surfactant concentration, it was shown in Fig. 6 that 
after a certain adsorbent dosage, it remains constant [84]. 
This was due to the reason that with increased adsorbent 
dosage, there are more adsorption sites. At high adsorbent 
doses, increasing the number of adsorption sites had little 
influence on surfactant adsorption because equilibrium was 
established at a low concentration of surfactant with in solu-
tion before saturation. Adsorbent dose was changed from 11 
to 18 mg, which significantly improved static adsorption effi-
ciency from 8.75 to 9.1756 mg/g. This result is due mainly 
to the reason that SDS surfactant saturated the adsorption 
sites at low adsorbent concentrations (11 mg) but abandoned 
them unsaturated at high dosages (> 18 mg). These findings 
were confirmed by previous studies [104].

Bera et al. [74] published in the literature on the impact 
of adsorbent amounts ranging from 2 to 16 g. The find-
ings reveal that for SDS surfactant at a concentration of 
1000ppm, adsorption increases as adsorbent dosage and 
subsequently stabilizes at a certain dose. As the number of 
adsorbent increases, the number of active adsorption sites 
increases accordingly, and the adsorption process acceler-
ates as the order proceeds. After a dose of adsorbent equal to 
8g, no further adsorption occurs due to the accumulation of 
significant adsorption sites and the resulting particle interac-
tions between the system's sand particles. At high adsorbent 
concentrations, particle interaction occurs, this results in a 
reduction in the overall surface area of the adsorbent and 
an increase in the diffused distances. According to Shukla 
et al., another possible explanation for this behavior is that 
as the adsorbent dosage increases, adsorption sites capable 
of absorbing surfactant ions become more available. The 

Fig. 6  Influence of on the adsorption of SDS at 200 and 800 ppm 
[84]
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adsorption rate is high when the adsorbent dose is low due 
to effectively available active sites; however, when the adsor-
bent dosage is high, the surfactant ions cannot rapidly access 
the adsorption sites until equilibrium is reached [105, 106]. 
Li et al. [107] established a systematic relationship between 
static adsorption and the effect of the combined flooding 
system's solid-to-liquid wt% on the quartz sand surface. As 
the solid–liquid weight ratio decreases, the number of THSB 
and DPG particles adsorbed on the sand surface increases. 
The adsorption process might very well be characterized by 
the quartz sand's interaction with chemical agents. The fol-
lowing two factors were directly accountable for adsorption: 
(1) Electrostatic force applied by the reservoir rocks' nega-
tive charge; (2) covalent chemical bonds, such as hydrogen 
bonds and hydrophobic covalent bonds. The dosage effect 
on the adsorption of MB was studied using commercial and 
synthetic  TiO2, and NS/TiO2 at different dosage: 0.03 g, 0.06 
g, and 0.09 g. The findings indicate that increasing the quan-
tity of adsorbent resulted in an increase in the early stage 
of dye (MB) removal due to the availability of additional 
active charge-containing sites for adsorption. Equilibrium is 
reached and the maximum adsorption occurs at this point in 
the adsorption process. As a result, no additional improve-
ment in adsorption was seen after the saturation, even if the 
amount of adsorbent increased [95]. As a result, it is critical 
to control the dose of an adsorbent to obtain reduced sur-
factant adsorption on rock reservoirs.

4.4  Contact Time Effect

The researchers performed contact time testing to evaluate 
the correlation among thesurfactant quantity adsorbed onto 
contact time/agitation and the quantity of adsorbent. Contact 
time affects the process's economic efficiency, particularly 
in cEOR applications, and also the kinetics of adsorption. 
As a consequence, contact time is a critical and impor-
tant factor in the process of adsorption [108, 109]. Barati 
et al. studied the TrigoonellaFoenum-Graecum adsorption 
andthey reported that after 24 h of contact time, they had 
reached equilibrium adsorption, or maximum adsorption. 
Interestingly, the initial adsorption rate is high because the 
solid has a high specific surface area available for surfactant 
adsorption and surfactant adsorbs largely through electro-
static attraction between the surfactant head group and the 
sites charged on the solid surface. Eventually, the rate of 
adsorption decreases when the surface gets electrically neu-
tral and forms a monolayer, and adsorption occurs by the 
interactions of hydrophobic chains. Over extended durations, 
activity of monomer stays almost constant, while surfactant 
diffuses into the adsorbent very slowly, resulting in a pro-
longed rate of adsorption [78]. In another investigation, Park 
et al. determined that after 1200 min (20 h) of measuring 
the quantity of adsorption of five different surfactants as 

time function, all surfactants reached the adsorption equi-
librium. Thus, when a surfactant's adsorption process was 
quantified in terms of the quantity of adsorption per unit 
time (mol/g min), it was found that the timing of start to 
equilibration is DBS > PONP > PS20 > LS [75]. Ahmadi 
et al. investigated the contact timeeffect on new surfactant 
adsorption onto carbonate reservoir rock. Once the system's 
concentration varies over time, which also is in equilibrium, 
and the test is considered complete. According to prelimi-
nary findings, equilibrium adsorption occurred within 2 
days [73]. Ahmadi et al. also conducted an experimental 
analysis of natural surfactant adsorption in a shale-sand-
stone oil resource and it was determined that the majority 
of adsorption occurred after the first six days for the initial 
surfactant doses. Because the shale sandstone samples have 
a greater surface area at the onset of surfactant adsorption, 
the rate of adsorption is also increased. Once the capacity 
of the adsorbent is reduced owing to the development of a 
monolayer through the adsorbed material, the rate for sur-
factant transmission between the outer and inner surfaces 
of adsorbent particles is highly depend on the uptake rate 
[77]. Barati-Harooni et al. investigated the experimental 
and numerical modelling of the adsorption0f non-ionic sur-
factantupon sandstone minerals in the enhanced oil recovery 
process as a function of time. It was reported that the initial 
stages of surfactant adsorption on solid rock are high, but 
the adsorption increases slowly and eventually approaches 
equilibration. At the first process, the surface area attainable 
for surfactant adsorption is large, and the surfactant ratio to 
available for adsorption surface is high, resulting in rapid 
surfactant adsorption. Further in, as the available surface 
area is covered, this ratio decreases and adsorption occurs 
slowly and eventually reaches equilibration [96, 98].

Arabloo et al. [28] investigated the influence of contact 
time on Glycyrrhiza Glabra adsorption on reservoir rock 
samples with varied initial concentrations. The findings 
show that during the first three hours, density adsorption 
rapidly increases. Following after, the adsorption density 
increased gradually, and after approximately one day, com-
plete adsorption equilibrium was reached. Moslemizadeh 
et al. measured the surfactant rate adsorption during the 
contact time for various initial surfactant concentrations 
ranging from 0.1 to 5%wt. The equilibrium adsorption was 
achieved in 3 h or less for most of the initial concentra-
tions. The adsorption process occurs with a high rate of 
adsorption owing to the significant amount of specific sur-
face area available for surfactant adsorption on MMT. Sur-
factant adsorption ability of MMT decreases significantly 
after monolayer formation. Furthermore, the quantity of 
surfactant adsorption increases as the surfactant's initial 
concentration increases [79]. A similar trend of results was 
found by Lebouachera et al., who used the same approach to 
analyze SDS adsorption on an Algerian sandstone reservoir 
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over time for cEOR applications. After 11 h of adsorption, 
equilibrium conditions were determined for crushed rock 
samples ranging in concentration from 200 to 800ppm [84].

In recent study, Rashid et al. investigated the effect of 
time interval on the adsorption, of MB, the time intervals 
used were 20, 40, 60, 80, 100, 120, and 140 min. The find-
ings indicate that the early stage of MB adsorption is very 
rapid owing to the availability of free active sites in conven-
tional, synthetic, and NS/TiO2 particles. During time, the 
adsorption process slows to the point that the rate adsorption 
becomes parallel to the x-axis, this is almost stable at 100 
min [95].

4.5  Temperature and Thermodynamic Parameters 
Effect

Temperature is another critical parameter that affects the 
adsorption process. Energy and entropy factors must be 
addressed when determining if an adsorption process will 
proceed in any particular adsorption mechanism [110, 
111]. The fundamental thermodynamic parameters entropy, 
enthalpy, and Gibbs free energy may be approximated using 
the Langmuir isotherm constant, the value of which is tem-
perature dependent. Gibbs free energy probability can be 
determined by calculating the following formula:

where R indicates the gas constant standard (8.314 J mol/K), 
T represents the temperature in degrees Kelvin (K), and KL 
indicates the Langmuir constant.

Additional parameters associated with ΔG◦ that are criti-
cal for a process's feasibility and spontaneity are entropy 
(ΔS◦) and enthalpy (ΔH◦), as indicated by the equation 
below:

Equations (1) and (2) are added to obtain:

The gradient and intercept of a plot of 1/T against ln 
KL can be used to calculate the values of ΔH◦ and ΔS◦ 
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[112–116]. Negative values of ΔG◦ indicate a spontaneous 
adsorption process. Similarly, positive values of ΔH◦ indicate 
an endothermic reaction. Additionally, the amount of ΔH◦ 
appears to be related to such sorption, namely physisorp-
tion (ΔH◦ < 50 kJ/mol) and chemisorption (ΔH◦ > 50 kJ/mol) 
[109]. As a result, numerous researchers investigated the 
temperature effect on the surface-active agent’sadsorption 
by various adsorbents from different reservoirs; these studies 
are summarized in Table 2.

According to Table  2, surfactant adsorption on the 
majority of the adsorbents reported was exothermic. The 
TrigoonellaFoenum-Graceum adsorption (TFG) on the Ira-
nian Aghajari oil field, SDS and Titriplex III on the Assam 
reservoir, SDS CTAB, and Tergitol 15-S-17 on the Indian 
reservoir was shown as exothermic, as the negative value of 
ΔH◦. As a result of the presence of negative ΔG◦ and posi-
tive ΔS◦ in the case of Trigoonellafoenum-graceum (TFG) 
retention, the adsorption process appears to be spontaneous 
and favorable. The positive ΔS◦was attributed to the affinity 
of the Persian oil field to ZSC, the most likely explanation 
is that during the adsorption process, the variability at the 
solid–solution interface increased, as well as certain struc-
tural changes in the surfactant and adsorbent. Recently, Leb-
ouachera et al. found that when the temperature is changed 
from 293 to 253K, ΔG◦ negative values have been shown to 
decrease from (− 5.4982 kJ/mol to − 3.3767 kJ/mol),This 
might be related to the process's spontaneity and practical-
ity resulting in a reduced adsorption capacity [84]. In the 
303–323 and 303-343K temperature ranges, Bera et al., and 
Saha et al., made similar observation [74, 81]. According to 
Zendehboudiet al., Ahmadi et al. and Barati et al. investiga-
tions, the negative values of ΔG◦ increased when the tem-
perature increases, showing that the process of adsorption 
is spontaneous [73, 78, 117].

Almost numerous researchers reported that the adsorption 
of surfactants was exothermic, with the exception of a few 
cases. As said by Mao et al., the capacity of Gemini cati-
onic and Gemini zwitterionic adsorption on sandstone and 
carbonate reservoirs can be affected by temperature changes 
from 298 to 373 K. The experimental findings indicate that 
as the temperature increased, the adsorption of surfactants 
on various rocks decreased, and the degree of reduction 
became more gradually, that can be attributed to the fact 

Table 2  Nature and 
thermodynamic parameters 
of surfactants adsorption on 
different adsorbents

Adsorbents Nature of adsorption Δ  G0 Δ  H0 Δ  S0 Refs.

Aghajari oil field(Iranien) Exothermic − 10.7100 − 1.0000 0.03200 [78]
Assamreservoir Exothermic − 1.75700 − 15.8460 − 0.04500 [81]
Oil field in India Exothermic − 4.16700 − 24.8460 − 0.06670 [74]
Mansourioil field (south of Ahwaz) Exothermic − 14.0600 − 10.7300 11.10000 [77]
Persian oil field(Sarvak reservoir) Exothermic − 15.9820 − 8.29430 0.08020 [117]
Algerian rock reservoir Exothermic − 5.49820 − 9.35450 − 0.04602 [84]
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that temperature may affect the adsorption process in two 
ways. Firstly, due to the exothermic nature of adsorption, it 
will be reduced by changing the temperature. Secondly, the 
temperature changes increases the surfactant's solubility in 
water, hence lowering surfactant adsorption on the adsor-
bent surface [101]. Increasing temperature between 298 to 
353 K had such a significant effect on the effectiveness of a 
non-ionic surfactant's adsorption (TFG), on carbonate min-
erals in the Iranian south west oil fields (Aghajari oil field). 
Additionally, it was demonstrated in the authors' research 
that temperature had such a significant effect on the pro-
cess of adsorption in comparison to the Algerian adsorption 
process on anionic SDS surfactant. Higher adsorption with 
increasing temperature is then attributed to the development 
of additional adsorption sites, pore expansions, diffusion 
over the energy barrier, increased sorption and transport 
efficiency against the energy barrier, or a combination of 
these factors [118]. Shamsi Jazeyi et al. examined the effect 
of temperature on sodium polyacrylate's effectiveness as a 
catalytic agent on a variety of minerals/rocks, including NI-
blend on Carlpool dolomite. Their findings indicated that 
Polyacrylate can significantly decrease NI-blend adsorption 
on Carlpool dolomite at the varying temperatures examined 
[119]. Lebouachera et al. have also investigated the change 
of temperature between 25 and 80 °C for different concentra-
tions on Algerian sandstone reservoir adsorption by Sodium 
Dodecyl Sulphate. The analysis revealed that equilibrium 
was obtained at 353K (25 min) compared to 323K (45 min) 
and 298K (6 h). Which might be a result of the compo-
sition of the rock samples. that also makes the surface of 
sand negatively charged [120, 121]. Haloi et al. analyzed the 
temperature effect on the adsorption of rhamnolipid at con-
stant agitation rates of 150 rpm.They reported that as tem-
perature increases, rhamnolipid adsorption decreases. The 
adsorptionmaximum occurs at low temperatures because the 
adsorption interaction is exothermic [13].

4.6  Competing Ions Effect

The solution's ionic strength has a considerable effect on 
the aqueous phase equilibrium of adsorption onto rock 
reservoirs. Numerous scientists have conducted extensive 
research on this impact. Adsorption generally decreases 
when theaqueous ionic strength increases [122–125]. The 
availability of coexisting ions in solutions (e.g., Cl,  NO3, 
 SO4

2−,  PO4
3−, and other metal cations) results in compet-

ing adsorption, which may affect the interaction between 
surfactant solutions with rock reservoirs [126]. Several stud-
ies have revealed that flooding a reservoir with low salinity 
increases oil recovery. The concentrations of salt must be 
in the range of 500 to 3000 ppm for low salinity flooding 
[127].Yekeen et al. [80]evaluate the SDS adsorptionon kao-
linite mostly as function of the surfactant concentration and 

electrolyte concentrations (NaCl,  CaCl2, and  AlCl3). The 
findings shows that when the concentrations of NaCl and 
 CaCl2 increase, the SDS adsorption on kaolinite increases. 
Therefore, adsorption in the presence of  AlCl3 exhibits a 
distinct appearance. The adsorption is constant as the  AlCl3 
concentration increases. The electrostatic double layer 
(EDL) screening effect of salts and SDS's propensity to form 
complexes with divalent  (Ca2+) and trivalent  (Al3+) cations 
are significant factors impacting SDS adsorption and foam-
ing behaviors in the presence of  AlCl3,  CaCl2, and NaCl 
salts. The author proposes that kaolinite's high adsorption 
capacity at high salinity is due to the compressing of electri-
cal double layer on the adsorbent's surface and a decrease 
in electrostatic repulsion between the adsorbent's surface 
and the adsorbed surfactant species. By lowering the electri-
cal double layers and zeta potential of the kaolinite surface, 
the additional salt increases adsorption. Interestingly, SDS 
adsorption on kaolinite in the presence of  AlCl3 has a dis-
tinct behavior. The adsorption is unaffected by the presence 
or absence of  AlCl3. Adsorption of SDS on kaolinite remains 
constant at a concentration of  AlCl3 of 0.025–0.05 wt.% 
and 0.1 wt.% at a rate of 0.02 g-SDS/g-Kaolinite. When 
 AlCl3 and  CaCl2 were present, the average adsorption of 
SDS on kaolinite was significantly higher than when NaCl 
was present. Another study by Lv et al. [128] investigated 
the adsorption of dodecyl benzene sulfonate and amphoteric 
surfactants (betaine) on kaolinite for several systems (potas-
sium chloride, sodium carbonate, sodium metaborate, and 
sodium tetraborate) with the same salinity (10 g/l). When 
the sodium chloride solution was replaced with alkali, the 
isotherm's maximal adsorption reduced considerably. When 
the alkyl benzene sulfonate and dodecyl benzene sulfonate-
anionic surfactants were blended with alkali, the adsorp-
tion peak and subsequent decline disappeared due to the 
alkali consuming multivalent cations, despite the fact that 
neither precipitation or dissolution actually happened. By 
comparing the results of surfactant adsorption in three dif-
ferent types of alkali, it is possible to determine that sodium 
tetraborate lowers the surfactant adsorption more effectively 
than sodium metaborate and the conventional alkali, sodium 
carbonate, at a certain concentration. Budhathoki et al. [129] 
proposed polystyrene sulfonates (PSSs) as a sacrificial agent 
to minimize adsorption of anionic surfactant in a sand-stone 
reservoir that has saline with total TDS of over 300,000 mg/l 
and total hardness  (Ca2+and  Mg2+) of over 13,000 mg/l. 
That's mostly due to the adsorption of cations, particularly 
 Ca2+ and  Mg2+, onto the negatively charged sand surface, 
creating additional positively charged sites for the anionic 
surfactant to adsorb. Similarly, similar behavior is observed 
in the case of Ottawa sand, although the variation is not as 
obvious as it is with Berea sandstone. Ahmadi et al. [130] 
did another investigation in which they included several 
salts in the test mixture, including KCl, NaCl, and  MgCl2, 



2297Chemistry Africa (2024) 7:2283–2306 

in understanding the influence of salt on the Zyziphus Spina 
Christi (ZSC) adsorption process. The results indicate that 
raising the salt concentration has a substantial influence on 
the magnitude of the surfactant's adsorption density, espe-
cially when  MgCl2 and NaCl are present in the solution, 
whereas KCl has the least effect on the maximum adsorption 
density of ZSC surfactant.

Jian et al. [85]studied thesurfactant blends adsorption 
behavior of able to create complexes based on an anionic 
C15-18 internal olefin sulfonate (IOS), a zwitterionic lauryl 
betaine (LB), and an anionic C13-alcohol polyethylene gly-
col ether carboxylic acid (L38). The LB and L38 adsorption 
as single surfactant solutions was determined to be 0.33 mg/
m2 and 1.61 mg/m2 on calcite, respectively, and 0.43 mg/
m2 and 2.20 mg/m2 on dolomite, respectively. This value 
varies from those seen in DI water because L38 exhibits 
significant attraction due to its high surface potential and 
surface charge, In contrast, the increased ionic strength of 
LB results in less attraction. Additionally, when the sur-
factant was combined with the salt solution, the adsorption 
of L38 was significantly reduced compared to when the sur-
factant was used alone. L38 is another anionic surfactant 
that, like IOS, exhibits the greatest adsorption on the calcite 
and dolomite surfaces owing to the electrostatic attraction. 
Meanwhile, in a solution of 5%  CaCl2, the adsorption of L38 
increased significantly (for all minerals studied), which was 
attributed to the mineral surface's enhanced positive zeta 
potential. To facilitate adsorption at higher temperatures, 
all surfactant solutions were produced in a  Na2SO3 solu-
tion (0.2 M), which efficiently inhibits the L38degradation 
at higher temperatures, as previously described. The adsorp-
tion of L38 on various mineral surfaces was significantly low 
when the adsorption was performed out at higher tempera-
tures in the presence of sodium sulphite. The explanation 
for this decrease in adsorption was that sulphite can react 
with oxygen to form sulphate, because that's the potential 
controlling ion and also has the ability to lower the surface 
potential of positive binding sites to negative values. This 
results through an electrostatic attraction among the mineral 
surface and the L38 surfactant's negative hydrophilic head 
group, which contributes for the surfactant's low adsorption 
at high temperatures [85, 131].

5  Adsorption Mechanism

Surfactant molecules are transported from the bulk solu-
tion phase to the reservoir rock surface during the sur-
factant adsorption process [128]. As illustrated in Fig. 7, 
the adsorption process is separated into four stages. The 
first stage, surfactant concentrations were lowered for 
this procedure and it is possible to identify the adsorp-
tion process by obtaining a slope of 1. In this stage, when 

non-ionic surfactants are adsorbing from an aqueous solu-
tion to a solid surface, molecular electrostatic interactions 
occur, have included chemical interactions, hydrophobic 
bonding, and hydrogen bonding. Furthermore, electrostatic 
interactions control the adsorption process in systems with 
charged ionic surfactants and solid particles [132–134]. 
Surfactant adsorption on solid particles is influenced by 
chemical interactions that occur only in specific conditions 
in which covalent bonding among the surfactant and the 
solid is possible compared to other driving forces [135]. 
Fatty acid adsorption on fluorite and hematite are exam-
ples of chemisorption in which the surfactant interacts 
with the mineral surface [133, 136, 137].

Hydrophobic interaction is also another significant con-
tributor to surfactant adsorption on solid particles. The 
adsorption process occurs once the attraction exists among 
a hydrophobic group of adsorbed molecules and an active 
molecule in the solution. Hydrogen bonding among sur-
factant species and surface species could perhaps occur in 
many ways where the surfactant contains hydroxyl, amine, 
phenolic, or carboxylic groups. Hydrogen bonding affects 
the non-ionic surfactants and saponins adsorption. When 
a bond is formed between the functional groups of the sur-
factant and the mineral surfaces, adsorption occurs accord-
ing to hydrogen bonding. Moreover, non-ionic surfactants 
are not electrostatically or chemically adsorbed but are also 
physically adsorbed. In the case of saponins, Hydrogen 
bonds among hydroxyl groups and the solid surface species 
are noticeable [12, 138–140].

Fig. 7  Four-stage adsorption mechanisms schematic diagram. Figure 
inspired from Adak et al. [142]
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The association of adsorbed surfactants in patches at the 
solid–liquid interface controls adsorption in stage 2; because 
of this, electrostatic attraction and lateral interactions are 
the primary driving forces here. Additionally, the critical 
hemimicelle concentration (HMC) is related to the transition 
between stages 1 and 2 [141]. Stage 3 shows a decrease in 
slope as compared to stage 2. Because the ions of surfactant 
had covered all of the surface sites by the ending of stage 2, 
it’s been linked to this phenomenon with further adsorption 
occurs in stage 3 as a result of interaction between first- and 
second-layer hydrocarbon chains. Also, it was associated 
to a charge reversal caused by the adsorbed surfactant ions. 
Stage 4 is the adsorption plateau stage, which appears at or 
around the CMC point and is indicated by almost no increase 
in adsorption when surfactant concentration is increased [8].

The CMC is a significant factor for surfactants since it 
impacts their ability to thicken. Lower CMC will result in 
lower amounts of surfactant being used, which will result 
in considerable economic advantage under the concept of 
achieving the structure criteria. The surfactant concentration 
and arrangement correlation are clearly illustrated in Fig. 8. 
Surfactant CMC research can have a significant impact on 
the functionality of surfactants. Hence more specific study 
is needed.

6  Adsorption Equilibrium and Kinetic

Adsorption equilibrium knowledge is an essential aspect in 
the applicable design and analysis of the system of adsor-
bent-adsorbate [126]. It highlights surfactant molecules dif-
fusing from the bulk of the solution toward the liquid–solid 
interface, as well as the kinetics occurring at the interface. 
Adsorption kinetics is used to determine the adsorption rate 
over time and provides valuable information on adsorption 

processes, which is useful for understanding the mecha-
nisms. Toward this purpose, numerous models have been 
developed over the years to define the adsorption equilib-
rium of surfactants on diverse rock reservoirs, covering iso-
therm models with two and three parameters such as Lang-
muir [30, 143], Frendlich [28], Temkin [29, 144], Jovanovic 
[24], Hasley [26, 145], Redlich–Peterson [146, 147], Sips 
[148], Khan [23], Toth [149], and Brouers–Sotolongo [27]. 
Those certain isotherm models reveal accurate informa-
tion on an adsorption process's adsorbing property and the 
exchangeable sites arrangement on the surface of adsorbent 
[28]. Table 3 summarizes a variety of previously published 
models. To express equilibrium adsorption in cEOR appli-
cations and compared to the other models, Freundlichand-
Langmuir models are mostly used. Freundlich and Langmuir 
models were established significantly in research studies to 
define equilibrium adsorption in cEOR applications [109].

New natural surfactant Saponins was evaluated for 
adsorption upon the shale-sandstone reservoir [77]. The 
carbonate reservoir was controlled with the same surfactant 
[73]. Additionally, Montmorillonite (MMT) was evaluated 
by including a new bio-based surfactant called Mulberry leaf 
extract [79]. Different forms of Nanosilica and ZyziphusSpi-
nacea Christi were used to adsorb onto a carbonate reservoir 
by the same authors [72].

Barati-Harooni et al. [96] were investigated the equilib-
rium data of Saponins on the sandstone samples from an 
Iranian southwest oil field. Using 12 models by two or three 
parameters to provide it, they found that experimental data 
fit well to the Jovanovic/Brouers-Sotolongo models with two 
or three parameters, respectively, when compared to other 
models. Additionally, in the Freundlich model, it was dis-
covered that the majority of the materials also adopted the 
Langmuir isotherm for surfactant adsorption performance 
[109]. The performance of SDS adsorption on Algerian rock 

Fig. 8  Arrangement of a surfactant in relation to its concentration
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reservoirs was demonstrated by Lebouachera et al. using 
five equilibrium models (Langmuir, Freundlich, Jovanovic, 
Elovich, and Temkin). Langmuir's maximal adsorption 
capacity of 4.1754 mg/g was well explained by higher  R2 
values [84]. Other rock reservoirs from other places, such 
as sandstone from the Indian oil field, Assam reservoir, and 
Middle East reservoir, were lesser than other adsorbents, 
for instance, and shown a low capacity for adsorption in 
comparison to Algerian rock reservoir. Maximum adsorption 
capabilities reported in the literature were 0.74; 0.771, 16.89 
mg/g respectively [74, 81, 120].

As previously mentioned, a comprehensive knowledge 
of adsorption kinetics and rate-controlling processes is 
required. Additionally, kinetics understanding is neces-
sary for designing full-scale batch processes [109, 133]. In 
recent times, researchers successfully provided a range of 
kinetic models to predict surfactant adsorption, including 
the pseudo-first-order (PFO), pseudo-second-order (PSO), 
and intra-particle diffusion models (IPD). The Elovic model 
(EM), the Avrami model (AM), and others have been 
reported with all of these three most often used models. All 
of the above-mentioned models are clearly listed in Table 4.

The fitting models are summarized in Table 5. In sev-
eral cases, the pseudo-second-order model well fitted the 
experimental data for a higher  R2 (99%), proving that all sur-
factants chemisorb on the various rock reservoirs mentioned.

Lebouachera et al. [84] adapted the kinetic parameters for 
SDS adsorption on sandstone type rock using PFO and PSO. 
The concordance between experimental data and model pre-
dictions, as indicated by a higher  R2from 0.975 to 0.99, a 
low root mean square error (RMSE) result within the range 
(0.14–1.02), and an appropriatevalue of Chi-squared test, it 

demonstrates the validity of the pseudo-second order mod-
el's application. Similarly, Bera et al. [74] tested PFO, PSO 
and intraparticle diffusion kinetics. They revealed that  qe,cal 
significantly close to  qe,expestimated from the PSO equation, 
with a significant  R2 and a low MSE for the 3 models, sug-
gesting that the data on the adsorption kinetics of surfactants 
on surfaces are represented using a second-order kinetic 
model [102]. In accordance to the kinetics discussed above, 
a finding was reached in another research by Saha et al. [81], 
who used the Elovic model to illustrate the kinetics of SDS 
adsorption onto the Assam oil field (EM). Elovich and intra-
particle diffusion have low fitting values (0.76 and 34.67 
percentage error for intraparticle diffusion model, respec-
tively, and 0.84 and 10.32% error for the Elovich model, 
respectively). Within all models, the pseudo-second-order 
model fits perfectly the reported adsorption kinetics data. 
According to Arabloo et al. [28], the pseudo-second order 
model fits the experimental data for the adsorption of Gly-
cyrrhiza Glabra on Iranian oil field sandstone formations. 
Ahmadi et al. [73] found the similar tendency for non-ionic 
surfactant adsorption on carbonate from an Iranian oil field 
in the south west (Aghajari oil field) The pseudo-second 
order model is used to obtain as similar to the experimental 
findings as possible while preserving error rates of less than 
10%. The above indicates that chemisorption and diffusion 
had an effect on adsorption formed by the interaction with 
the rock surface.

7  Strategies for Optimizing Surfactant 
Adsorption in Enhanced Oil Recovery

As aforementioned, the efficiency of cEOR is critically 
impacted by surfactant adsorption onto reservoir rocks, lead-
ing to potential losses in surfactant efficacy and increased 
project costs. With the aim of maximizing surfactant util-
ity in cEOR, recent advancements have introduced several 
strategies to minimize surfactant adsorption. This section 
integrates insights from contemporary research, delin-
eating effective measures to curtail surfactant adsorption. 
The utilization of sacrificial agents is a prevalent strategy. 
These substances, which adsorb onto potential surfactant 

Table 3  List of common two and three-parameter used for adsorption 
isotherm models

Isotherm model Equation References
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Table 4  Kinetics used in adsorption process of cEOR applications

Kinetic model Equation References
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binding sites on rock surfaces prior to surfactant introduc-
tion, safeguard the more valuable surfactants from loss. 
Recent investigations into organic polymers and inorganic 
salts have underscored their effectiveness as sacrificial 
agents, enhancing surfactant availability for oil mobiliza-
tion [164]. Equally crucial is the molecular design of sur-
factants. Adjustments in surfactant structures, such as the 
hydrophile-lipophile balance (HLB), have led to formula-
tions that exhibit reduced affinity for rock surfaces. Gemini 
surfactants, characterized by their dual hydrophilic heads 
and hydrophobic tails, display diminished adsorption owing 
to their unique architecture that facilitates efficient micelli-
zation and lowers the requisite surfactant concentration for 
effective oil displacement [165]. Manipulating the pH and 
salinity of the injection fluid can significantly affect electro-
static interactions between surfactants and reservoir rocks. 
Specific surfactant types show minimal adsorption under 
particular pH and salinity conditions, advocating for precise 
adjustment of these parameters to mitigate adsorption. This 
strategy demands an in-depth understanding of both  the res-
ervoir rock chemistry and the surfactant's physicochemical 
attributes [3, 166, 167]. The integration of nanoparticles into 
surfactant formulations emerges as a novel approach to mini-
mize adsorption. Nanoparticles serve as protective carriers 
for surfactant molecules, preventing their direct contact with 
adsorptive rock surfaces. This innovation not only reduces 
surfactant adsorption but also enhances EOR by improving 
surfactant transport through the reservoir [168]. Meanwhile, 
Surfactant partitioning significantly influences the efficacy 
of EOR techniques by affecting surfactant retention in the 
reservoir [169]. This process, which involves the distribu-
tion of surfactants between the oil and water phases, can 
markedly alter the success of surfactant flooding methods. 
Therefore, effectively managing surfactant partitioning is 

crucial for enhancing the efficiency of recovery processes 
and reducing surfactant losses. Belhaj et al. [169] empha-
size the necessity of incorporating strategies to address 
surfactant partitioning within EOR frameworks to optimize 
overall recovery efficacy. A recent study by Belhaj et al. 
[4] conducts comprehensive experimental evaluations of 
surfactant systems across a variety of reservoir conditions, 
underscoring how partitioning directly affects surfactant 
performance. Furthermore, Belhaj et al. [3] introduce inno-
vative surfactant formulations engineered to exhibit lower 
partitioning rates. These formulations have demonstrated the 
potential to significantly enhance oil recovery rates by ensur-
ing a higher concentration of surfactants remains active in 
the aqueous phase, directly contributing to more effective 
EOR operations.

Interestingly, the exploration of surfactant mixtures intro-
duces a complex layer of interactions not present in single 
surfactant systems, potentially improving or hindering EOR 
effectiveness through synergistic or antagonistic behaviors. 
Surfactant mixtures can exhibit improved surface activity 
and lower CMC, enhancing oil displacement. However, 
understanding the dynamic interplay between surfactant 
molecules within mixtures is essential to leverage these 
benefits fully [133, 170, 171].

Recently, a significant advancement in refining surfactant 
adsorption strategies is employing Design of Experiments 
(DoE) techniques [172, 173]. DoE offers a structured 
approach to systematically study multiple variables' impacts 
on surfactant adsorption, facilitating the identification 
of conditions that optimize adsorption and maximize oil 
recovery. This methodical investigation deepens our com-
prehension of surfactant-reservoir interactions, allowing 
for the precise adjustment of surfactant formulations and 
injection protocols. Recent studies underscore DoE's value 

Table 5  Comparative with 
surfactant maximal adsorption 
capacities on adsorbents

Adsorbent Isotherm Kinetic References

Aghajari oil field Langmuir Pseudo-second-ordre [78]
Malaysia oil field Langmuir – [75]
Khuzestan state oil field Freundlich – [73]
Iranian oil field
Shale sandstone

Freundlich Pseudo-second-ordre [77]

Indian oil field sandstone Langmuir Pseudo-second-ordre [74]
Malaysia oil field Kaolinite Langmuir – [80]
Iranian southwest oil field/ Sandstone Jovanovic/ 

Brouers-Soto-
longo

Pseudo-second-ordre [96]

Iranian oil field/ sandstone Jovanovic/ Khan Pseudo-second-ordre [28]
Lavan Island, South of Iran/ montmorillonite Freundlich – [79]
Azadegan oil field/ carbonate Freundlich – [72]
Assam reservoir oil field, India/ Sandstone Langmuir Pseudo-second-ordre [81]
Chinese oil field Carbonate/Sandstone Langmuir – [101]
Algerian oil field/Sandstone Langmuir Pseudo-second-ordre [84]
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in surfactant science, particularly for cEOR, by rigorously 
evaluating novel surfactant compositions and their interplay 
with reservoir conditions. This focus on DoE not only mir-
rors the ongoing innovation in the field but also heralds the 
development of cost-effective and environmentally sustain-
able solutions for surfactant adsorption challenges [84, 102, 
168, 170, 174, 175].

In summary, optimizing surfactant adsorption transcends 
mere technical adjustments, demanding a strategic approach 
that embraces recent scientific advancements and innova-
tive methodologies like DoE. Supported by current research, 
the outlined strategies offer promising avenues to reinforce 
surfactant efficiency in oil recovery processes, emphasizing 
the necessity for continual innovation and refinement within 
the field.

8  Conclusion and Future Perspectives

Surfactants have emerged as pivotal agents in the petroleum 
industry, largely due to their unparalleled efficacy in reduc-
ing oil–water interfacial tension and modulating wettabil-
ity, thus significantly enhancing oil recovery. The extensive 
body of research conducted thus far underscores the critical 
role of surfactant adsorption on rock surfaces in EOR pro-
cesses. Given the substantial economic impact of surfactant 
costs, the efficient adsorption of surfactants has garnered 
considerable attention, prompting rigorous investigation 
into various adsorbents and adsorbates. Experiments have 
explored a range of rock types, including sandstone, carbon-
ate, shale, montmorillonite, kaolinite, and limestone, assess-
ing the influence of factors such as surfactant concentration, 
pH, contact time, dose, salinity, and temperature on adsorp-
tion efficiency.

Empirical findings frequently align with the Langmuir 
isotherm and pseudo-second-order kinetic model, indicating 
that these models adeptly capture the adsorption dynam-
ics of surfactants. Thermodynamic studies further reveal 
that surfactant adsorption is predominantly exothermic and 
spontaneous, highlighting the process's energetic favora-
bility. Despite the extensive knowledge base surrounding 
adsorption science, it remains a compelling option for its 
potential cost-effectiveness in production. The integration 
of this knowledge with efforts to reduce surfactant adsorp-
tion in applications like drilling fluids and chemical EOR 
opens a new frontier for exploration and innovation in the 
petroleum industry.

As we stand on the point of leveraging surfactant-based 
EOR to its fullest potential, addressing the existing techno-
logical and environmental challenges becomes paramount. 
There is a pressing need for further research, particularly 
kinetic adsorption studies, to deepen our understanding 
of the underlying mechanisms and interactions between 

adsorbents and adsorbates. Although adsorption technol-
ogy has been a cornerstone in the industry for decades, the 
pursuit of more selective, stable, and economically viable 
adsorption processes remains a vibrant area of interest.

Looking forward, the transition from laboratory-scale 
research to pilot and industrial-scale applications presents 
a significant challenge, underscored by economic consid-
erations. As we navigate these complexities, the goal of 
optimizing adsorption processes for cost-effective produc-
tion looms large. The journey from foundational research 
to the practical application of surfactant-based EOR strate-
gies promises to unlock unprecedented opportunities in the 
petroleum sector, heralding a new era of exploration and 
technological advancement. Embracing these challenges and 
opportunities with a collaborative and innovative spirit will 
undoubtedly shape the future of oil recovery technologies in 
the decades to come.
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