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Abstract

This study investigates the interfacial performance and enhanced oil recovery (EOR) potential of a naturally derived surfactant 

extracted from chickweed in combination with titanium dioxide nanoparticle under harsh reservoir conditions. A comprehensive 

experimental program was conducted to characterize the chemical structure, stability and interfacial activity of the formulated system 

using spectroscopic analyses, interfacial tension measurements, wettability evaluation and core flooding tests. Results demonstrate 

that the chickweed-derived surfactant exhibits strong amphiphilic characteristics and maintains compatibility with high-salinity 

formation brine and nanoparticles over prolonged ageing at elevated temperature. The hybrid formulation significantly reduced oil–

water interfacial tension, shifted carbonate rock wettability toward a more water-wet state and improved microscopic displacement 

efficiency. Core flooding experiments confirmed a measurable incremental oil recovery compared with conventional waterflooding, 

highlighting the combined role of interfacial tension reduction, wettability alteration and improved dispersion stability. The findings 

suggest that chickweed-based surfactants, particularly when integrated with metal-oxide nanoparticles, represent a promising 

environmentally conscious alternative for chemical EOR applications in high-salinity carbonate reservoirs.
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1 Introduction
The continuous growth in global energy demand, cou-
pled with the progressive depletion of easily recoverable 
hydrocarbon resources, has intensified the need for more 
efficient and sustainable enhanced oil recovery (EOR) 
strategies. A significant proportion of original oil in place 
remains trapped after primary and secondary recovery due 
to capillary forces, unfavorable wettability and reservoir 
heterogeneity. Among chemical EOR methods surfactant 
flooding has attracted considerable attention because of its 
ability to reduce interfacial tension (IFT) and alter rock 
wettability, thereby mobilizing residual oil. However, the 
environmental concerns, high cost and salinity sensitivity 
associated with many conventional synthetic surfactants 
have driven increasing interest toward bio-derived alterna-
tives. In this context plant-based natural surfactants, par-
ticularly those rich in saponins, offer a promising pathway 
due to their biodegradability, surface activity, and com-
patibility with harsh reservoir conditions. Integrating such 

sustainable materials with nanotechnology further opens 
new opportunities to enhance stability and interfacial per-
formance, motivating the present investigation [1–6].

Bio-surfactants and other green surface-active agents 
have emerged as versatile materials across a wide range of 
industrial and environmental applications due to their low 
toxicity, biodegradability and ability to function under 
harsh conditions. In the petroleum sector they are increas-
ingly explored for EOR, drilling fluid formulation and 
produced-water treatment, where their capacity to reduce 
interfacial tension and modify wettability can improve dis-
placement efficiency while minimizing ecological impact. 
Beyond energy applications bio-surfactants are widely 
utilized in environmental remediation for the mobilization 
of hydrophobic contaminants, as well as in pharmaceuti-
cals, cosmetics, agriculture and food processing, where 
mildness and biocompatibility are essential. Their per-
formance in high salinity and temperature environments, 
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coupled with growing regulatory pressure to replace 
petroleum-derived chemicals, positions green surfactants 
as sustainable alternatives that can bridge performance 
requirements with environmental stewardship [7–10].

Recent research has increasingly focused on the devel-
opment of bio-derived surfactants as sustainable alter-
natives to conventional petroleum-based chemicals in 
chemical EOR. In this context, an anionic surfactant syn-
thesized from peanut oil has demonstrated promising per-
formance, highlighting the viability of plant-based feed-
stocks for EOR formulations. The surfactant, produced 
via esterification followed by sulfonation, was structur-
ally validated using Fourier  transform infrared  (FTIR), 
1H-NMR and thermogravimetric analyses, confirming the 
successful incorporation of functional groups responsible 
for surface activity. Physicochemical evaluation through 
conductivity and surface tension measurements identified 
an optimal critical micelle concentration with 2000 ppm, 
which was subsequently used to assess interfacial and dis-
placement performance. At this concentration the formu-
lation achieved an ultralow interfacial tension on the order 
of 10−2 mN/m under moderate salinity, while also induc-
ing a pronounced wettability shift from strongly oil-wet 
to water-wet conditions in both sandstone and carbonate 
substrates. Complementary tests further revealed strong 
emulsification capacity and long-term emulsion stability 
under saline environments, indicating favorable phase 
behavior and compatibility. Core flooding experiments 
corroborated these interfacial improvements, showing 
measurable incremental recoveries exceeding 15–19% of 
the original oil in place and a beneficial shift in relative 
permeability characteristics. Collectively these findings 
reinforce the growing evidence that plant-derived surfac-
tants can deliver competitive technical performance while 
aligning with environmental and sustainability objectives, 
thereby motivating continued exploration of green surfac-
tant systems for EOR applications [11].

Recent investigations have explored plant-derived sapo-
nins as environmentally benign surfactants for chemical 
EOR. In one such study, purified saponin extracted from 
Prosopis farcta was systematically evaluated after struc-
tural confirmation using FTIR, thermogravimetric (TGA) 
and 1H-NMR analyses, which verified its molecular integ-
rity and thermal robustness. The  surfactant exhibited a 
well-defined critical micelle concentration at approxi-
mately 3000 ppm based on conductivity and surface tension 
trends. At this concentration the formulation significantly 
reduced oil-water interfacial tension, with further improve-
ment observed in the presence of salinity, indicating 

favorable performance under reservoir-relevant conditions. 
Wettability measurements demonstrated effective alter-
ation of both sandstone and carbonate substrates toward 
more water-wet states, while foamability and emulsification 
tests confirmed the ability of the saponin to generate sta-
ble dispersed systems. Core flooding experiments further 
substantiated its displacement capability, yielding measur-
able incremental recoveries in both lithologies relative to 
conventional water injection. Collectively these findings 
highlight the promise of plant-extracted saponins as via-
ble low-toxicity alternatives for improving microscopic dis-
placement efficiency in diverse reservoir environments [12].

Recent studies have explored hybrid chemical-nano-
technology strategies to overcome the limitations of con-
ventional chemical EOR processes, particularly their 
inefficiency in mobilizing residual oil within complex 
pore structures. One investigation assessed wettabil-
ity modification of carbonate rocks using synthesized 
SiO2/KCl/xanthan nanocomposites in combination with 
mutual solvents such as ethanol and methyl ethyl ketone. 
The results demonstrated that the rock surface behavior 
was strongly governed by the fluid salinity and the solvent 
composition. While reducing the salinity of the base brine 
alone led to lower contact angles, the addition of solvents 
reversed this trend, with higher salinity producing greater 
wettability alteration. Increasing solvent concentration 
further enhanced this effect, indicating a synergistic role 
between polarity modification and interfacial interactions. 
The  hybrid smart-water/solvent/nanocomposite formula-
tion achieved the most pronounced shift toward water-wet 
conditions, reducing the contact angle from approximately 
125° to about 39°. Core displacement tests confirmed the 
macroscopic impact of this wettability control, where opti-
mized solvent-brine mixtures delivered substantial reduc-
tions in residual oil saturation with recovery improvements 
exceeding 50% of original oil in place (OOIP). These find-
ings underscore the potential of integrating nanoparti-
cles and mutual solvents with tailored brine chemistry to 
amplify the interfacial modification and improve the dis-
placement efficiency in carbonate reservoirs [13].

Recent work has examined plant-derived surfactants as 
ion-tunable agents for improving interfacial properties in 
carbonate reservoirs. In one investigation, natural surfac-
tants extracted from hop and dill were evaluated for their 
ability to modify fluid-fluid and rock-fluid interactions. 
Experimental results demonstrated significant reductions 
in oil-water interfacial tension with values decreasing from 
roughly 28  mN/m to the low single-digit range depend-
ing on the surfactant type. Salinity optimization further 
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enhanced the performance with an intermediate ionic 
strength providing the most effective interfacial response. 
Wettability measurements confirmed a pronounced shift 
toward more water-wet conditions, evidenced by substan-
tial decreases in contact angle, while zeta potential anal-
ysis supported the observed surface charge modifications. 
Dynamic core flooding experiments corroborated these 
microscopic observations, showing measurable incremen-
tal oil recovery during both secondary and tertiary injec-
tion stages. Collectively, the study illustrates that ion-tuned 
natural surfactants can deliver simultaneous IFT reduction 
and wettability control, reinforcing their potential as envi-
ronmentally compatible alternatives for improving recov-
ery efficiency in carbonate formations [14].

A growing body of research has also investigated 
bio-derived polymers as mobility-control agents in chem-
ical EOR. In one study, an aloe-based biopolymer was 
evaluated as a sustainable alternative to conventional syn-
thetic polymers, demonstrating favorable thermal sta-
bility and strong compatibility with high-salinity forma-
tion brines  (FBs). The polymer performance was further 
examined in combination with a KCl/SiO2/xanthan nano-
composite, forming a hybrid chemical formulation aimed 
at improving both interfacial properties and sweep effi-
ciency. Experimental observations revealed that solvent 
addition moderately reduced interfacial tension and con-
tact angle, whereas incorporating the nanocomposite pro-
duced a much stronger effect, indicating a synergistic 
interaction between the polymer matrix and nanoparticles. 
Rheological analysis confirmed predictable flow behavior 
suitable for reservoir injection, while core flooding exper-
iments showed substantial enhancement in oil recovery, 
attributed to simultaneous mobility control, wettability 
alteration, and interfacial tension reduction. These find-
ings highlight the potential of integrating biopolymers with 
nanostructured additives to achieve environmentally com-
patible and technically effective recovery strategies [15].

While the synergistic use of plant-derived saponins 
with nanoparticles and divalent ions has been previously 
reported (the summary is shown in  Table  1  [16‒27]), 
the present work advances the field through several clearly 
defined differentiators. First, it provides a chemical and 
functional fingerprint of a chickweed-derived surfactant, 
a biosource that has received minimal attention in EOR 
literature compared with more commonly studied sapo-
nin extracts. Second, the formulation is systematically 
evaluated under ultra-high salinity conditions (total dis-
solved solids, TDS ≈ 97,645 ppm) representative of harsh 

carbonate reservoirs, establishing a well-defined compati-
bility and stability window at 80 °C through extended age-
ing and physicochemical analyses. Third, the study demon-
strates the specific interfacial and transport behavior of the 
chickweed-titanium dioxide nanoparticle (Nano-TiO2) sys-
tem in the presence of divalent ions, clarifying how stability 
and dispersion are preserved at high ionic strength. Finally, 
the work links these mechanistic observations to quantified 
incremental oil recovery under a controlled coreflooding 
protocol, providing a direct performance benchmark rather 
than relying solely on interfacial metrics. Collectively, 
these aspects move beyond generic "plant surfactant and 
nanoparticle" synergy and establish a reservoir-relevant, 
mechanistically supported formulation framework.

 

2 Materials and methods
2.1 Materials 
Dried chickweed, as shown in Fig. 1, was used as the raw 
material for saponin extraction in this study. Fresh plants 
were first washed thoroughly to remove soil and surface 
impurities, then air-dried under shade conditions to pre-
serve thermally sensitive compounds. The dried material 
was ground into a fine powder using a laboratory mill to 
increase surface area and improve the solvent penetration 
during extraction. This powdered chickweed served as the 
feedstock for subsequent ethanol-water solvent extraction 
of saponins, ensuring consistency and reproducibility of 
the natural surfactant preparation.

In addition, Nano-TiO2 was purchased locally (Amin 
Petro Zagros Zand Company, Iran) and used in this 
study. After purchasing the Nano-TiO2 powder, additional 

Table 1 Summary of previous studies on natural surfactants for EOR 
applications

Raw material Surfactant type CMC* (ppm) Ref.

Jatropha oil Anionic 8000 [16]

Palm oil Anionic 4500 [17]

Sapindus laurifolius Anionic 9000 [18]

Palm oil Anionic 8000 [19]

Quinoa plant Nonionic 1500 [20]

Avena sativa Nonionic 4000 [21]

Pisum sativum Nonionic 1500 [22]

Acacia concinna Nonionic 1500 [23]

Waste cooking oil Zwitterionic 4000 [24]

Cardanol Zwitterionic 300 [25]

Castor oil Polymeric 5000 [26]

Jatropha oil Polymeric 6000 [27]
* Critical micelle concentration
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characterization to better understand its properties before 
using it in the flooding experiments were performed. The 
particle size distribution in aqueous media was evaluated 
by dynamic light scattering (DLS) (Malvern Instruments, 
Malvern, UK) in order to check the dispersion quality and 
identify any possible aggregation. In addition, the specific 
surface area of the nanoparticles was determined from nitro-
gen adsorption–desorption measurements based on the 
Brunauer–Emmett–Teller (BET) method. These analyses 
allowed us to confirm that the particles were within the 
nanoscale range and possessed a sufficiently high surface 
area, which is important for their interaction with surfac-
tant molecules and their performance in interfacial tension 
reduction and wettability alteration. 

To minimize the potential risks associated with 
nanoparticle transport in porous media, including reten-
tion, aggregation, and pore throat blockage, several precau-
tionary measures were incorporated into the experimental 
design. The Nano-TiO2 dispersions were first sonicated for 
30 min to break down weak agglomerates and ensure uni-
form particle distribution prior to injection. All nanofluids 
were prepared at concentrations below the threshold typ-
ically associated with permeability impairment, and their 

stability was verified through visual inspection and parti-
cle size consistency before coreflooding. In addition, the 
injection sequence was conducted at moderate flow rates 
to limit mechanical trapping and reduce the likelihood of 
particle accumulation at pore constrictions. Permeability 
was monitored before and after flooding to confirm that 
no significant formation damage occurred within the 
duration of the experiments. While these steps reduce the 
probability of adverse effects under laboratory conditions, 
it is acknowledged that long-term nanoparticle retention 
and scale-up behavior may vary under field conditions, 
and therefore warrant further investigation.

A crude oil sample with an API gravity of 31.56° 
was obtained from a reservoir in southern Iran and used 
throughout this study. Saturates, aromatics, resins, and 
asphaltenes (SARA) characterization indicated that the oil 
consisted of 53.35  wt% saturates, 32.28  wt% aromatics, 
9.78 wt% resins, and 4.59 wt% asphaltenes. Furthermore, 
the measured acid number  (AN) and base number  (BN) 
were 1.63 and 0.46, respectively.

Carbonate core plugs used in this study were collected 
from outcrop intervals of a carbonate reservoir in Iran. 
Petrophysical properties were determined using helium 
porosimetry for porosity and brine flow tests for perme-
ability. The  samples exhibited porosity values in a nar-
row range of  11.26–11.33%, while permeability varied 
from 14.87 to 14.98 mD.

Mineralogical characterization by Xray diffrac-
tion  (XRD) revealed that the rock matrix is dominated 
by calcite (50%), followed by dolomite (33%), with the 
remaining 17% comprising minor mineral phases.

For the experimental procedures, formation brine with 
a TDS concentration of 97,645 ppm was collected from the 
same field and used as the base aqueous phase. In addi-
tion, synthetic brines were formulated using analytical-
grade MgCl2, NaCl, and KCl (Merck, Germany) salts with 
a stated purity of 99%, procured from local suppliers.

2.2 Extraction of saponin from chickweed 
The saponin extraction was carried out following the 
protocol established in our previous studies  [20, 23, 28]. 
In brief, 100 g dried chickweed powder was loaded into a 
Soxhlet apparatus, and 500 mL methanol was cycled for 
approximately 10 h. The methanolic extract was concen-
trated via rotary evaporation to remove the solvent, yield-
ing the crude surfactant fraction.

The residue was then combined with 50  mL distilled 
water in a separatory funnel, followed by the addition of 

Fig. 1 Image of dried chickweed used in this study
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50 mL n-butanol. The mixture was stirred for about 2 h to 
achieve phase separation. The n-butanol layer, containing 
the target organic compounds, was collected and concen-
trated again using a rotary evaporator.

Subsequently, diethyl ether was added to the con-
centrated extract, and the solution was centrifuged at 
3500 rpm for 20 min. The final product obtained after sol-
vent partitioning and solvent removal is referred to as a 
partially purified saponin-rich fraction, as the procedure 
enriches surface-active glycosides while not targeting iso-
lation of individual saponin molecules.

The total saponin content of the chickweed extract was 
quantified using a UV–Vis colorimetric method based on 
the formation of a chromogenic complex between sapo-
nins and vanillin-sulfuric acid reagent. Briefly, a known 
mass of the dried extract was dissolved in aqueous ethanol 
(water/ethanol ratio: 1:1), and an aliquot of the solution was 
reacted with freshly prepared vanillin reagent followed 
by concentrated sulfuric acid under ambient tempera-
ture  [20]. After cooling to room temperature, the absor-
bance was measured at the characteristic wavelength using 
a UV–Vis spectrophotometer  (where the wavelength was 
400 to 800 nm, and the linear range of the calibration was 
0 to 150% of the expected analyte concentration). A cal-
ibration curve was constructed using standard saponin 
solutions, and the saponin concentration in the extract was 
calculated from the linear regression equation. The results 
were reported as weight percent of saponin relative to the 
dry extract mass, providing a quantitative measure of sur-
factant purity prior to formulation.

To evaluate extraction reproducibility, the saponin 
extraction procedure was repeated in three independent 
batches under identical operating conditions, includ-
ing solvent ratio, extraction time, and temperature. 
The  extraction yield and saponin content of each batch 
were determined and compared. The  relative standard 
deviation (RSD) of the measured values was calculated to 
assess consistency between batches. The  low variability 
observed among the replicates confirms that the extraction 
protocol provides reliable and repeatable production of 
chickweed-derived surfactant suitable for subsequent 
physicochemical and EOR experiments.

2.3 Characterization of saponin
The extracted saponin was characterized using a suite of 
analytical techniques, including 1H NMR and FTIR spec-
troscopy. For structural analysis, the surfactant was dis-
solved in DMSO-d6 and examined on a Bruker 500 MHz 
spectrometer at 25  °C, providing detailed proton NMR 

information. Functional groups and molecular bond-
ing environments were assessed via  FTIR spectros-
copy using a VARIAN Inova instrument (USA) over the 
500–4000 cm⁻¹ spectral range.

2.4 IFT and contact angle measurement
IFT measurements between various solutions and crude 
oil under reservoir conditions were carried out using the 
IFT400 apparatus (Fars EOR Tech. Co., Iran). This system 
utilizes the pendant drop method coupled with axisym-
metric drop shape analysis (ADSA), as described in pre-
vious studies [29, 30]. The instrument can operate at pres-
sures up to 41368 kPa and temperatures up to 204.4 °C. 
In  this approach, IFT  (γ,  mN/m) is calculated using the 
proper equation:

� �� � gD H2 ,	 (1)

where Δρ is the density difference between the fluids, g is the 
gravitational acceleration, D is the drop's maximum diam-
eter, and H is the shape factor. Drop  images are captured 
and analyzed via ADSA to determine the IFT values, with 
an experimental uncertainty of ±5%. Measurements in this 
work were performed at 80 ℃ for the prepared solutions.

The impact of these solutions on rock wettability was 
evaluated using the contact angle method. Rock slices were 
pre-saturated with oil for 40 days at 80 ℃ to shift their sur-
face from water-wet to oil-wet. Contact angles were then 
measured via the sessile drop technique using the same 
IFT400 instrument, under 80  ℃ and atmospheric pres-
sure. Measurements were recorded over periods up to 195 h, 
with each test performed in triplicate and the median value 
reported to reduce experimental variability. Both left and 
right contact angles of each droplet were measured, and their 
average was used as the final contact angle for each test.

2.5 Oil recovery factor measurement 
Oil recovery experiments in this study were conducted using 
a core flooding system (Fars EOR Co., Iran). The apparatus 
consists of three 500 mL fluid accumulators, a stainless-steel 
core holder, an HPLC pump, a hand-operated pump for con-
fining pressure, a gas back-pressure regulator (400 bar), an 
oven for temperature control, and a differential pressure 
measurement unit. Both produced oil volumes and pressure 
differentials were continuously monitored throughout the 
experiments. The  core flooding procedure, adapted from 
previous work [21, 31], was carried out as follows:

Core samples were cleaned sequentially with toluene 
and acetone. The cleaned cores were dried overnight at 
70  °C, with weights recorded before and after drying. 
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Each core was placed in a saturator, evacuated under vac-
uum for 1 h, and then saturated with formation brine at 
24.13 MPa for 24 h. The cores were mounted in the core 
holder, and 5  pore volume (PV) of formation brine was 
injected at 80 °C and 31.03 MPa to establish equilibrium. 
Approximately 5  PV of dead oil was injected to reach 
residual water saturation under the same temperature and 
pressure conditions. To restore original wettability and 
equilibrate the rock-brine-oil system, cores were aged in 
crude oil at 80 °C for about one month. Secondary recov-
ery was performed by injecting 5 PV of formation brine at 
80 °C and 31.03 MPa. Tertiary recovery involved 5 PV of 
a solution containing 4000 ppm natural surfactant in for-
mation brine at a flow rate of 3 × 10−7 m3/min. The tertiary 
recovery procedure was repeated using a solution contain-
ing 4000 ppm natural surfactant and 2000 ppm NanoTiO2.

3 Results and discussions
3.1 Characterization of Nano-TiO2

DLS measurements, as shown in Fig. 2, were conducted 
to evaluate the particle size distribution of Nano-TiO2 
after dispersion in deionized water (DIW). The  results 
indicated a relatively narrow size distribution centered 
around approximately 30  nm, confirming that the par-
ticles remained within the nanoscale range after soni-
cation. No significant secondary peaks were observed, 
suggesting that large-scale aggregation was effectively 
minimized under the applied dispersion protocol. The 
measured hydrodynamic diameter was slightly higher 
than the nominal primary particle size, which is expected 
due to solvation layers and minor interparticle interac-
tions in suspension. Overall, the DLS results confirm that 
the nanoparticles were well-dispersed and suitable for use 
in interfacial experiments and core flooding studies.

Nitrogen adsorption–desorption measurements were 
performed (at room temperature) to determine the spe-
cific surface area of the Nano-TiO2 using the BET method 
as shown in Fig.  3. The  adsorption isotherm exhibited 
Type IV behavior with a mild hysteresis loop at interme-
diate relative pressures, which is commonly associated 
with mesoporous or aggregated nanoscale metal oxides. 
The BET linear fitting was conducted within the relative 
pressure range of  0.05–0.30  (P/P0), yielding a calculated 
specific surface area of 52 m2/g. (P is the actual vapor pres-
sure of the adsorbate gas (in this case, Nitrogen) introduced 
into the system. P0 is the saturation vapor pressure of that 
gas at the same temperature (the pressure at which the gas 
would start to condense into a liquid).) This relatively high 
surface area is consistent with nanosized TiO2 particles in 
the 20–30 nm range and confirms the availability of abun-
dant surface-active sites. This relatively high surface area 
is consistent with nanosized TiO2 particles in the 20–30 
nm (as investigate using BET analysis). Such surface char-
acteristics are critical for promoting adsorption of surfac-
tant molecules onto nanoparticle surfaces and facilitating 
their anchoring at the oil-water interface. The combination 
of nanoscale dimensions and high surface area enhances 
interfacial modification and contributes to the improved 
IFT reduction and wettability alteration observed in the 
hybrid surfactant–nanoparticle system.

The BET specific surface area of the Nano-TiO₂ 
was determined from nitrogen adsorption–desorp-
tion isotherms measured at atmospheric pressure and 
ambient temperature. The linear segment of the BET 
plot was applied within the relative pressure range of 
P/P0 = 0.05 – 0.30, which corresponds to the conventional 

Fig. 2 Result of the DLS measurements of Nano-TiO2 in dionized water

Fig. 3 Nitrogen adsorption-desorption isotherms of Nano-TiO2 
(atmospheric pressure and ambient temperature)
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range for mesoporous materials where monolayer–multi-
layer adsorption occurs before capillary condensation.

The BET equation used for the linear fit is:

1
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where V is the volume of adsorbed gas at relative pressure 
P/P0. Vm is the monolayer adsorbed gas volume. C is the 
BET constant related to adsorption enthalpy.

The linear regression of the BET plot over the spec-
ified P/P0 range yielded a coefficient of determination 
R2 > 0.99 (specifically R2 = 0.997 based on the raw data fit, 
though the manuscript states R2 > 0.99 for the calibration 
curve; the BET fit similarly exceeded 0.99). The specific 
surface area was then calculated from Vm using the molec-
ular cross-sectional area of nitrogen (0.162 nm2), giving a 
value of 52 m2/g.

3.2 Characterization of natural surfactant extracted 
from chickweed
Quantitative analysis as shown in Fig.  4 indicated that 
the chickweed extract contained a high proportion of 
surface-active constituents, with total saponin content 
63.4 ± 2.1 wt% of the dry extract. The calibration curve 
exhibited excellent linearity (R2  >  0.99), confirming the 
reliability of the spectrophotometric method for concen-
tration determination. To assess process repeatability, the 
extraction was conducted in triplicate under identical con-
ditions. The extraction yield ranged from 8.7 to 9.2 wt%, 
with a relative standard deviation (RSD) of 3.4%, while the 
variation in measured saponin content between batches 
remained below  4%. The  low RSD values demonstrate 

strong batch-to-batch consistency and confirm that the 
adopted extraction protocol produces a chemically stable 
and reproducible surfactant feedstock. This quantitative 
verification supports the reliability of subsequent physi-
cochemical and coreflooding experiments, ensuring that 
observed performance trends originate from formulation 
effects rather than compositional variability [32–34].

The FTIR spectrum of the chickweed-derived nat-
ural surfactant offers valuable insights into its molecu-
lar composition and confirms the successful isolation of 
saponin-like compounds responsible for its surface-active 
behavior. Table 2 summarizes the detected peaks and their 
corresponding chemical functionalities. A broad absorp-
tion band observed around 3400 cm−1 corresponds to O–H 
stretching vibrations, indicative of hydroxyl groups. These 
groups are characteristic of glycosidic linkages and sugar 
residues, which are integral to plant-derived saponins. 
The  presence of hydroxyl groups facilitates hydrogen 
bonding with water molecules, enhancing both solubility 
and interfacial activity under reservoir conditions.

Distinct absorption bands between 2920 and 2850 cm−1 
are assigned to asymmetric and symmetric C−H stretching 
vibrations of aliphatic −CH2 and −CH3 groups. The inten-
sity of these bands reflects the abundance of hydrophobic 
alkyl chains in the extract, which constitute the nonpo-
lar portion of the amphiphilic structure. These hydrocar-
bon tails are essential for adsorption at oil-water inter-
faces and contribute directly to the reduction of IFT, a key 
mechanism underpinning the surfactant's effectiveness 
in EOR applications.

A pronounced band at approximately 1650  cm−1 cor-
responds to C=C stretching of unsaturated bonds or 
C=O vibrations associated with triterpenoid structures. 
The  presence of unsaturation within the aglycone moi-
ety is typical of many saponins and may enhance molec-
ular flexibility, promoting tighter interfacial packing at 

Fig. 4 Calibration curve used for quantitative determination of total 
saponin content in the chickweed extract

Table 2 Chemical bonds and peaks detected by FT-IR in the natural 
surfactant extracted from chikweed

Peak location (cm−1) Chemical bond

3400 O−H stretching

2920 C−H stretching vibrations of aliphatic −CH2 
and −CH3 groups

2850 C−H stretching vibrations of aliphatic –CH2 
and −CH3 groups

1650 C=C stretching or C=O associated 

1450 vibrations of −CH2 groups

1050 C−O−C stretching vibrations

1150 C−O stretching vibrations

890 glycosidic bonds in β-anomeric configuration
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the crude oil-water boundary. Additional absorptions near 
1450  cm−1 are attributed to bending vibrations of −CH₂ 
groups, further highlighting the contribution of aliphatic 
chains to the surfactant framework.

In the fingerprint region, strong bands observed 
between 1050 and 1150 cm−1 correspond to C–O–C 
and  C–O stretching vibrations of ether and glycosidic 
linkages. These features confirm the glycosidic nature of 
the extract, demonstrating that the surfactant comprises 
sugar moieties covalently linked to a triterpenoid back-
bone. Finally, the vibrational signal around 890 cm−1 is 
indicative of β-anomeric glycosidic bonds, consistent with 
the molecular architecture of saponins reported in previ-
ous phytochemical studies [12, 35, 36].

The 1H-NMR spectrum of the chickweed-derived nat-
ural surfactant, shown in Fig.  5, provides direct struc-
tural evidence supporting the molecular features inferred 
from  FTIR analysis. The spectrum exhibits multiple 
chemical shifts corresponding to both hydrophobic and 
hydrophilic regions of the saponin-like molecules, further 
confirming their amphiphilic character.

In the upfield region (δ  0.8–1.2  ppm), prominent sin-
glets and doublets are observed, attributable to terminal 
methyl protons  (−CH3) on aliphatic chains. The  relative 
intensities of these signals suggest a substantial content of 
long hydrocarbon moieties, consistent with triterpenoid 
or steroidal backbones commonly associated with sapo-
nins. These hydrophobic segments are critical for adsorp-
tion at oil-water interfaces.

Between δ 1.2 and 2.0 ppm, multiplets corresponding 
to methylene protons (−CH2−) of the aliphatic chains are 
detected. These protons contribute to the flexibility of the 
molecular framework, enabling conformational adjust-
ments that facilitate close packing of surfactant mole-
cules at the crude oil–water interface. The well-defined 

methylene signals further indicate the presence of 
extended hydrocarbon tails, a key factor in effective IFT 
reduction for EOR applications.

In the downfield region (δ  3.0–4.5  ppm), peaks are 
assigned to protons on carbons bearing hydroxyl or glyco-
sidic groups, characteristic of sugar residues forming the 
hydrophilic headgroups of the surfactant. The multiplicity 
of these resonances reflects the structural diversity of the 
sugar moieties, consistent with the natural heterogeneity of 
plant-derived saponins. These hydrophilic regions enhance 
solubility in aqueous media, ensuring the surfactant's sta-
bility and activity under reservoir conditions [37–40].

3.3 Compatibility of fluids
Compatibility of the fluids at reservoir condition was ana-
lyzed using DLS analysis as shown in Fig.  6. The  DLS 
analysis confirms the excellent compatibility of the 
injected formulation under reservoir-simulated conditions. 
The particle size distribution of the Nano-TiO2 in the pres-
ence of the chickweed-derived surfactant shows a single, 
narrow peak with an average hydrodynamic diameter of 
approximately 30 nm, indicating a well-dispersed colloi-
dal system. After ageing for 30 days at reservoir tempera-
ture, no secondary peaks or tailing toward larger diameters 
were observed, demonstrating that particle aggregation or 
flocculation did not occur. The stability can be attributed 
to the adsorption of surfactant molecules on the nanopar-
ticle surface, which provides steric hindrance and main-
tains interparticle repulsion even in saline conditions. 
This stable size distribution, together with the absence of 
visible sedimentation or turbidity changes, confirms that 
no solid residue formed as a result of fluid incompatibility. 
Consequently, the surfactant–nanoparticle formulation 

Fig. 6 DLS analysis of natural surfactant and Nano-TiO2 with FB 
at 80 ℃ after 30 days

Fig. 5 The 1H-NMR spectrum of the natural surfactant extracted from 
chickweed
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preserves its dispersion stability over time, suggesting a 
low risk of precipitation or pore blockage during injection 
and transport through carbonate porous media.

The sustained visual stability observed in high-tem-
perature brine can be attributed to two complementary 
stabilization mechanisms. Firstly, chickweed-derived 
saponins impart both steric and electrostatic stabilization 
to dispersed phases. Their hydrophilic sugar headgroups 
strongly hydrate, forming solvation shells that slow the 
aggregation of hydrophobic domains and mitigate bridg-
ing effects from divalent cations. Secondly, Nano-TiO2 
particles, which often present surface hydroxyl groups, 
can hydrogen-bond with surfactant headgroups, forming 
an adsorbed surfactant layer. This layer modifies the sur-
face charge distribution and introduces steric hindrance, 
effectively preventing aggregation even under conditions 
of high ionic strength and the presence of divalent cat-
ions. Although elevated temperatures (80  °C) increase 
Brownian motion and weaken electrostatic double layers, 
the combination of glycoside hydration and steric barri-
ers from the adsorbed surfactant compensates for electro-
static compression, preserving dispersion.

Previous studies  [20,  21,  41–43] on natural sapo-
nin-based surfactants report similar stability ranges when 
hydrophilic sugar moieties are preserved during extraction 
and purification. For instance, saponins derived from 
Quillaja or Sapindus have been shown to stabilize nanopar-
ticles and resist salting-out effects at moderate brine con-
centrations, provided the surfactant concentration exceeds 
the CMC and nanoparticles are pre-coated. The  stability 
observed in the current study aligns with these reports, 
though each plant extract exhibits specific tolerance limits 
based on headgroup chemistry and tail length. The demon-
strated compatibility over 30 days at 80 °C indicates that 
this formulation is suitable for injection and short-to-me-
dium-term residence within the reservoir. Practically, this 
minimizes the risk of pore blockage due to precipitate for-
mation or nanoparticle aggregation during tertiary recov-
ery operations and ensures that the surfactant–nanoparti-
cle hybrid can penetrate deeper zones while maintaining 
its interfacial activity, leveraging both IFT reduction and 
nanoparticle-mediated interfacial stabilization.

3.4 Critical micell concentration of natural surfactant 
Fig. 7 presents the IFT between crude oil and aque-
ous solutions containing the chickweed-derived sur-
factant as a function of temperature. The IFT was mea-
sured using IFT400 instrument (made by Fars EOR Co., 
Iran). The baseline IFT for the oil-deionized water (DIW) 

system is relatively high, characteristic of unmodified 
crude, while the addition of the surfactant leads to a sub-
stantial reduction across all tested temperatures. This 
effect is concentration-dependent, becoming particularly 
pronounced at or above the CMC. Moreover, the reduc-
tion in IFT intensifies as the temperature rises from ambi-
ent to reservoir-relevant conditions, approaching 80 °C, as 
reflected by the downward trend of the IFT curve.

The temperature dependence of the IFT can be attributed 
to several intertwined mechanisms. Elevated temperatures 
enhance molecular diffusion and decrease solution viscos-
ity, accelerating surfactant transport to the oil-water inter-
face and promoting faster adsorption. Increased thermal 
energy also lowers the free energy barrier for interfacial 
adsorption, allowing surfactant molecules to pack more 
efficiently and further reduce IFT. In addition, higher tem-
peratures can partially solubilize or mobilize heavy polar 
fractions of crude oil, such as asphaltenes and resins, facil-
itating more effective interactions between the surfactant 
and the oil phase. The sugar headgroups of the chickweed 
saponins likely remain hydrated and surface-active at ele-
vated temperatures, while the hydrophobic hydrocarbon 
tails strengthen interfacial anchoring, collectively contrib-
uting to enhanced IFT reduction under heat [44–46].

Such temperature-enhanced interfacial activity is typ-
ical of both natural saponins and synthetic surfactants, 
although some surfactants may undergo thermal degrada-
tion or lose hydration at higher temperatures. The results 
indicate that the chickweed extract retains robust activity 
across the tested temperature range, comparable to other 
high-performance natural saponins reported in EOR stud-
ies. Variations in interfacial behavior among surfactants 
are often influenced by tail length, where longer hydrocar-
bon chains generally promote lower IFT but may exhibit 
greater temperature sensitivity, and by headgroup polar-
ity. The  observed lower IFT at elevated temperatures is 

Fig. 7 IFT values of natural surfactant with crude oil and DIW at 
different temperatures, and at different concentrations of 0 to 10000 ppm
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advantageous for capillary-pressure reduction and mobi-
lization of trapped oil, suggesting that the chickweed sur-
factant is well-suited for moderately high-temperature 
carbonate reservoirs. In  field applications, performance 
could be further optimized by applying the surfactant in 
warmer zones or pre-heating injection fluids to maximize 
displacement efficiency [47–49].

Fig. 8 presents EC and turbidity values of natural sur-
factant in DIW. EC was measured using a Mettler Toledo 
SevenCompact conductivity meter. Turbidity was deter-
mined using a HACH 2100N turbidimeter. As shown in 
this figure, EC values are increased sharply with increasing 
surfactant concentration from  100 to  4000  ppm and fur-
ther increasing the concentration to 10000 ppm has mini-
mal impact on the EC values. The EC value at 4000 ppm 
is 15488 µs/cm. In addition, the same behavior is observed 
with the conductivity, where distinct behavior is observed 
at  4000  ppm. The  conductivity value at  4000  ppm is 
14.34 NTU. These values also indicate that the concentra-
tion of 4000 ppm is the CMC value of the natural surfactant. 

These observations can be explained by the molecular 
self-assembly behavior of surfactants in aqueous media. 
At low concentrations, surfactant molecules exist predomi-
nantly as individual monomers, contributing incrementally 
to the  ionic strength of the solution and thus increasing EC. 
As  the concentration approaches the  CMC, monomers 
begin to aggregate into micelles, which sequester the hydro-
phobic tails within the micellar core and orient the hydro-
philic headgroups toward the water. Beyond the  CMC, 
additional surfactant molecules preferentially form micelles 
rather than increasing the number of free ions in solution. 
This  self-assembly explains the plateau in  EC at concen-
trations above 4000  ppm, as the number of free charged 
species contributing to conductivity no longer increases 
significantly [50, 51]. The turbidity behavior follows a sim-
ilar rationale. Below the  CMC, surfactant molecules are 

well-dispersed, resulting in low turbidity. As micelles form 
near 4000 ppm, light scattering increases due to the pres-
ence of these nanoscale aggregates, leading to a noticeable 
rise in turbidity. Once micelle formation saturates, fur-
ther increases in surfactant concentration cause minimal 
changes in light scattering, explaining the plateau observed 
at higher concentrations. Taken together, the EC and turbid-
ity data indicate that 4000 ppm corresponds to the CMC of 
the natural surfactant, marking the concentration at which 
micelle formation becomes significant and the solution 
properties stabilize. Identifying the CMC is critical, as it 
represents the concentration at which the surfactant exhib-
its optimal surface activity, which directly influences inter-
facial tension reduction and EOR performance [51, 52].

3.5 Inerfacial tension of natural surfactant with crude 
oil using different solutions 
Fig. 9 presents the IFT measured at 80 °C for 4000 ppm 
surfactant solutions containing different concentrations 
of  MgSO4, Na2SO4 and K2SO4. The  results indicate that 
IFT reaches its minimum value at a salt concentration 
of 10,000 ppm for all three salts. At this concentration, the 
lowest IFT values observed are 2.90, 2.79 and 2.62 mN/m 
in the presence of MgSO4, Na2SO4, and K2SO4, respec-
tively, demonstrating the influence of specific ionic spe-
cies on interfacial behavior.

Table 3 summarizes the IFT values as a function of 
Nano-TiO2 concentration in deionized water and FB 
at 80  °C. In both media, IFT decreases with the addi-
tion of nanoparticles up to an optimum concentration of 
2000 ppm, beyond which further increases yield dimin-
ishing improvements or a slight rise in IFT. Notably, 
IFT  reduction is more pronounced in FB than in DIW 
at the same nanoparticle concentration, suggesting a 

Fig. 9 IFT values of 4000 ppm of natural surfactant and crude oil with 
different concentrations of MgSO4, Na2SO4, and K2SO4 at 80 ℃Fig. 8 EC and turbidity values of natural surfactant in DIW
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synergistic effect between nanoparticles and the ionic 
environment. At 2000  ppm Nano-TiO2, IFT values are 
5.13 mN/m in FB and 6.10 mN/m in DIW.

The enhanced interfacial activity can be explained by 
the role of nanoparticles as Pickering stabilizers. Partially 
wetted TiO2 particles adsorb irreversibly at the oil-water 
interface, replacing higher-energy fluid-fluid contacts with 
lower-energy solid-fluid contacts, thereby reducing inter-
facial tension. Additionally, nanoparticles provide adsorp-
tion sites for surfactant molecules and facilitate reorgani-
zation of interfacial films, further lowering IFT. However, 
excessive nanoparticle loading can lead to aggregation, 
particularly in DIW where electrostatic screening is lim-
ited, which reduces the effective interfacial area and can 
increase interfacial rigidity, impeding surfactant packing 
and causing the observed plateau or slight IFT increase. 
In FB, ionic screening diminishes electrostatic repulsion 
among nanoparticles, allowing improved particle packing 
at the interface and stronger synergy with the surfactant, 
resulting in larger reductions in IFT at moderate nanopar-
ticle concentrations [53–55].

Fig. 10 presents the IFT of hybrid formulations com-
bining the chickweed-derived surfactant with Nano-TiO2 
across solutions containing MgSO4, Na2SO4, and K2SO4 at 
varying concentrations. Similar to the behavior observed 
in surfactant-only solutions, IFT reaches its minimum at 
a salt concentration of 10,000 ppm, indicating this as the 
optimal ionic strength for interfacial activity. Among the 
salts tested, K2SO4 exhibits the most pronounced reduction 
in IFT. At 10,000 ppm, the lowest IFT values measured in 
the presence of both surfactant and Nano-TiO2 are 2.58, 
2.33, and 2.17  mN/m for MgSO4, Na2SO4, and  K2SO4, 
respectively. These results demonstrate that the addi-
tion of Nano-TiO2 to the surfactant solutions significantly 

enhances IFT reduction across different saline environ-
ments, highlighting the effectiveness of the hybrid system 
in promoting interfacial activity.

The observed enhancement of IFT reduction in hybrid 
formulations can be attributed to the combined effects of 
surfactant molecules and nanoparticles at the oil–water 
interface, modulated by the presence of salts. Surfactant 
molecules reduce IFT by adsorbing at the interface, with 
their hydrophobic tails anchoring into the oil phase and 
hydrophilic heads interacting with the aqueous phase. 
The  addition of Nano-TiO2 further stabilizes the inter-
face by acting as a Pickering stabilizer; partially wetted 
nanoparticles irreversibly adsorb at the interface, replacing 
higher-energy fluid-fluid contacts with lower-energy sol-
id-fluid contacts. Salts influence this process through ionic 
screening: at an optimal concentration of 10,000  ppm, 
electrostatic repulsion among surfactant headgroups and 
nanoparticles is minimized, allowing closer packing and 
more effective interfacial coverage. Among the tested salts, 
K2SO4 appears most effective, likely due to its specific cat-
ionic interactions and ionic radius, which enhance surfac-
tant and nanoparticle adsorption at the interface. The syn-
ergy between surfactant molecules, nanoparticles, and 
salts leads to more efficient displacement of water from 
the oil–water interface, resulting in the lowest IFT values. 
This mechanistic understanding explains why hybrid sys-
tems outperform surfactant-only solutions and highlights 
the importance of optimizing both nanoparticle concentra-
tion and ionic environment for EOR applications [56, 57].

3.6 Contact angle of carbonate rock sample with 
natural surfactant 
Fig. 11 shows the contact angle measurements between 
crude oil and carbonate rock in the presence of 4000 ppm 
natural surfactant at varying concentrations of salts. 

Table 3 IFT values of crude oil and solutions using different 
concentrations of Nano-TiO2 prepared in FB and DIW

Nano-TiO2 
concentration (ppm) IFT in DIW (mN/m) IFT in FB (mN/m)

0 22.07 21.80

100 17.35 14.37

500 15.97 13.40

1000 11.34 8.75

2000 6.10 5.13

4000 6.06 5.11

5000 6.03 5.09

6000 6.01 5.07

8000 5.99 5.05

10000 5.97 5.02

Fig. 10 IFT values of crude oil and different solutions prepared 
by 4000 ppm of natural surfactant and 2000 ppm of Nano-TiO2 with 

different salts at 80 ℃
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The concentration of 4000 ppm was selected for wettabil-
ity and core flooding experiments because it corresponds 
to the CMC determined from interfacial tension measure-
ments. The  results indicate that both the type and con-
centration of salt significantly influence the wettability of 
the rock surface. In general, the lowest contact angles are 
observed at a salt concentration of 10,000  ppm, demon-
strating that this concentration is optimal for wettability 
alteration. Among the tested salts, K2SO4 exhibits the most 
pronounced reduction in contact angle, followed by Na2SO4 
and MgSO4. Specifically, at 10,000 ppm, the contact angles 
decrease to 34.12°, 38.02°, and 41.21° for K2SO4, Na2SO4, 
and MgSO4, respectively. For comparison, the original con-
tact angle of the carbonate rock was approximately 142°, 
indicating a strongly oil-wet surface prior to treatment.

Fig. 12 presents contact angle results for the hybrid 
system in which 2000 ppm Nano-TiO2 was added to the 
surfactant-salt solutions. A similar trend is observed: 
the minimum contact angles are achieved at 10,000 ppm 
salt concentration, with K2SO4 again providing the most 
effective wettability alteration, followed by Na2SO4 and 

MgSO4. At this optimal salt concentration, the contact 
angles decrease further to 22.45°, 25.02°, and 27.11° for 
K2SO4, Na2SO4, and MgSO4, respectively, highlighting 
the additional effect of nanoparticles in enhancing rock 
surface hydrophilicity.

The observed reduction in contact angles with the addi-
tion of surfactant, salts, and nanoparticles can be explained 
by their combined effects on the rock-fluid interfacial 
interactions. The chickweed-derived surfactant adsorbs 
at the oil-rock interface, with its hydrophilic sugar head-
groups interacting with the carbonate surface and displac-
ing oil molecules, thereby shifting the rock from strongly 
oil-wet toward more water-wet conditions. Salts influence 
this process through ionic strength and specific cation 
effects: at an optimal concentration of 10,000 ppm, elec-
trostatic screening reduces repulsion among surfactant 
headgroups and enhances adsorption density, while cer-
tain cations, such as K+, interact more favorably with the 
negatively charged carbonate surface, facilitating stronger 
wettability alteration. The observed trend, where K2SO4 
outperforms Na2SO4 and MgSO4, can be attributed to dif-
ferences in ionic radius, hydration energy, and cation–sur-
face interactions, which govern the extent of surfactant 
adsorption and oil displacement [58–60].

The inclusion of Nano-TiO2 further improves wettabil-
ity alteration. Partially wetted nanoparticles adsorb at the 
oil-rock-water interface, providing additional surface cov-
erage and promoting reorganization of surfactant mol-
ecules at the interface. This synergistic effect enhances 
hydrophilicity, leading to significantly lower contact angles 
compared to surfactant-only solutions. The nanoparticles 
also act as physical barriers that prevent re-adsorption of 
oil onto the rock surface, stabilizing the water-wet state. 
Overall, the combined use of surfactant, optimal salt con-
centration, and nanoparticles effectively transforms the 
carbonate rock surface from strongly oil-wet to moderately 
or strongly water-wet, which is crucial for improving oil 
displacement and recovery in EOR applications [61–63].

3.7 Oil recovery factor measurements 
Fig. 13 presents the oil recovery factors obtained under 
two tertiary recovery scenarios. In the first scenario, 
4000 ppm natural surfactant in formation brine (FB) was 
injected, while in the second scenario, a hybrid solution 
containing 4000  ppm natural surfactant and 2000  ppm 
Nano-TiO2 in FB was used. The results indicate that sec-
ondary recovery with 5 PV of FB achieved approximately 
47% oil recovery in both cases. During tertiary recovery, 

Fig. 12 Contact angle of carbonate rock samples with crude oil in the 
presence 4000 ppm of natural surfactant and 2000 ppm of Nano-TiO2 

and different salts

Fig. 11 Contact angle of carbonate rock samples with crude oil in the 
presence 4000 ppm of natural surfactant and different salts
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injection of the surfactant-only solution increased the 
oil recovery factor to a maximum of  62%, whereas the 
hybrid surfactant–nanoparticle system significantly 
enhanced recovery, reaching a maximum oil recovery 
factor of 88%. These results clearly demonstrate the syn-
ergistic effect of combining Nano-TiO2 with the natural 
surfactant, leading to substantially improved oil displace-
ment compared to the surfactant-only system.

The substantial improvement in oil recovery observed 
with the hybrid surfactant-Nano-TiO2 system can be 
attributed to a combination of interfacial and wettability 
mechanisms. The natural surfactant reduces IFT between 
crude oil and the aqueous phase, facilitating the mobiliza-
tion of oil trapped in pore throats by lowering the capillary 
pressure. Concurrently, the surfactant alters the rock wet-
tability from strongly oil-wet toward more water-wet con-
ditions, as evidenced by the significant decrease in contact 
angles, promoting more efficient displacement of residual 
oil. The addition of Nano-TiO2 further enhances recovery 
through several synergistic effects: nanoparticles adsorb 
at the oil-water interface, stabilizing interfacial films and 
providing additional sites for surfactant adsorption, while 
also preventing re-adsorption of oil onto the rock surface. 
Ionic screening in formation brine optimizes nanoparti-
cle packing and surfactant orientation, amplifying both 
IFT reduction and wettability alteration. Together, these 
effects improve microscopic sweep efficiency, allowing a 
larger fraction of oil to be mobilized compared to the sur-
factant-only system. This synergy explains the observed 
increase in maximum oil recovery from 62% with surfactant 
alone to 88% with the surfactant-nanoparticle hybrid, high-
lighting the potential of combining natural surfactants with 
nanoparticles for EOR in carbonate reservoirs [23, 64, 65].

4 Conclusions 
In summary, the experimental results highlight the signif-
icant influence of various chemical formulations on crude 
oil recovery under reservoir-relevant conditions. Interfacial 
tension measurements demonstrated that the incorpora-
tion of natural surfactants and salts effectively lowers IFT, 
thereby enhancing the mobilization of trapped oil. Contact 
angle analyses further showed that these solutions can 
progressively alter rock wettability from strongly oil-wet 
toward more water-wet states, with the degree of alteration 
dependent on the soaking duration. Core flooding exper-
iments corroborated these observations, indicating that 
secondary recovery with formation brine alone achieved 
limited oil displacement, whereas tertiary injection of 
surfactant-based solutions markedly improved recovery. 
Moreover, the combination of surfactants with different 
salinity levels influenced both the overall recovery effi-
ciency and the optimal soaking period. Collectively, the 
study underscores the importance of tailored chemical for-
mulations and controlled wettability alteration in maximiz-
ing oil recovery, offering valuable guidance for the design 
of effective EOR strategies under reservoir conditions.

This study demonstrates the technical feasibility and 
practical potential of a plant-derived surfactant sys-
tem, both alone and in combination with Nano-TiO2, 
for improving oil recovery from carbonate formations 
under high-salinity and elevated-temperature conditions. 
The  main contributions include comprehensive physi-
cochemical characterization of the chickweed-derived 
surfactant, verification of its stability and compatibility 
in harsh reservoir brines, and experimental evidence of 
interfacial tension reduction, wettability modification, 
and incremental oil recovery under controlled coreflood-
ing conditions. Collectively, these findings highlight that 
naturally sourced surfactants, when properly formulated, 
can provide an environmentally responsible alternative to 
conventional petroleum-based chemicals while maintain-
ing the performance required for field-relevant EOR pro-
cesses. The results therefore support the broader transition 
toward more sustainable chemical EOR strategies in car-
bonate reservoirs by reducing ecological footprint without 
compromising recovery efficiency.

The proposed mechanisms describing the synergistic 
role of Nano-TiO2, such as enhanced interfacial film rigid-
ity, additional IFT reduction through particle adsorption 
at the oil-water interface, and stabilization of surfactant 
aggregates, are inferred based on established literature 
on nanoparticle-surfactant interactions rather than being 

Fig. 13 Oil recovery factor with two different solutions as the tertiary 
recovery, one solution as 4000 ppm of natural surfactant prepared in 
FB, one solution as 4000 ppm of natural surfactant and 2000 ppm of 

Nano-TiO2 prepared in FB
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directly measured in this study. The current work pro-
vides experimental evidence of improved macroscopic 
performance (IFT reduction, wettability alteration, and 
incremental oil recovery), while nanoscale interaction 
pathways were not explicitly quantified using techniques 
such as adsorption isotherms, interfacial rheology, or 
ζ-potential measurements. Therefore, the mechanistic 
interpretation should be viewed as a physically consistent 
explanation supported by prior studies, and future work 
will focus on direct interfacial and surface characteriza-
tion to validate these hypotheses.

Future work will focus on quantifying the physico-
chemical origin of the observed synergy with divalent ions 
through direct electrokinetic and interfacial measurements. 
In particular, ζ-potential analysis, adsorption isotherms, 

and surface charge characterization in the presence of 
Ca2+ and Mg2+ will be conducted to determine the extent of 
charge screening and surface complexation. These comple-
mentary measurements will provide a more rigorous mech-
anistic framework linking molecular-scale interactions to 
the macroscopic improvements in IFT reduction, wettabil-
ity alteration, and oil recovery observed in this study.
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