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The adsorption of surfactants onto reservoir rock surfaces significantly affects the efficiency of enhanced oil
recovery (EOR), as high retention reduces the effective concentration of surfactants during flooding. In the
present study, the adsorption behaviour of synthesized Gemini surfactants (GS) on sandstone and
carbonate rocks was evaluated using UV-vis spectroscopy under static and dynamic conditions.
Equilibrium isotherm and kinetic models were applied to interpret the adsorption trends and assess the
governing adsorption pathways. FESEM-EDX was employed to assess surface morphology and elemental
mapping, while zeta potential measurements indicated charge modification. The static adsorption results
showed that surfactant retention systematically decreased with increasing spacer length, indicating
reduced packing efficiency for longer spacer Gemini structures. Dynamic adsorption shows very low
surfactant retention, with maximum adsorption capacities of 0.013 mg g~* for sandstone and 0.0087 mg
g~! for carbonate using Hexamine GS. Excessive surfactant adsorption during flooding causes chemical
loss, but controlled surface adsorption is necessary for wettability alteration, as it facilitates a shift from
oil-wet to water-wet conditions, thereby enhancing oil recovery. In this study, wettability alteration was

investigated by measuring contact angles. Hexamine GS reduced contact angles by approximately 81%
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Accepted 12th February 2026 within a few minutes, accompanied by an efficient transition from an oil-wet to a water-wet state.

Overall, the findings provide model-supported insight into spacer-length-dependent adsorption

DOI: 10.1039/d6ra00648e behaviour and highlight the potential of these bio-derived Gemini surfactants to minimise surfactant loss

rsc.li/rsc-advances and improve wettability control in chemical EOR applications.

of the injected water, thereby improving the mobility ratio
between displacing and displaced fluids. This improvement in
mobility control increases macroscopic sweep efficiency, ulti-

1. Introduction

Chemical flooding, involving the injection of surfactants, poly-

mers, and alkalis, has been extensively employed as an effective
enhanced oil recovery (EOR) technique in both sandstone and
carbonate reservoirs.”> Among these methods, surfactant
flooding has received significant attention due to its ability to
improve microscopic displacement efficiency. The principal
mechanisms include reduction of interfacial tension (IFT) to
ultra-low values, which mobilizes residual oil; alteration of
reservoir rock wettability from oil-wet to water-wet, which
enhances fluid flow; and emulsification of trapped oil, which
improves mobilization and sweep efficiency. Collectively, these
effects contribute to substantial additional oil recovery beyond
conventional methods.** Alkalis react with the acidic compo-
nents of crude oil to generate in situ surfactants, which subse-
quently act through mechanisms similar to those of externally
injected surfactants, though often with comparatively lower
efficiency.” Polymers, on the other hand, enhance the viscosity
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mately contributing to higher oil recovery. The capillary number
(uv/6), expressed as the ratio of viscous to interfacial forces, is
widely recognized as a critical parameter governing the oil
recovery factor. A higher capillary number corresponds to
enhanced displacement efficiency and, consequently, greater
oil recovery.®” In practice, however, increasing the viscosity of
the injected water or raising its flow rate to achieve higher
capillary numbers is often constrained by injectivity issues and
the risk of formation damage.>® The interfacial tension (IFT)
between crude oil and formation water typically ranges from 25
to 30 mN m~". Through the application of appropriate surfac-
tants, the IFT can be reduced to ultra-low values, often below
107 mN m™, resulting in nearly a fourfold increase in the
capillary number and substantial improvement in oil recovery.®

The major challenges associated with surfactant flooding are
the high cost of surfactant formulations and the significant loss
due to adsorption onto reservoir rock surfaces, which are
strongly influenced by the surfactant’s chemical nature and the
rock's mineralogical composition.'™* The adsorption of
surfactants onto reservoir rocks is governed by several

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanisms that depend on both the surfactant type and the
rock surface characteristics. Electrostatic attraction is the most
significant pathway: cationic surfactants bind to negatively
charged sandstone or clay minerals, while anionic surfactants
preferentially adsorb onto positively charged carbonate
surfaces. When electrostatic interactions are weak or absent,
van der Waals forces contribute to adsorption, although these
interactions are relatively weak and highly distance-depen-
dent."™* In addition, mechanisms such as hydrogen bonding,
polarization, ion exchange, ion pairing, hydrophobic bonding,
and dispersion forces also play important roles. The combined
influence of these interactions ultimately determines the extent
of surfactant retention and the efficiency of chemical flooding
processes. The loss of surfactants through interactions with
reservoir rocks and fluids is one of the most critical factors
governing the overall efficiency of a micellar flooding
process***®

The adsorption behaviour of surfactants in reservoirs is
strongly influenced by operational and environmental param-
eters such as pH, temperature, ionic strength, and electrolyte
concentration.’>'*'” Even small changes in these factors can
cause substantial variations in adsorption, leading to signifi-
cant differences in surfactant efficiency during chemical
flooding. The charge characteristics of the reservoir rock play
a critical role in determining surfactant compatibility. In
sandstone reservoirs, which generally possess negatively
charged surfaces, anionic surfactants are favoured over
nonionic and cationic counterparts because they exhibit lower
adsorption and better stability under reservoir conditions. In
contrast, carbonate reservoirs typically present positively
charged surfaces, making cationic surfactants more suitable for
reducing retention losses and improving recovery performance.
Hence, careful matching of surfactant type with reservoir
mineralogy, along with consideration of prevailing reservoir
conditions, is essential to minimize adsorption losses and
optimize the overall success of enhanced oil recovery processes.
Studies on well-characterized adsorbents have provided
insights into the structure of the adsorbed layer, adsorption
mechanisms, and adsorption kinetics.*** However, in hetero-
geneous systems such as carbonate rocks and soils, variations
in mineralogy and surface chemistry make it difficult to predict
the extent and dynamics of adsorption.>® Moreover, environ-
mental factors such as ionic strength, salinity, and pH further
complicate the process, and a clear quantitative understanding
of mineral-specific effects is still lacking.

In aqueous media, solid surfaces acquire positive or negative
charges either through ionization/dissociation of surface
groups or adsorption of ions from the surrounding solution.*
The adsorption of surfactants onto these charged surfaces is
strongly influenced by the electrical double layer, first proposed
by Helmholtz in 1879 and later modified by Stern in 1924.>*** At
low surfactant concentrations, surfactant molecules adsorb as
monomers, forming a thin monolayer on rock surfaces or
sediment surfaces. As concentration increases, adsorbed
monomers aggregate into surface micellar structures, such as
ad-micelles or hemimicelles.” It is essential that, after adsorp-
tion onto the rock surface, the remaining bulk surfactant
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concentration does not fall below the CMC, so that sufficient
monomer availability and interfacial activity are maintained for
effective wettability alteration and EOR performance.>**” It was
discovered that surfactant adsorption had dual roles in chem-
ical EOR. Excessive and irreversible adsorption was generally
unfavourable because it caused surfactant loss and reduced the
effective concentration available for interfacial tension reduc-
tion during flooding. However, a controlled, limited degree of
surface adsorption was still necessary to achieve sufficient
surface coverage for altering wettability by lowering the solid-
oil interfacial free energy. Therefore, an optimal adsorption
regime that minimised irreversible retention while enabling
favourable surface modification was considered essential for
effective surfactant flooding performance.*****

Another important aim of using surfactants in reservoirs is
to achieve wettability reversal, thereby increasing oil displace-
ment and improving oil recovery. The wettability alteration is
basically the surfactant adsorption in place of oil toward the
rock surface by modifying surface energy and interaction with
fluids. Some researchers,**** highlighted that if there is some
adsorption, the surfactant shows a strong interaction with the
rock surface, which can transform an oil-wet surface into a more
water-wet condition. This shift enhances water imbibition,
reduces capillary forces restraining oil, and promotes the
release of trapped hydrocarbons. A surfactant-rock interaction
not only improved microscopic displacement efficiency, which
directly affects wettability alteration, but also enhanced oil
recovery by complementing IFT reduction.

The adsorption of surfactants onto porous media has tradi-
tionally been studied using equilibrium isotherm models.
These isotherms describe the surfactant's equilibrium adsorp-
tion capacity on the solid surface as a function of its equilib-
rium concentration in solution at a given temperature, allowing
an estimate of the validity of surfactant application.***” There-
fore, the interpretation of surfactant adsorption isotherms has
been a central focus of surface and colloid chemists for many
years. There are many modelling techniques used to under-
stand the adsorption mechanism and adsorbed layer type, such
as Linear, Langmuir, Freundlich, Temkin, BET, Redlich-Peter-
son, and Hill, based on the complexity of the adsorption
process.*® Langmuir's model implies that monolayer adsorption
occurs on a homogeneous surface, whereas Freundlich's model
accounts for multilayer adsorption on heterogeneous
surfaces.***® Alongside kinetic models including pseudo-first
order, pseudo-second order, and intra-particle diffusion
approaches.**** Kinetic models are mainly useful in describing
the rate at which solute molecules are transferred from the bulk
solution to the solid-liquid (surfactant) interface and the resi-
dence time of adsorbates on the surface. The adsorption rate is
governed by the number of molecules adsorbing on the adsor-
bent surface per unit time and the number of molecules
colliding per unit time.*®

Despite significant progress in understanding adsorption
mechanisms and modelling approaches, most existing studies
have focused on conventional single-chain or synthetic surfac-
tants. In contrast, systematic investigations of bio-derived

Gemini surfactants remain scarce, particularly under
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reservoir-relevant static and dynamic conditions. Considering
their structural advantages, such as low CMC, ability to achieve
ultralow IFT, and reduced adsorption losses, Gemini surfac-
tants synthesized from renewable feedstocks hold strong
potential for sustainable chemical EOR.**** However, the
adsorption behaviour of these surfactants differs from that of
conventional surfactants in sandstone and carbonate systems,
and their easy availability impacts the economy. Thus, in
sandstone reservoirs, adsorption behaviour is mainly domi-
nated by quartz and silicates, via hydrogen bonding, van der
Waals interactions, and weak electrostatic forces, whereas in
carbonate systems dominated by calcite, electrostatic attraction
and ion exchange play dominant roles.*> While a few studies
have explored adsorption phenomena in both rock surfaces, few
have combined static and dynamic adsorption experiments
with mechanistic modelling to capture both equilibrium
behaviour and flow-controlled retention, particularly for natu-
rally derived Gemini surfactants. The advancement of Gemini
surfactants has gained importance for sustainability in chem-
ical EOR. The search for eco-friendly, bio-derived surfactants
stems from both environmental concerns and the rising costs
associated with petrochemical-based surfactants. Vegetable oils
such as soybean, sunflower, and mustard oil are abundant,
renewable sources of fatty acids and have been widely utilised in
green chemistry approaches to synthesise biodegradable
surfactants. Recent studies have shown that plant-derived
surfactants can exhibit excellent interfacial properties, compa-
rable to or superior to those of conventional
petrochemical-based surfactants, while offering improved
biodegradability and reduced toxicity.***® Despite this promise,
systematic studies on the adsorption behaviour of naturally
derived Gemini surfactants on reservoir rocks remain scarce.
Most existing research has focused on synthetic Gemini
surfactants, leaving a significant knowledge gap regarding the
performance of bio-based alternatives under reservoir condi-
tions.*>** Addressing this gap is crucial to evaluating the feasi-
bility of naturally derived Gemini surfactants as cost-effective
and environmentally friendly alternatives for enhanced oil
recovery.

The present study seeks to bridge these gaps by systemati-
cally investigating the adsorption behaviour of mustard oil
(Brassica juncea) derived Gemini surfactants onto sandstone
and carbonate rocks under both static and dynamic conditions.
By varying the spacer length from diamine to hexamine, the
influence of molecular architecture on adsorption is compre-
hensively evaluated. Surfactant retention was quantified using
UV-vis spectroscopy, and adsorption mechanisms were ana-
lysed via multiple static adsorption isotherms, including
Linear, Langmuir, Freundlich, and Hill isotherms, along with
kinetic models such as pseudo-first order, pseudo-second order,
and intra-particle diffusion to capture equilibrium and rate-
controlling processes. Analysis, including FESEM-EDX for
surface morphology and elemental mapping, zeta potential
measurements for surface charge modification, and contact-
angle measurements for wettability alteration, was employed
to provide a holistic understanding of rock-fluid interactions.
The adsorption study shows that adsorption reduces with
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increasing spacer length. The increase in spacer length also
induces a rapid, effective alteration in wettability. The dynamic
adsorption study was analyzed for systematic determination of
the potential of Gemini surfactants in real field applications.
The results confirm that mustard oil-derived Gemini surfac-
tants combine the advantages of low adsorption and strong
wetting modification with the added benefit of sustainability
and environmental benignity. By linking spacer length,
adsorption behaviour, and wettability alteration, this work
advances the mechanistic understanding of bio-derived Gemini
surfactants and highlights their potential as cost-effective, eco-
friendly alternatives for EOR in sandstone and carbonate
reservoirs.

2. Materials and methods

2.1. Materials and analytical characterization

In this study, the Gemini surfactants used have been syn-
thesised in our previous work,” which was derived from
mustard oil. The sandstone and carbonate cores were utilized in
this study to assess the impact of our non-ionic Gemini
surfactants on both rock types through wettability and core-
flooding studies. The diameter of the cores was about 1.5
inches, and the length was 8 inches. The X-ray diffraction of
both sandstone and carbonate rock samples for mineralogical
analysis was performed using a Malvern Analytical Aeris X-ray
diffractometer. XRD analysis of the sandstone samples reveals
99% of quartz (Qz) as the predominant mineral, while the
carbonate rock samples primarily consist of calcite (CaCOj3) as
shown in Fig. S1 in the SI. Elemental analysis of both rock
samples was performed using a wavelength-dispersive X-ray
fluorescence spectrometer (Rigaku Primus IV). The XRF of the
sandstone sample shows a high 88.1% SiO, mass percentage,
indicating a predominant quartz composition, whereas in the
carbonate sample, CaO was present at a maximum of 93%,
indicating calcium carbonate minerals, as shown in Table S1 in
the SI. Detailed mineralogical and elemental analyses are
provided in the SI, Sections S.1 and S.2.

2.2. Synthesis of gemini surfactants and characterization

A two-step reaction scheme was carried out in the synthesis of
the Gemini surfactants. In the first step, mustard oil was trans-
esterified with methanol (CH;OH) to produce mustard oil fatty
methyl esters (MFMEs). These MFMEs were then converted into
the corresponding Gemini surfactants through direct ami-
nolysis using four different amine spacers, including N,N-di-

ethylenetriamine, N,N-triethylenetetramine, N,N-
H,C-O-COR Methanol H,C-OH 0
HC-0-COR < on 343K HC-OH + RJ\OCH;;
H,C-O-COR ’ H,C-OH
Mustard oil Glycerol Mustard oil

methyl ester

Fig.1 First step reaction pathway of trans-esterification using mustard
oil.
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Fig. 2 The reaction scheme for Triamine GS synthesis, illustrated in the above figure, where n = 1, for the spacer diethylenetriamine. The same
scheme was applied to the synthesis of tetramine GS, pentamine GS, and hexamine GS, with n = 2, 3, and 4, respectively.

tetraethylenepentamine, and N,N-pentaethylenehexamine. The
reaction scheme for transesterification, as represented in Fig. 1,
and the surfactant synthesis using direct aminolysis, as repre-
sented in Fig. 2. These surfactants are classified as non-ionic
because their hydrophilicity arises from electrically neutral
amide and amine groups capable of shydrogen bonding, with
no permanently charged head groups present and only pH-
dependent, reversible protonation of amines. Confirmation of
the chemical structure of the synthesized Gemini surfactant was
determined using FTIR and NMR analysis. The FTIR peak shift
from the ester group at 1743 cm ' to 1657, 1652, 1655,
1659 cm ! for the increasing spacer length of synthesized
surfactants confirms the amide group of spacers. The NMR
chemical shift (6) values of 0.84-0.85 (singlet) and 1.22-1.24
(singlet) confirm the presence of terminal methyl (-CH;) and
methylene (-CH,—) groups with unsaturation (H,C = CH-CH,)
in the long fatty acid chains as a singlet at 1.88-2.01 ppm(6) and
the synthesized surfactant molecule is indicated by the pres-
ence of a doublet at chemical shift (6) values of 2.47-2.77 ppm. A
detailed description of the synthesis and characterization has
been reported earlier in our previous work.*®

2.3. Static adsorption study

Static adsorption experiments were performed to examine the
interaction between the synthesized Gemini surfactants and
sandstone and carbonate rock. It is essential that, after
adsorption onto the rock surface, the remaining bulk surfactant
concentration does not fall below the CMC, so that sufficient
monomer availability and interfacial activity are maintained for
effective wettability alteration and EOR performance. To
acknowledge that both rock samples were finely ground and
saturated with 100 ppm of synthesized Gemini surfactants.
Surfactants with the same bulk concentration of 100 ppm but
different spacer lengths were tested to assess the effects of
molecular structure and spacer length on rock-fluid interac-
tions. The mixtures were agitated on a Tarsons Rotospin at
50 rpm over time intervals up to 7 days to ensure sufficient
contact for saturation after the addition of the fine rock powders
and to achieve equilibrium conditions. The agitated samples
were then centrifuged at 3000 rpm for 30 minutes to separate
the solid and liquid phases. The upper layer of the surfactant
solution, after separation, was analysed by UV spectroscopy. UV-
vis analysis is based on the absorption of monochromatic light
by chemical species, where each compound exhibits a distinct
absorbance peak at a characteristic wavelength. To quantify the
remaining surfactant concentration in the supernatant, a cali-
bration curve was prepared using standard surfactant solutions.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The amount of surfactant adsorbed at equilibrium was calcu-
lated using eqn (1), based on the initial surfactant concentra-
tion used (C;) and final equilibrium surfactant concentration
after the adsorption (C.), the volume of the surfactant solution
(V) in litres and the mass of the adsorbent rock in grams.

V(G — C)

qe(stalic) = T [1)

2.4. Surface morphology study (FESEM)

The surface morphology of the rock samples before and after
surfactant treatment was examined using Field Emission
Scanning Electron Microscopy (FESEM). Samples were sputter-
coated with a thin layer of gold to ensure conductivity, and
imaging was performed at various magnifications (5000-50
000x) using an FEI Quanta 200 FEG microscope under high
vacuum.

2.5. Surface charge measurements

To determine the surface charge of the untreated and treated
rock samples, zeta potential measurements were carried out
using an AntonPaar Litesizer 500. The crushed rock particles
were dispersed in surfactant samples, and their zeta potentials
were measured at different time points to assess electrostatic
interactions influencing surfactant adsorption.

2.6. Static adsorption isotherm modelling

A quantitative assessment of surfactant loss due to adsorption
onto the reservoir rock during surfactant flooding-based EOR is
crucial, as it enables fitting experimental data to established
models. This connection between laboratory measurements
and practical design and economic considerations is important.
The isotherm models, including the linear, Langmuir,
Freundlich, Redlich-Peterson, and Hill Isotherm models, are
very useful for predicting surfactant loss during enhanced oil
recovery by surfactant flooding across different reservoir simu-
lation tools. By comparing the degree of fit obtained by different
adsorption models, one can interpret the characteristic behav-
iour of the adsorption, whether it is monolayer or multilayer,
homogeneous or heterogeneous, and physical or chemical. A
detailed description of these models is provided in the SI,
Section S.3.

2.7. Adsorption kinetics

Kinetic modelling was employed to elucidate the underlying
adsorption mechanism and to identify the potential rate-

RSC Adv, 2026, 16, 9870-9889 | 9873
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controlling steps governing the process. The experimental
kinetic data were evaluated using three commonly applied
models: the pseudo-first-order, pseudo-second-order, and
intraparticle diffusion models. These models play a critical role
in determining the efficiency of the sorption process. The
pseudo-first order model describes physisorption with initial
adsorption stages, while the pseudo-second order model high-
lights the interaction between adsorbate and adsorbent.** The
intraparticle diffusion model by Weber and Morris describes
the diffusion on the pore scale, taking into account the
boundary layer effect of diffusion.*” The detailed description of
these models is provided in the SI, Section S.4.

2.8. Thermodynamic analysis

The Gibbs energy change (AG°) specifies the spontaneity degree
of an adsorption process, with more negative values indicating
a more energetically favourable process. According to the ther-
modynamic law, AG° of adsorption can be calculated from eqn

(2):
AG=— RTh K’ (2)

where K° is dimensionless, R is the universal thermodynamic
constant with 8.314 ] mol ' K%, and T is the absolute
temperature in Kelvin.

Langmuir equilibrium constant Ky (L mg™") used to calculate
the K° of the adsorption reaction, as shown in the above equa-
tion K° is a dimensionless standard equilibrium constant that
needs to be calculated to calculate the AG using the following

eqn (3):

Ky x M x 1000

K= = 3)

where M is the molar mass of the adsorbate (surfactant) (gm
mol "), the factor 1000 for converting mg to gm, and C° is the
standard state concentration (1 mol L") according to TUPAC.

K® = Ky x M x 1000 (4)

Now, AG should be calculated using K° which was obtained by
the above eqn (4).*

2.9. Dynamic adsorption and desorption study

Dynamic adsorption tests were performed on sandstone and
carbonate core samples using core flooding experiments, as
shown in Fig. 3. Both experiments were conducted under
a confining pressure of 1000 psi and a liquid injection rate of
0.333 mL min . The effluent from the core flood was analysed
using a UV-vis spectrometer.”*** Dynamic adsorption was
calculated using the following eqn (5):

N
GV =X GV,
— )

Ge(dynamic) =
e(dynamic) m

where ge(dynamic) (Mg g rock) is the surfactant's maximum
capacity for dynamic adsorption, C, (ppm) denotes the injected
gemini surfactant’s concentration, V (L) denotes the total
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volume of the injected Gemini surfactant solution, C/(ppm)
shows the surfactant concentration at a specific effluent
volume, and V; (L) denotes the volume of the effluent collected
at different time intervals, m (gm), denotes the total mass of the
dry core sample, and N represents the total number of collected
effluent samples.

Kwok et al. (1995) investigated the dynamic adsorption of an
anionic surfactant on Berea sandstone using axisymmetric
radial core floods and numerically modelling transport with
various adsorption mechanisms.*® They reported that only two-
site or bilayer kinetic adsorption models could accurately
describe the adsorption behaviour and could easily predict
surfactant loss during EOR by surfactant flooding. The dynamic
adsorption model can be best described by combining the time
and space-dependent adsorption.*”*® The aqueous surfactant
transport is frequently written as an advection-dispersion-
reaction equation (eqn (6)):*°
#C  aC

aC g

¢, T U—0)5 =

where ¢ is porosity, C is aqueous concentration, g is the
adsorbed concentration, D is the dispersion coefficient, and v is
pore velocity. The Langmuir isotherm was adopted as the
equilibrium closure in the dynamic transport model due to its
simplicity and common use in core-scale formulations.
Dynamic adsorption is characterized by a linear driving-force
kinetic model, wherein the adsorption rate is contingent upon
the disparity between the instantaneous and equilibrium
adsorbed quantities, with the equilibrium value ascertained
from a Langmuir isotherm.®**!

2.10. Dynamic contact angle studies

The KRUSS DSA-25 model of a goniometer was used to measure
the advancing contact angle by analyzing the droplet shape over
time. The measurements were taken on 1 cm-thick pieces of
sandstone and carbonate rock. These rock samples were oil-
aged with crude oil at 85 °C. During contact angle measure-
ment, a droplet of 100-ppm surfactant solution with around 20
uL was gently deposited on the rock surface, and the goniom-
eter's high-resolution imaging system continuously recorded
the droplet profile at 303 K.

3. Results and discussion

3.1. Static adsorption study

The adsorption characteristics of a series of nonionic, amine-
based spacers, Gemini surfactants, were systematically evalu-
ated on sandstone and carbonate rock samples. The adsorption
behaviour of the synthesised Gemini surfactants over a pro-
longed time period has been observed; however, adsorption
equilibrium was reached within 24 h, beyond which no further
increase in adsorption occurred, as shown in Fig. S4 and S5.
This study aimed to understand the influence of molecular
structure, particularly the spacer length and number of amine
groups, on surfactant adsorption behaviour in lithologies
commonly encountered in enhanced oil recovery (EOR)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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operations. The static adsorption experiments were conducted
using finely ground rock powders, with prolonged equilibration
to ensure equilibrium conditions and maximise surface acces-
sibility. Therefore, the adsorption capacities obtained from this
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test provide equilibrium upper limits, whereas dynamic
adsorption under flow conditions offers more reservoir-relevant
retention behaviour.> The maxima were determined from the
UV spectroscopy data for all the surfactants, as shown in Fig. 4.
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Fig. 5 Calibration curve of the initial absorbance value of Gemini
surfactants at their respective maxima values.

A calibration curve for the synthesised Gemini surfactant was
then plotted as shown in Fig. 5, to determine the adsorption of
the Gemini surfactant.

After 24 hours of exposure, adsorption on sandstone ranged
from 0.23 mg g * for Triamine GS to 0.072 mg g~ for Hexamine
GS, as shown in Fig. 6a. In carbonate rocks, adsorption was
comparatively lower, with values ranging from 0.128 mg g~ to
0.057 mg g ', as shown in Fig. 6b. These results highlight
a clear trend, as the number of amine groups and the spacer
length between them increased, the adsorption of the surfac-
tants decreased.***** This behaviour is attributed to the
increased steric hindrance and enhanced hydrophilicity of
surfactants with longer spacers and more terminal amine
groups, which reduce their affinity for rock surfaces.***>% The
nonionic nature of these surfactants further limits electrostatic
interaction with the negatively charged mineral surfaces,
particularly in carbonate formations that are typically less
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reactive than sandstone. The reduced adsorption of surfactants
with longer spacer lengths, such as Hexamine GS, is especially
favourable for EOR applications. Low adsorption minimizes
surfactant retention within the reservoir, thus improving the
chemical flooding efficiency and reducing overall operational
costs. The molecular structure plays a crucial role in this
context, longer carbon chains between the amine groups not
only increase water solubility but also create a steric barrier that
hinders close packing on rock surfaces."*"**%” Qver a prolonged
contact time of 15 days, all surfactants showed a negligible
increase in adsorption. However, even at this stage, Hexamine
GS consistently showed the least adsorption values on both rock
samples. However, surfactants with extended spacer lengths
and higher degrees of amine substitution, such as Hexamine
GS, exhibit reduced adsorption tendencies, making them
promising candidates for efficient and economical EOR
formulations, especially in heterogeneous reservoirs.

The dependence of adsorption on spacer length can be
described by changes in the molecular arrangement of Gemini
surfactants at the rock oil interface. Surfactants with shorter
spacers, such as Triamine and Tetramine GS, keep their two
headgroups relatively close together, enabling stronger surface
attachment and more efficient packing of available mineral
adsorption sites. However, as the spacer length increases
(Pentamine and Hexamine GS), the molecules become more
flexible and sterically bulky. This leads to a larger hydrated
interfacial structure, which hinders tight surface packing and
reduces surfactant-surfactant association on the rock
surface.*>*” As a result, longer-spacer Gemini surfactants exhibit
progressively lower adsorption, with Hexamine GS showing the
lowest retention due to weaker interfacial packing and
increased hydration.

3.2. Surface morphology analysis (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) was
employed to examine the surface morphology of sandstone and
carbonate rock samples before and after treatment with the
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Fig. 6 Adsorption in mg per gm of Gemini surfactants onto (a) sandstone and (b) carbonate against the initial concentration.
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synthesized Hexamine Gemini surfactant (HexamineGS). The
micrographs, captured at 250 00x magnification with a 200 nm
scale bar, are presented in Fig. 7, enabling detailed observation
of surface-level modifications resulting from surfactant
adsorption.

The untreated sandstone sample (Fig. 7a) exhibits a highly
irregular and rough surface composed of loosely packed,
angular, and fragmented grains. The presence of sharp mineral
edges and surface heterogeneity may influence surfactant-rock
interactions. This morphology is typical of silicate-rich forma-
tions and indicates the sandstone's strong potential for surface
interaction with amphiphilic molecules. Upon treatment with
the Hexa GS surfactant, distinct surface modifications were
observed in both rock types. The sandstone sample post-
treatment (Fig. 7c) shows a noticeably smoother texture with
partial masking of mineral grain boundaries and reduced
sharpness. These changes were consistent with surface modi-
fication after surfactant treatment; however, FESEM contrast
alone cannot unambiguously confirm an adsorbed molecular
layer, since charging effects or residual deposition during
drying may also contribute.

In contrast, the untreated carbonate surface (Fig. 7b) appears
relatively smoother and more compact, with closely packed
grains characteristic of calcite-dominated mineralogy. The
uniform texture and reduced porosity imply fewer reactive sites
and lower surface roughness, which may limit direct surfactant
and rock interactions compared to sandstone.®® The carbonate
surface after surfactant treatment (Fig. 7d) exhibits less
dramatic morphological alteration. A thin surface film and mild
grain-boundary aggregation are visible, but the underlying
mineral structure remains largely intact. This indicated
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comparatively less pronounced surface modification, poten-
tially due to the smoother calcite-based matrix.***°

Overall, FESEM analysis provided qualitative evidence of
surface alteration consistent with adsorption trends, but was
not interpreted as standalone proof of adsorption strength and
was corroborated with UV-vis, EDX, and zeta potential
measurements.

3.2.1. FESEM of sandstone. FESEM-EDX analysis of the
sandstone sample, with and without treatment, has been per-
formed to assess its semi-quantitative, surface-averaged
elemental composition (Fig. S2 in the SI). The untreated sand-
stone primarily consisted of 46.1 wt% oxygen and 35.1 wt%
silicon, reflecting its silicate-rich nature. The other components
included 15.5 wt% carbon, with minor components including
aluminium (3.9 wt%), iron (2.9 wt%), phosphorus (1.3 wt%),
potassium (1.1 wt%), and other trace elements. Notably,
nitrogen was absent in the untreated sample, confirming the
absence of organic coatings or surfactant residues.

Following treatment with Hexamine GS, significant changes
in surface chemistry were observed. An increased amount of
carbon to 18.9 wt% with 3.1 wt% nitrogen was observed, sug-
gesting adsorption of the organic surfactant layer. A marked
increase in oxygen content to 50.2 wt% was also observed, likely
due to oxygen-rich functional groups, such as the amide spacer
group, present in the Gemini surfactant structure. In contrast,
the concentrations of silicon, aluminium, and iron decreased to
25.6 wt%, 1.5 wt%, and 0.5 wt%, respectively, as shown in Table
S2 in the SI. This decrease may reflect attenuation of the
underlying mineral signal due to surface coverage or sample
preparation effects. These elemental changes were considered
only supportive evidence, since EDX provides semi-quantitative,
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Date: 24 May 2025 2
Time: 10:58.06

EHT= 500KV
Mag= 25.00KX
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IIT ISM Dhanbad

Fig. 7 FESEM images of (a) sandstone, (b) carbonate, (c) sandstone with hexa GS, and (d) carbonate with hexa GS, at 200 nm scale.
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surface-averaged information and cannot distinguish between
true adsorption and physically retained residues.”®”*

3.2.2. FESEM of carbonate. FESEM-EDX analysis was also
performed on carbonate rock samples to assess the changes in
semi-quantitative, surface-averaged elemental composition
before and after treatment with the Hexamine-based Gemini
surfactant (Fig. S3, in the SI). The untreated carbonate primarily
exhibited a high calcium content of 47.5 wt%, consistent with
the calcite-rich composition typical of carbonate reservoirs.
Oxygen was the next major component with 44.2 wt%, followed
by 18.2 wt% carbon, and minor amounts of iron (1.8 wt%),
copper (1.7 wt%), phosphorus (1.1 wt%), silicon (1.2 wt%),
potassium (0.5 wt%), aluminium (0.7 wt%), and magnesium
(0.2 wt%). As expected, nitrogen was absent in the untreated
sample, confirming the absence of organic surfactant layers.

After surfactant treatment, noticeable changes were
observed. A higher carbon content of 19.5 wt% with 2.7 wt%
nitrogen was observed in sandstone samples, suggesting
surface modification after the addition of the Hexamine Gemini
surfactant to the carbonate surface. Oxygen content increased
slightly to 46.4 wt%, which may be attributed to the oxygen-
bearing functionalities within the surfactant structure, as
shown in Table S3 in the SI. A decrease in calcium contribution
to 32.5 wt% was observed, which may indicate signal attenua-
tion due to surface-associated surfactant. Other elements,
including silicon, phosphorus, potassium, aluminium, and
copper, also showed decreased concentrations, further sup-
porting the presence of an organic coating that altered the
elemental visibility in EDX mapping.””*

Both rock types exhibited elemental changes consistent with
surfactant exposure; however, EDX results were interpreted as
complementary support alongside UV-vis adsorption and elec-
trokinetic measurements. However, the change in elemental
concentration was more pronounced in sandstone, particularly
concerning silicon, aluminium, and iron. This could be attrib-
uted to the higher surface reactivity and heterogeneous silicate
composition of sandstone compared to the more homogeneous
calcite-dominant carbonate matrix. These findings suggest
stronger surfactant-rock interactions in sandstone, potentially
enhancing its performance in wettability alteration and inter-
facial tension reduction for enhanced oil recovery (EOR)
applications.

3.3. Surface charge measurements

Zeta potential measurements were carried out to gain qualita-
tive insight into the electrokinetic behaviour of the Gemini
surfactant systems in the presence of sandstone and carbonate
rocks. It is important to note that zeta potential reflects the
potential at the shear plane and is affected not only by changes
in surface charge but also by solution properties such as ionic
strength, dielectric constant, viscosity, and ion distribution.
Therefore, the observed variations were interpreted as general
indicators of interfacial modification rather than direct or
quantitative evidence of adsorption or electrical double-layer
compression.
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Table 1 Zeta potential with and without addition of rock

Samples GS solution GS with sandstone GS with carbonate

Zeta potential after 24 hours of mixing

Tri GS 40.567 25.378 27.232
Tetra GS 45.991 26.897 29.679
Penta GS 50.9983 28.685 31.589
Hexa GS 52.7284 33.863 38.862
Zeta potential after 15 days of mixing

Tri GS 40.567 23.437 25.957
Tetra GS 45.991 25.991 27.999
Penta GS 50.9983 27.489 29.044
Hexa GS 52.7284 31.232 37.650

After 24 h of mixing, a noticeable decrease in zeta potential
was observed for all surfactant solutions upon contact with both
rock types (Table 1). For instance, Triamine GS decreased from
40.567 mV in solution to 25.378 mV with sandstone and
27.232 mV with carbonate. Similarly, Hexamine GS, which
showed the highest initial value (52.728 mV), decreased to
33.863 mV and 38.862 mV in the presence of sandstone and
carbonate, respectively. These early-stage shifts were consistent
with limited surfactant-mineral interactions, in agreement with
the relatively low adsorption capacities measured over the same
period.®”* With extended contact time up to 15 days, further
reductions in zeta potential were observed across all surfac-
tants, suggesting progressive changes in the interfacial envi-
ronment over time.”

Moreover, the difference in zeta potential and adsorption
between sandstone and carbonate systems may be influenced
by differences in mineral surface charge characteristics and
reactivity. The carbonate system showed comparatively higher
zeta potential values than sandstone, attributed to differences
in surface composition and ion release (e.g., Ca>* from calcite),
which influence the interfacial structure and surfactant orien-
tation. Additionally, increasing the spacer and hydrophobic
chain length in the Gemini structure (from Triamine GS to
Hexamine GS) resulted in higher initial zeta potential and lower
adsorption rates at short contact times, consistent with steric
hindrance and reduced accessibility.”* However, over extended
periods, these surfactants may have contributed to progressive
interfacial modification, resulting in a significant reduction in
zeta potential.

These electrokinetic support the adsorption
measurements, wettability alteration data, and dynamic core-
flooding results. Overall, the observed trends underscore the
coupled influence of surfactant structure, mineral type, and
interaction duration on electrokinetic behaviour and adsorp-
tion dynamics, critical parameters in designing surfactant-
based formulations for EOR and rock wettability alteration.

results

3.4. Static adsorption isotherm modelling

The adsorption behaviour profiles of mustard oil-derived
Gemini surfactants on sandstone and carbonate were quanti-
tatively analyzed and modelled using multiple equilibrium
isotherm models, specifically Linear, Langmuir, Freundlich,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Redlich-Peterson, and Hill isotherm models. The experimental
data were fitted to these models, and the corresponding
parameters are summarized in Table 2.

3.4.1. Linear adsorption isotherm. The Linear isotherm
provided an excellent fit for all surfactants with very high
correlation coefficients, but only for low concentrations of
100 ppm, after that, the R* ranged from 0.8447 to 0.8461. The
low Henry's constants (Ky) obtained for Hexamine GS of 0.2 x
10 L mg ™" for both sandstone and carbonate confirm the
minimal adsorption tendency of Hexamine GS relative to
shorter spacer length surfactants of Triamine, Tetramine and
Pentamine GS. This linear behaviour suggests that the weak
affinity of longer spacer length Gemini surfactants towards
mineral surfaces occurs in regions where adsorption sites
remain largely unsaturated with dilute systems of GS.”>”” The
adsorption behaviour of the Gemini surfactants, evaluated with
different spacer lengths and concentrations on both sandstone
and carbonate rock samples, was modelled using the Linear
isotherm, as shown in Fig. 8.

3.4.2. Langmuir isotherm. The Langmuir model, which
assumes monolayer adsorption onto homogeneous surfaces,
also described the data well with R® values in the range of 0.990-
0.9999. The maximum adsorption capacities (g,) decreased
systematically with increasing spacer length, from 1.57 mg g~ "
for Triamine GS to 0.291 mg g * for Hexamine GS on sandstone,
and from 0.972 mg g~ t0 0.225 mg g~ " on carbonate. This trend
of maximum adsorption capacities (g,) demonstrates that steric
hindrance and enhanced hydrophilicity associated with longer
polyamine spacers reduce molecular packing density at the
rock-fluid interface. However, Hexamine GS consistently
exhibited the lowest monolayer capacity, which is highly
favourable for EOR since lower adsorption minimizes surfac-
tant loss during chemical flooding.*»”” The experimental data
for adsorption at varying spacer lengths and concentrations on
both rock samples for Gemini surfactants were plotted and
fitted to the Langmuir isotherm model, as shown in Fig. 9.

3.4.3. Freundlich isotherm. The Freundlich model, which
describes multilayer adsorption on heterogeneous surfaces,
also fits strongly with R ranging from 0.9641 to 0.9978 on
sandstone and 0.9845 to 0.9973 on carbonate with increasing
spacer length. The Freundlich surface heterogeneity factor (ny)
was >1 in all cases, indicating favourable adsorption. However,
higher values of ng 2.15 for Hexamine GS than other shorter
spacer length GS suggests weaker surface-specific binding and
shows a tendency of reversible adsorption toward longer-spacer
surfactants. This fitting again confirms that molecular archi-
tecture strongly modulates adsorption affinity.®>*” Fig. 10 shows
the adsorption behaviour of the synthesized Gemini surfactants
at varying spacer lengths and concentrations on both rock
samples, fitted to the Freundlich isotherm model.

3.4.4. Redlich-Peterson isotherm. The Redlich-Peterson
model, a hybrid of both Langmuir and Freundlich characteris-
tics, although Langmuir and Freundlich models were
commonly used, adsorption on actual reservoir rocks did not
occur on perfectly homogeneous surfaces. Both sandstone and
carbonate substrates exhibited mineralogical heterogeneity,
surface irregularities, and non-uniform adsorption energies.
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Fig. 8 An extended curve for the linear isotherm of both rock samples.
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Fig. 10 Freundlich adsorption isotherm fitting curves of both rock samples.
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Therefore, the Redlich-Peterson model was considered more
physically appropriate in this study because it combined
Langmuir-type site saturation with Freundlich-type heteroge-
neity. This allowed it to describe adsorption behaviour that
shifted from near-monolayer coverage at lower concentrations
to more heterogeneous surface interactions at higher concen-
trations. Such hybrid behaviour was particularly relevant for
Gemini surfactants adsorbing onto complex porous mineral
surfaces.*””® This model provided the best overall fit to the
adsorption data, with R* > 0.999 across all GS. The §,values
ranging from 0.95 to 1.56 confirm that adsorption was inter-
mediate between ideal monolayer and heterogeneous multi-
layer processes. Alongside, the low Ky values obtained of 1.13 x
10 L mg ' for sandstone and 0.598 x 107> L mg ' for
carbonate for Hexamine GS reflect reduced interaction strength
with mineral surfaces. This hybrid model outcome suggests
that while initial adsorption may follow monolayer coverage,
additional multilayer formation can be possible, particularly for
shorter-spacer molecules.””® The adsorption behaviour of
Gemini surfactants, assessed at varying spacer lengths and
concentrations on both rock samples, was modelled using the
Redlich-Peterson isotherm, as seen in Fig. 11.

3.4.5. Hill isotherm. The Hill isotherm model, which
describes cooperative adsorption effects, was also considered in
this study because Gemini surfactants contain two headgroups
linked by a spacer, which could promote intermolecular asso-
ciation and surface clustering during adsorption. Such molec-
ular architectures could lead to cooperative or competitive
binding behaviour, in which the adsorption of one molecule
influences the affinity of subsequent adsorption events. In the
present work, Hill coefficient values close to unity suggested
that adsorption was largely non-cooperative, whereas slight
deviations observed for longer spacer surfactants indicated
reduced packing efficiency and weak negative cooperativity.
Therefore, the Hill model provided additional mechanistic
insight into the influence of Gemini surfactant structure
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Fig. 11 Redlich—Peterson isotherm fitting curves of both rock samples.
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beyond simple equilibrium fitting.*"*> Although this model also
provided excellent fits to the experimental data, with R* values
up to 0.9999 for Hexamine GS. The Hill coefficients (ny) were
close to unity for all systems, indicating predominantly non-
cooperative binding. However, a slight deviation of ny, of
0.951 from unity for sandstone for Hexamine GS, implies weak
negative cooperativity, where adsorption of one molecule
slightly reduces the prospect of following adsorption. This
behaviour further supports the reduced packing efficiency of
longer-spacer Gemini surfactants.*®* Fig. 12 illustrates the Hill
isotherm fitting of adsorption data for Gemini surfactants with
different spacer lengths and concentrations on both rock
samples.

The static isotherm modelling analysis demonstrates that
adsorption of Gemini surfactants onto both sandstone and
carbonate was strongly dependent on spacer length, with
adsorption decreasing systematically from Triamine to Hexa-
mine GS as the spacer length increases. The excellent fits across
different models suggest a mixed adsorption mechanism
involving both monolayer and heterogeneous multilayer
processes.® The consistently low adsorption parameters for
Hexamine GS highlight its potential for chemical EOR, as
reduced retention leads to improved surfactant utilization, cost-
effectiveness, and less harm to the environment.

The fitted parameters in Table 2 provide mechanistic insight
into the adsorption process. The decrease in Langmuir mono-
layer capacity (g,) from Triamine to Hexamine GS confirmed
reduced surface packing with increasing spacer length.
Freundlich constants further suggested that adsorption
remained partially reversible on heterogeneous mineral sites.
The strong Redlich-Peterson fit indicated mixed-mode
adsorption on real reservoir surfaces, while Hill coefficients
close to unity supported largely non-cooperative binding.
Together, these results demonstrated that spacer length gov-
erned adsorption through steric and hydration-controlled
packing effects rather than strong chemisorption.”*+%”
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Fig. 12 Hill isotherm fitting curves of both rock samples.

3.5. Kinetic adsorption modelling

The experimental kinetic data were analyzed using pseudo-first-
order, pseudo-second-order, and intra-particle diffusion models
were applied to understand the adsorption mechanisms with
the adsorption rate of Gemini surfactants derived from mustard
oil. The parameters that control the adsorption rate are indi-
cated by the calculated rate constants, equilibrium adsorption
capacities, and the R fit values, as shown in Table 3.

3.5.1. Pseudo first order. The pseudo-first-order model
showed excellent fitting with the experimental data, with R
values ranging from 0.9937 to 0.9987 across all GS. The
computed equilibrium adsorption capabilities (g.) closely
aligned with the experimental findings, as for sandstone, where
Triamine GS demonstrated g. of 0.286 mg g, in contrast to
0.088 mg g~ * for Hexamine GS. The results showed the same
trends as in static models in carbonate, with g. declining
systematically from 0.171 mg g~ * for Triamine GS to 0.070 mg
g~ ' for Hexamine GS (Fig. 13). The diminishing g. values with
extended spacer length further emphasize the reduced
adsorption affinity of Gemini surfactants with longer spacers.
The correlation coefficients indicate that the adsorption
kinetics are primarily governed by diffusion-controlled physical
adsorption, for Gemini surfactants on mineral surfaces.*®””%
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Although the pseudo-first-order kinetic model suggested
that diffusion-controlled physisorption was the dominant
adsorption pathway, this behaviour did not exclude the pres-
ence of weak specific interactions. In particular, the amide and
polyamine functionalities present in the synthesized Gemini
surfactants could have contributed through hydrogen bonding,
dipole-dipole interactions, or mild surface complexation with
surface hydroxyl groups in sandstone and carbonate functional
sites. Therefore, the adsorption process was best described as
predominantly physical in nature, supplemented by weak
chemisorptive contributions rather than irreversible chemical
binding®>*®

3.5.2. Pseudo second order. The pseudo-second-order
model also yielded a good fit, although the R* values ranged
from 0.9903 to 0.9969, which were marginally inferior to those
of the pseudo-first-order model (Fig. 14). This indicates that
although chemisorption activities by electron exchange
between surfactant head groups and active mineral surfaces
may occur to a certain degree, but they were not the predomi-
nant mechanism in our GS system. The rate constants (K,)
exhibited a considerable increase with spacer length, with
values of 19.30 x 10~ ' g mg ' h™" for Hexamine GS on sand-
stone and 19.37 x 10°' ¢ mg™' h™' on carbonate, which
signifies a more rapid equilibrium achievement for molecules

Table 3 Kinetics adsorption parameter of surfactant on both rock surfaces

Adsorbent Sandstone Carbonate
Surfactant Tri Tetra Penta Hexa Tri Tetra Penta Hexa
Models Pseudo first Ky, 95x10% 91x102? 879x10 2 83 x 10 2 7.0x 1072 7.02x10°% 838x10 % 93 x 102
order ge 0.286 0.221 0.121 0.088 0.171 0.146 0.115 0.070
R*  0.9965 0.9981 0.9982 0.9937 0.9981 0.9954 0.9987 0.9984
Pseudo-second K, 4.61x 10" ' 6.53 x 10°' 13.3 x 10°' 19.30 x 10°* 8.35 x 10°* 9.32 x 10! 11.69 x 10! 19.37 x 10!
order de 0.246 0.192 0.102 0.076 0.135 0.119 0.097 0.062
R*> 0.9903 0.9916 0.9950 0.9969 0.9939 0.9933 0.9929 0.9923
Intra-particle Kig 5.97 X 1072 4.64 x 102 2.55x 102 1.76 x 1072 3.32 x 1072 291 x 1072 2.34 x 1072  1.46 x 102
diffusion model R*> 0.9905 0.9929 0.9867 0.9974 0.9904 0.9905 0.9921 0.9943
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Fig. 13 The adsorption study of HexaGS surfactant by pseudo-first order kinetics of both rock samples.
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Fig. 14 The adsorption study of HexaGS surfactant by pseudo-second order kinetics of both rock samples.
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Fig. 15 The adsorption study of HexaGS surfactant by intra-particle diffusion kinetics of both rock samples.
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with longer spacers.** This trend indicates the diminished
adsorption ability of longer-spacer surfactants, facilitating
a more rapid attainment of equilibrium due to a reduced
number of possible binding contacts.®

3.5.3. Intra-particle diffusion model. The intra-particle
diffusion model was additionally employed to assess the role
of pore diffusion in the adsorption process (Fig. 15). The intra-
particle diffusion constants (Kiq) exhibited a consistent decline
with the elongation of the spacer length, decreasing from 5.97
x 10">mg g~ h™"*for Triamine GS to 1.76 x 10 >mgg ' h~"?
for Hexamine GS, in sandstone, and from 3.32 x 10 > mg g "
h "2 t0 1.46 x 1072 mg g * h™*? on carbonate. The R* values
ranging from 0.9867 to 0.9974 suggest that intra-particle diffu-
sion influences the overall kinetics, and the non-zero intercepts
affirm that film diffusion and surface adsorption were also
significant factors.* The adsorption of Gemini surfactants onto
sandstone and carbonate occurs via a multi-step kinetic
process, initially governed by boundary-layer diffusion and
surface contacts, subsequently transitioning to slow intra-
particle diffusion into the pore structure.®””®

3.6. Thermodynamic analysis

The Gibbs free energy change of adsorption was determined for
the adsorption of mustard oil-derived Gemini surfactants onto
sandstone and carbonate at a concentration of 100 ppm. All AG
values were negative, varying from —18.038 to
—19.859 kJ mol ', indicating that the adsorption of Gemini
surfactants onto both rock types was spontaneous at 303 K at
a specific concentration of 100 ppm, as shown in Table 4. The
magnitude of AG offers critical insight into the adsorption
mechanism, where the values between —20 and 0 k] mol " are
indicative of physisorption, characterized by electrostatic
interactions, hydrogen bonding, or van der Waals forces, while
values more negative than —40 kJ mol™" generally signify
chemisorption, characterized by robust covalent bonding or ion
exchange.?®”® The measured AG values ranged from —18.038 to
—19.859 k] mol " in this study, which can be associated with
the physisorption, characterized by physical interactions
between the surfactant head groups and the functional groups
of the mineral surface. This insight validates the kinetic study,
wherein pseudo-first-order models exhibited superior fitting
relative to pseudo-second-order, hence reinforcing the pre-
eminence of physisorption.***”

The magnitude of AG became increasingly negative with
longer spacer lengths, decreasing from —18.17 k] mol™" for
Triamine GS to —19.86 k] mol~! for Hexamine GS in the sand-
stone sample, and from —18.038 to —19.788 k] mol ' in the
carbonate sample. This tendency suggests that longer-spacer

View Article Online
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Gemini surfactants exhibit more favourable interactions with
rock surfaces, although through mild physical pressures.*® The
increase of spontaneity with spacer length may be ascribed to
tailored molecular flexibility and superior conformational
adaptation of Hexamine GS at the rock and liquid interface,
promoting stronger hydrophobic interactions and greater
alignment of head groups with mineral surface sites. In the
comparison of rock types, adsorption on carbonate surfaces
consistently shows larger negative AG values than sandstone for
Tetramine GS and Pentamine GS. This indicates the enhanced
electrostatic interaction between the Gemini head groups and
the charged carbonate sites for these specific surfactants.®””®

3.7. Dynamic adsorption and desorption study

Dynamic adsorption experiments were performed on sandstone
and carbonate core samples to evaluate the retention and
displacement efficiency of Hexamine GS. Fig. 16 and 17 illus-
trate the adsorption—-desorption concentration profiles, which
show the effluent concentration versus injected pore volumes
profile and the associated adsorption capacity curves, respec-
tively. These curves illustrate the association between adsorp-
tion in mg g~ per rock and pore volumes.

During the initial injection phase from 0 to 2.5 PV, the
effluent surfactant concentration was minimal for both sand-
stone and carbonate samples, indicating a strong initial
absorption of Hexamine GS on both rock surfaces. As the
injection continued, the effluent concentration progressively
increased, indicating the eventual saturation of the adsorption
sites in rock samples. A breakthrough occurred at approxi-
mately 6 to 8 pore volumes for sandstone and 5 to 7 pore
volumes for carbonate, after which effluent concentrations
increased significantly towards the injected concentration of
100 ppm. A steady-state plateau of approx. 100 ppm concen-
tration was attained after approximately 10 to 13 PVs in both
systems, indicating that adsorption equilibrium was estab-
lished during this interval.**””

The dynamic adsorption capacity curves exhibited a rapid
rise during the initial process volumes, aligning with the
occupation of rock surface sites, followed by a progressive
plateau as the system neared equilibrium. The maximum
dynamic adsorption for sandstone was approximately 0.013 mg
g7, and for carbonate, it was approximately 0.0087 mg g,
prior to the desorption procedure, which involved flooding with
distilled water.

The much lower adsorption observed in the dynamic core-
flooding experiments compared with the static adsorption
tests was mainly attributed to flow-related transport effects and
limited contact time. In the static adsorption studies, surfactant

Table 4 The Gibbs free energy (AG) of the adsorption of the synthesized Gemini surfactant

Rock samples  Sandstone

Carbonate

Surfactants Triamine GS Tetramine GS Pentamine GS

Hexamine GS

Triamine GS Tetramine GS Pentamine GS Hexamine GS

AG (k] mol™)  —18.170 —18.406 —18.668

9884 | RSC Adv, 2026, 16, 9870-9889

—19.859

—18.038 —18.787 —19.406 —19.788
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Adsorption—desorption concentration profile of Hexamine GS of sandstone and carbonate rock samples.
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Fig. 17 Dynamic adsorption profile of Hexamine GS of sandstone and carbonate rock samples.

molecules remained in prolonged contact with finely crushed
rock surfaces, allowing the system to approach equilibrium
conditions and enabling multilayer adsorption to develop over
24 hours. Under dynamic flooding, however, surfactant trans-
port occurred through intact porous media, where the residence
time inside the core was relatively short, and adsorption
became strongly influenced by mass-transfer limitations. In
addition, not all mineral surface sites were equally accessible
under flow because pore-throat restrictions limited surfactant
diffusion into smaller pore regions. Continuous hydrodynamic
dispersion during injection also promoted partial desorption
and redistribution of weakly bound molecules.?” Consequently,
dynamic adsorption more realistically represented reservoir-
scale retention under flowing conditions, yielding adsorption
values that were typically much lower than those obtained
under static equilibrium conditions.>

Despite the fact that carbonate rocks typically exhibit
enhanced electrostatic interactions with surfactants, the

© 2026 The Author(s). Published by the Royal Society of Chemistry

diminished adsorption observed in carbonate cores relative to
sandstone suggests a reduced retention of Hexamine GS in
carbonate lithologies. The diminished retention may be attrib-
uted to the elongated hexamine spacer in the Gemini surfac-
tant, which enhances molecular flexibility and steric hindrance,
thereby decreasing effective packing density on the mineral
surface.*#

The desorption phase further emphasized the reversibility of
the adsorption. Upon transitioning to surfactant-free slug at
approximately 16 PV, the effluent concentration decreased
rapidly, alongside a gradual reduction in predicted dynamic
adsorption. Desorption was far more evident in carbonate
samples, where the adsorbed surfactant diminished nearly
entirely within approximately 10 pore volumes after distilled
water injection, whereas sandstone retained a minor residual
component. This suggests that the adsorption of Hexamine GS
is predominantly reversible and governed by physical interac-
tions rather than irreversible chemisorption, in accordance
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Fig. 18 The contact angle measurements with time for (a) sandstone and (b) carbonate rock samples.

with the thermodynamic analysis, where AG was approximately
—19.859 k] mol™' in sandstone and —19.788 k] mol™' in
carbonate.*>**

The dynamic adsorption-desorption behaviour demon-
strates that Hexamine GS has minimal retention, quick break-
through, and high desorption efficiency in both cores. These
attributes are beneficial for EOR operations because they reduce
surfactant depletion during flooding. The findings further
substantiate the conclusions derived from static adsorption,
adsorption kinetics, and thermodynamic evaluations, indi-
cating that longer-spacer Gemini surfactants are more effective
choices for chemical flooding in both reservoirs.

3.8. Dynamic contact angle studies

The capacity of all four synthesized Gemini surfactants to alter
wettability was assessed for both sandstone and carbonate
reservoir rocks at their critical micelle concentration, as illus-
trated in Fig. 18a and b, respectively. The incorporation of Tri,
Tetra, Penta, and Hexamine GS at 100 ppm leads to a decrease
in the dynamic contact angle of approximately 79%, 81%, 82%,
and 85%, within 12 minutes in sandstone and 78%, 80%, 81%,
and 83% within 15 minutes in carbonate, while comparing with
distilled water. Because silicate minerals (SiO,) have negatively
charged properties, the surface properties of sandstone have an
impact on the wettability modification of sandstone reservoirs.
Van der Waals forces and hydrogen bonds are the primary
mechanisms by which sandstone rocks interact with nonionic
GS.”> Nonionic Gemini surfactants adsorb efficiently onto
mineral surfaces through their paired head groups and hydro-
phobic chains, reducing the surface affinity for crude oil. This
adsorption lowers surface energy, promotes rock hydrophilicity,
and supports the formation of a stable water layer that prevents
oil from reattaching.®® In carbonate formations, nonionic
Gemini surfactants modify wettability by adsorbing onto
mineral surfaces through hydrogen bonding and van der Waals
interactions. This weakens the attachment of crude oil, lowers

9886 | RSC Adv, 2026, 16, 9870-9889

surface energy, and promotes a transition from oil-wet to water-
wet conditions.” The reduced surface energy and the formation
of a water-compatible layer further support the alteration of
wettability. By binding water molecules, the surfactant head
groups create a stable film that inhibits the return of oil to the
rock surface.*** In both rock types, reducing the IFT signifi-
cantly aids oil detachment by lowering capillary forces, which
enhances microscopic displacement. A lower IFT helps mobi-
lize residual oil, ultimately improving overall recovery.**>°*
Enhanced emulsification further assists oil removal by forming
stable oil-in-water emulsions that limit the redeposition of
crude-oil components on carbonate surfaces. Together, these
mechanisms promote a shift from intermediate oil-wet behav-
iour to a more water-wet state, ultimately improving micro-
scopic displacement efficiency and enhancing oil recovery in
carbonate reservoirs.**#>9

4. Conclusion

The adsorption behaviour of Gemini surfactants (Triamine,
Tetramine, Pentamine, and Hexamine GS) derived from
mustard oil was comprehensively assessed on sandstone and
carbonate rocks under static and dynamic conditions. XRD,
XRF, FESEM, and wettability tests were carried out to evaluate
the adsorption behaviour of the Gemini surfactants. The key
conclusions are:

e The adsorption depends on the spacer length, such as the
adsorption of Hexamine GS was consistently reduced as the
spacer length increased, with the lowest retention values
(0.072 mg g~ in sandstone and 0.057 mg g~ in carbonate after
24 hours).

e Static isotherm analysis indicated that the Langmuir and
Redlich-Peterson models provided the optimal fit, confirming
monolayer adsorption with heterogeneous contributions.
Although Hexamine GS consistently exhibited the lowest g,
values, which are advantageous for EOR.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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e Kinetic analysis revealed that pseudo-first-order models
most accurately represented the data, suggesting that adsorp-
tion is primarily governed by physisorption, as evidenced by
multi-step diffusion behaviour.

e Thermodynamic characteristics indicate that adsorption
was spontaneous and physically driven.

e Dynamic adsorption tests revealed early breakthrough,
swift equilibration, and minimal retention for Hexamine GS
(0.013 mg g * for sandstone and 0.008 mg g * for carbonate)
with rapid breakthrough and fast equilibrium. The desorption
process was primarily reversible, particularly in carbonate
samples, supporting the presence of mild physical interactions.

e Analysis of surface characterization (FESEM-EDX and zeta
potential) confirmed the formation of thin surfactant layers,
a reduction in surface charge, and unambiguous evidence of
surfactant adsorption. The effects were more pronounced in
sandstone.

e Contact angle experiments demonstrated that Hexamine
GS shows effective reversal of wettability from oil-wet to water-
wet, with a reduction of up to 85% within 12 minutes in sand-
stone and 83% within 15 minutes in carbonate. This confirms
the strong potential for improved displacement efficiency.

Thus, Mustard oil-derived Gemini surfactants represent
potentially eco-friendly, cost-effective enhanced oil recovery
agents, with Hexamine GS showing the greatest promise for use
in sandstone and carbonate reservoirs.
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