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a b s t r a c t

Nanoparticles (NPs) are widely used in the petroleum industry, particularly in upstream and down-
stream applications, due to their quantum effects and high surface area-to-volume ratio. However, 
stable dispersion and high input ratios of NPs are critical factors limiting their application. This study 
thus synthesizes the biopolymer nanocomposite E-Ag NPs in one step using the metabolic product 
exopolysaccharide (EPS) from Bacillus subtilis as both a reducing and stabilizing agent. This study 
explored the potential of E-Ag NPs to enhance oil recovery in low- and medium-permeability forma-
tions. Experimental results showed that the average particle size of Ag NPs synthesized using EPS 
ranged from 20 to 50 nm. The presence of EPS resulted in a higher Zeta potential value (− 43.4 mV), 
indicating improved stability of the nanofluid, effectively inhibiting NPs aggregation. Interfacial tension 
and wettability evaluation experiments demonstrated that E-Ag NPs exhibited excellent capabilities in 
reducing interfacial tension and altering wettability. In the enhanced oil recovery evaluation experi-
ments, the imbibition experiment with E-Ag NPs achieved a maximum recovery rate of 54.32%, and the 
core flooding experiment reached a maximum recovery rate of 16.33%. In conclusion, the biopolymer 
nanocomposites developed by this method offer valuable guidance and reference for oilfield develop-
ment, providing a green and efficient potential solution for enhanced oil recovery.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

As a strategically significant non-renewable energy source, 
petroleum has undergone decades of exploration, development, 
and extraction (Suleiman, 2019). Currently, oil fields worldwide 
are entering a period of decline, with less than 50% of the crude oil 
being recoverable through primary and secondary recovery 
methods (Iravani et al., 2023). Therefore, adopting more efficient

methods to enhance oil recovery (EOR) has garnered widespread 
attention from researchers in the industry. In recent years, the use 
of nanotechnology to improve the efficiency of crude oil extraction 
has become a mainstream research direction in the petroleum 

industry (Aziz and Tunio, 2019; Rezk and Allam, 2019; Sun et al., 
2020). Nanotechnology involves the use of nanoparticles 
(ranging in size from 1 to 100 nm) and their suspensions to 
enhance oil recovery (Esfe et al., 2020). NPs possess properties 
such as high specific surface area, chemical reactivity, and chemo 
catalysis (Bera and Belhaj, 2016; Kazemzadeh et al., 2018), making 
them widely applicable in environmental protection, petroleum 

extraction, and pharmaceutical products (Morones et al., 2005). 
In oil reservoirs, NPs are widely used for enhancing crude oil 

recovery in porous media due to their small size, which allows 
easy movement through the porous media of reservoir rocks
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(Bahraminejad et al., 2019; Kazemzadeh et al., 2019; Rezvani et al., 
2018; Suleimanov et al., 2023). Their ability to alter fluid properties 
and increase the stability of fluids, such as polymers and surfac-
tants (Maurya and Mandal, 2018), along with their higher tem-
perature and pressure resistance and compatibility compared to 
other materials (Maurya et al., 2017; Nassar et al., 2011). For 
example, Liu et al. (2023) investigated the application of metallic 
silver nanofluids prepared using the biophilic reducing agent 
ascorbic acid for EOR. They found that the silver nanofluids could 
be adsorbed onto the walls of the porous media and strip residual 
oil, resulting in a residual oil recovery of up to 19.49%. NPs pri-
marily achieve efficient oil recovery by reducing interfacial tension 
(IFT) (Agi et al., 2020b; Betancur et al., 2019), altering reservoir 
rock wettability (Al-Anssari et al., 2016; Wang et al., 2024), 
increasing the viscosity (Ali et al., 2019; Sharma et al., 2015) and 
rheology of injected fluids (Agi et al., 2020a; Wei et al., 2018), and 
inhibiting asphaltene precipitation. These mechanisms make 
nanomaterials exhibit superior performance compared to con-
ventional chemical oil displacement agents. However, the stable 
dispersion of NPs, high input ratios, and poor compatibility with 
other materials remain significant factors limiting their applica-
tion in enhanced recovery. Therefore, reducing the manufacturing 
cost of NPs, improving their compatibility with other oil 
displacement agents, and enhancing their stable dispersion in the 
system are the current research focus (Druetta and Picchioni, 
2019; Dzhardimalieva et al., 2021; Emadi et al., 2017; Sofla et al., 
2018; Sun et al., 2020).

Currently, the synthesis methods of NPs mainly include 
chemical, physical, and biological approaches. Chemical and 
physical methods produce a large amount of toxic chemical pol-
lutants during NPs synthesis, have long synthesis times, and 
consume significant amounts of energy, which can cause irre-
versible environmental damage (Ahmed et al., 2016; Saravanan 
et al., 2021). Biological methods, on the other hand, offer advan-
tages such as biocompatibility, low production cost, short syn-
thesis time, high yield, and natural reduction (Hoseinzadeh et al., 
2017). Additionally, the synthesized NPs can self-stabilize and 
disperse in bioactive substances without the need for an additional 
capping or attachment step (Gahlawat and Choudhury, 2019). For 
example, Arsiya et al. (2017) were able to biosynthesize Pd NPs 
within 10 min at room temperature using chlorella vulgaris. 
Fourier transform infrared spectroscopy (FTIR) analysis showed 
the presence of polyol and amide groups in the extract, which 
acted as reducing and stabilizing agents during the synthesis. The 
biosynthesis of NPs primarily utilizes bacteria, fungi, plant ex-
tracts, or biopolymers as reducing agents to convert metal ions via 
electron transfer. Concurrently, biosurfactants, biopolymers, and 
other macromolecules present in the system function as capping 
agents that restrict metal nucleation to nanoscale dimensions, 
thereby stabilizing the formed NPs (Malhotra and Alghuthaymi, 
2022).

Biopolymers, as sustainable and renewable natural materials, 
are synthesized by microorganisms such as algal plants, bacteria, 
and fungi. They offer advantages such as easy production pro-
cesses, high growth rates, non-toxicity, high compatibility, and 
environmental friendliness (Bajestani et al., 2017; Riaz et al., 2021). 
Due to their unique long-chain and helical structures, biocom-
patibility, biodegradability, and production sustainability, they are 
widely used in the synthesis and stabilization of nanomaterials. 
Biopolymers are used to synthesize NPs by dispersing metal cat-
ions in a polymer network via the “polymer complexation 
method” and utilizing aldehyde or carboxylic acid groups in the 
biopolymer to reduce the metal ions in situ (Schnepp, 2013). 
Additionally, biopolymers are highly efficient oil displacement 
agents (Abbaspour et al., 2023), exhibiting excellent rheological

properties and efficiency in harsh formation environments. 
Therefore, the presence of biopolymers enhances the recovery 
effect of NPs, and the combination of the two has a positive syn-
ergistic effect in the EOR process.

In this work, a novel biopolymer-based nanocomposite mate-
rial (E-Ag NPs) was synthesized in a one-step process by in situ 
reduction of Ag + using the biopolymer EPS, a metabolite of Bacillus 
subtilis, as both a reducing and stabilizing agent (Becker et al., 
2009; Emam and Ahmed, 2016). To the best of our knowledge, 
there are few reports on the application of environmentally 
friendly bio-nanomaterials in EOR, and an even more limited un-
derstanding exists regarding the mechanisms by which 
biopolymer nanocomposites displace crude oil in porous media 
(Liu et al., 2024). Therefore, this study evaluated the successful 
synthesis of Ag NPs and the dispersibility and stability of E-Ag NPs 
through ultraviolet–visible spectroscopy (UV-Vis) spectroscopy, 
particle size analysis, Zeta potential measurement, X-ray powder 
crystal diffractometer (XRD), transmission electron microscopy 
(TEM), and scanning electron microscope (SEM). The interfacial 
activity of E-Ag NPs was assessed by IFT and contact angle mea-
surements. Finally, through a series of oil recovery enhancement 
experiments, the synergistic potential and mechanisms of the 
biopolymer nanocomposites in improving oil recovery were 
comprehensively and systematically elucidated, providing new 

insights for the green and efficient development of oilfields.

2. Materials and methods

2.1. Materials

The strain used in the experiment was Bacillus subtilis isolated 
from crude oil that was extracted from the Yanchang Oilfield. NaCl, 
Na 2 SO 4 , CaCl 2 , MgCl 2 , NaHCO 3 , AgNO 3 , CH 3 COOH, and NaOH were 
all analytically pure, Sinopharm Chemical Reagent Co. The oil used 
for the experiments was Changqing crude oil with a density of 
0.867 g/cm 3 and a viscosity of 5.86 cP (25 ◦ C). 20,000 mg/L 
mineralization brine: 0.133 g/L NaSO 4 , 17.7868 g/L NaCl, 1.1431 g/L 
CaCl 2 , 0.8640 g/L MgCl 2 , 0.551 g/L NaHCO 3 , 1 L deionized water.

2.2. EPS-mediated biosynthesis of Ag NPs with biopolymer 
nanocomposites established

Bacillus subtilis was inoculated and cultured in fermentation 
medium, at the end of which the fermentation broth was heated at 
90 ◦ C to inactivate the enzyme and centrifuged to remove the 
bacterium to obtain the polysaccharide-containing supernatant. 
The supernatant was mixed with anhydrous ethanol at a 1:3 vol 
ratio to precipitate crude polysaccharides. The crude poly-
saccharide precipitate was then dissolved in deionized water, and 
80% trichloroacetic acid was added dropwise and centrifuged to 
remove the precipitated proteins, resulting in the final EPS solu-
tion. EPS was mixed with 20 mM/L Ag NO 3 at an EPS to Ag + volume 
ratio of 5:1. The pH of the mixed solution was adjusted to 9, and 
the reaction was allowed to continue at 60 ◦ C for 24 h. A color 
change during the reaction indicated the generation of Ag NPs in 
the reaction mixture. At this point, the self-stabilized dispersion of 
Ag NPs in the EPS formed biopolymer nanocomposite fluids, which 
we refer to as E-Ag NPs. The experimental flow is shown in Fig. 1. 

Fermentation medium: 5 g/L Tris, 6.5 g/L K 2 HPO 4 -3H 2 O, 0.3 g/L 
KH 2 PO 4 , 1.5 g/L NH 4 NO 3 , 1.2 g/L succinic acid, 0.0001 g/L CaSO 4 , 
0.35 g/L K 2 SO 4 , 0.25 g/L MgSO 4 ⋅7H 2 O, and 10 mL/L chlorine-free 
trace element solution. Among the chlorine-free trace element 
solutions were 5.0 g/L Na 2 EDTA⋅2H 2 O, 0.37 g/L Fe (NO 3 ) 3 ⋅9H 2 O, 
0.05 g/L ZnO, 0.015 g/L CuSO 4 ⋅5H 2 O, 0.01 g/L Co(NO 3 ) 2 ⋅6H 2 O, 
0.01 g/L (NH 4 )6Mo 7 O 24 ⋅4H 2 O and 0.01 g/L H 3 BO 3 .
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2.3. Characterization of biosynthesized Ag NPs

2.3.1. UV–Vis analysis
Absorption spectra of EPS-mediated synthesis of Ag NPs were 

scanned using a U-T6 UV spectrophotometer in the wavelength 
range of 300–800 nm at 5 nm intervals, and full-wavelength low-
speed scans were performed to confirm the synthesis of Ag NPs.

2.3.2. Particle size distribution and Zeta potential analysis
Particle size distribution measurements of Ag NPs synthesized 

by EPS reduction were carried out by a Bettersize 2600 laser par-
ticle size distributor (wet method), in which water was used as the 
medium, with 1600 r of cycling and 3 min of sonication time. 

The Zeta potential value of the solution was tested by Malvern 
laser particle sizer and the average value of three tests was taken 
as the experimental result. Where water was the medium, the 
dispersion dielectric constant was 78.5, the test temperature was 
25.0 ◦ C and the measurement position was 2.00 mm.

2.3.3. SEM and energy dispersive spectroscopy (EDS) analysis
A Zeiss SIGMA scanning electron microscope operating at 

5.00–6.00 kV was used to observe the microscopic shape and size 
of the Ag NPs. The microscope was equipped with EDS to confirm 

the presence of the corresponding elements on the formed Ag NPs. 
Samples for SEM and EDS analysis were prepared by centrifuging

at 4000 rpm for 20 min to obtain the NPs and washing them three 
times with 95% ethanol to remove soluble substances on the sur-
face of the NPs. The samples were then freeze-dried in a vacuum 

freeze-drying to collect the lyophilized powdered samples. Finally, 
the samples were laid flat on conductive adhesive, coated with an 
ion sputtering apparatus, and placed into the electron microscope 
chamber for observation.

2.3.4. TEM analysis
The particles were dispersed with ethanol to remove particle 

agglomerates and then ultrasonicated for 10 min, then the samples 
were dropped onto a carbon coated copper grid and vacuum dried 
for 20 min before being placed under a JEM-2100Plus electron 
microscope to observe the microstructure and size.

2.3.5. FTIR analysis
The chemical composition of the EPS supernatant and E-Ag NPs 

was analyzed using a thermal infrared spectrometer (Thermo 
Scientific Nicolet 6700) at room temperature. The EPS and E-Ag 
NPs fluids were frozen into blocks in an ultra-low-temperature 
freezer at − 80 ◦ C, then transferred to a vacuum freeze dryer for 
freeze-drying, and the resulting powder was used for sampling. 
The samples were scanned 32 times in the range of 
4000–400 cm − 1 with a resolution of 4 cm − 1 , and the functional

AgNO3
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Fig. 1. Schematic diagram of the biosynthetic process for the preparation of biopolymer nanocomposite fluids E-Ag NPs.
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Fig. 2. Schematic diagram of contact angle measurement.
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groups of EPS that might be involved in the synthesis reaction 
were analyzed based on the experimental results.

2.3.6. XRD analysis
The samples to be tested were freeze-dried to obtain powder 

samples, and the diffractograms were recorded using an X-ray 
diffractometer operating at 40 kV and 30 mA. The measurements 
were conducted for NPs in the 2θ range of diffraction angles from 

10 ◦ to 90 ◦ with a scanning rate of 2 ◦ /s. The XRD analyses were 
carried out using Jade 6 software, and the obtained images were 
compared with a library of the Powder Diffraction Standards 
(JCPDS) to determine the crystal composition and structure.

2.3.7. Reservoir microbial toxicity assessment of NPs
The bacteria used in the experiment were Bacillus (Gram-pos-

itive) and Pseudomonas aeruginosa (Gram-negative), both of which 
are commonly found in reservoir and were isolated from oil–water 
samples collected from the Jianghan Oilfield in China. The bacteria 
were inoculated into Luria-Bertani (LB) medium and incubated at 
37 ◦ C until the exponential growth phase. The cells were then 
harvested by centrifugation and washed with a sodium chloride 
solution. Following protocols reported in previous studies on mi-
crobial toxicity assessment of NPs, the bacterial pellets were 
resuspended in solutions containing different concentrations of 
NPs (1, 5, and 10 mg/L), and incubated at the optimal growth 
temperature for 0, 12, 24, 36, and 48 h. The toxicity was assessed by 
calculating the number of colony-forming units (CFU) produced by 
the bacteria on agar plates (Fajardo et al., 2014). All treatments 
were performed in duplicate, and each experiment was repeated 
three times to ensure data reproducibility.

2.4. IFT measurement

The spin-drop method (Zhou et al., 2020) was used to test the 
IFT between crude oil and E-Ag NPs fluid. In this method, the oil 
phase forms long spherical or cylindrical droplets in the E-Ag NPs 
solution under the influence of three forces: centrifugal force, 
gravity, and interfacial tension. The IFT values were calculated by 
measuring the length, width, density difference, and rotational 
speed of the droplets in the two liquid phases. It is important to 
ensure that the length of the droplet along the rotation axis is 
between 4 and 6 times the droplet diameter to minimize errors 
caused by interfacial curvature. All measurements were repeated 
three times.

2.5. Evaluation of wettability

Wettability in a three-phase system is defined as oil-wetting for 
contact angles in the range of 105 ◦ –180 ◦ , neutral-wetting for an-
gles in the range of 75 ◦ –105 ◦ , and water-wetting for angles in the 
range of 0 ◦ –75 ◦ (Treiber and Owens, 1972). To validate the ability of 
E-Ag NPs fluids to alter the wettability of reservoir rocks, the 
contact angle was measured using the hanging drop method with 
a DSA25 contact angle meter (KRUSS, Germany). The crude oil-
aged core sample was placed into the sample chamber, and 
nanofluid was added to submerge the core piece. A 2 μL droplet of 
oil was then placed on the lower surface of the core piece using a 
bent-tube needle feeder. Measurement image analysis software 
was used to capture a photo and record the contact angle value 
(see Fig. 2).

2.6. Spontaneous imbibition

In low-permeability reservoirs, characteristics such as low 

porosity, low permeability, and small pore throat radius lead to

significant capillary forces, resulting in imbibition effects. These 
factors influence both the production of crude oil and the degree of 
recovery in low-permeability fields. Experiments were conducted 
to evaluate the effect of spontaneous imbibition of E-Ag NPs fluids 
using the volumetric method. The cores were first placed in an 
airtight container and vacuumed for 24 h. They were then satu-
rated using the evacuation-high-pressure method and aged for 2 
weeks at 60 ◦ C. After aging, the excess oil on the surface of the 
cores was wiped dry. The core was placed in an Amott imbibition 
flask, and nanofluid was added to raise the fluid to the graduated 
line. The imbibition unit was then placed in a high-temperature 
thermostat at 60 ◦ C, and the amount of oil produced at various 
time intervals was recorded. The formula for imbibition recovery is 
as follows (Zhang et al., 2023):

E m= 
V upper − V lower 

V oil
× 100% (1)

where E m is the imbibition recovery rate; V upper is the upper 
reading of the metering tube in mL; V lower is the lower reading of 
the metering tube in mL; and V oil is the saturated oil volume of the 
core in mL.

2.7. Nuclear magnetic resonance core flooding experiment

The experiment was carried out using a MacroMR12-150H 
NMR tester, with the magnet temperature controlled in the 
range of 31.99–32.01 ◦ C, the resonance frequency of 8.5–12.8 MHz, 
and the magnet strength of 0.25 T ± 50 mT, which was used to 
reveal the strength and depth of the E-Ag NPs fluids and the Ag NPs 
fluid using the T 2 measurement method. The diagram of the 
experimental setup is shown in Fig. 3, and the main experimental 
steps are as follows: firstly, use the MnCl 2 solution with a miner-
alization of 50,000 ppm to drive off the distilled water in the core 
and carry out the NMR T 2 test, and observe whether the signal can 
be detected or not; next, inject the crude oil at 0.5 mL/min to build 
up the saturation degree of the bound water, saturate the crude oil, 
and carry out the NMR T 2 test, and observe the signal intensity; 
then inject the formation water at a constant rate of 0.5 mL/min at 
a constant rate to inject formation water, and inject oil displace-
ment agent at the same rate. NMR T 2 tests were carried out 
throughout the exfoliation process to record the signal intensity at 
different stages, and real-time recordings were made of fluid 
production and pressure changes.

2.8. Microscopic flooding experiment

The glass micromodel, used as a porous medium, enables 
visualization of the nanofluid EOR mechanism at the pore scale, 
including the distribution and transport of nanofluids in the 
reservoir (Sharifipour et al., 2017). The glass micromodel used in 
the experiment had dimensions of 5 cm × 5 cm, a permeability of 
20 μm 2 , and a porosity of 22.14%. The micromodel was vacuumed 
and saturated with crude oil at a flow rate of 20 μL/min and then 
aged at room temperature for 12 h to ensure full contact between 
the crude oil and the inner wall of the micromodel. Brine flooding 
was performed by injecting brine at a rate of 0.05 mL/min until the 
oil content at the outlet was zero, after which the brine flooding 
was stopped to establish residual oil saturation. Nanofluid flooding 
was then carried out at the same injection rate, and the flooding 
was stopped when the oil content at the outlet was zero. The 
distribution of oil and water in the model after brine and nanofluid 
flooding was collected and recorded using a microscope 
throughout the experiment. Additionally, MATLAB software was
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employed to identify and process the flooded area and different 
types of residual oil (see Fig. 4).

3. Results and discussion

3.1. UV-Vis

The present study confirms the ability of EPS to reduce AgNO 3 
to Ag NPs, as reported in other studies where the first indication of 
Ag NPs synthesis is a change in the solution color to brown (Veisi 
et al., 2018). As shown in Fig. 5(a), the color change of the solution 
from colorless to reddish-brown visually indicates the formation 
of Ag NPs, which is further confirmed by UV-Vis analysis. This color 
change is attributed to the interaction of electromagnetic fields 
generated by the collective oscillations of free conduction

electrons excited by surface plasmon resonance (SPR) 
(Shanmuganathan et al., 2018; Subramaniam et al., 2022). The 
appearance of the SPR band in the 400–500 nm region is well-
known as a typical indicator of Ag NPs formation (Djahaniani 
et al., 2017). After a certain reaction time, the mixed solution of 
EPS and AgNO 3 displayed a strong absorption peak in the wave-
length range of 420 nm, confirming the synthesis of Ag NPs and 
indicating that the synthesized Ag NPs were stable. Therefore, the 
UV-Vis experimental results initially demonstrate the feasibility of 
using EPS for Ag NPs synthesis.

3.2. Particle size distribution

The results of the particle size distribution of Ag NPs are shown 
in Table 1. The average particle size of the synthesized Ag NPs was
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experimentally measured to be 35 nm. NPs with a size ranging 
from 20 to 50 nm accounted for 83.99% of the total particle size, 
while 97.44% of the particles in the samples had a size of less than
100 nm. These results indicate that EPS is effective in reducing Ag + ,
and the synthesized NPs are uniformly sized, homogeneous, and 
mono-dispersed.

3.3. FT-IR analysis

FT-IR analysis is a highly sensitive method for characterizing 
the formation of solid dispersions, capable of demonstrating 
structural alterations by shifting (or changing the intensity of ab-
sorption peaks in a molecule. Fig. 5(c) shows the FT-IR spectra of 
EPS and E-Ag NPs. In the spectrum of EPS, there is a broad peak at 
3407 cm − 1 , attributed to the presence of numerous hydroxyl 
groups and hydrogen bonds (–OH) in EPS. The peaks centered at 
2932 and 1052 cm − 1 correspond to the C–H stretching vibrations 
of the carbon chain and the C–O stretching vibrations of hydroxyl 
groups, respectively, which are commonly found in saccharides. 
The absorption peak at 1557 cm − 1 is due to N–H bending and C–N 
stretching (class II amide), while the peak at 1400 cm − 1 is attrib-
uted to the stretching vibration of C–O in the carboxyl group. 

Whereas, in the spectra of E-Ag NPs, the formation of Ag NPs 
causes a slight shift in the peak at 3407 cm − 1 and a decrease in its 
area, indicating that hydroxyl groups in the EPS structure are 
involved in the reduction and stabilization of Ag NPs. The peak at 
1557 cm − 1 also shifts slightly to the left and weakens, suggesting
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Fig. 5. (a) UV-Vis spectrogram of Ag NPs, (b) XRD pattern of Ag NPs, (c) FT-IR pattern of EPS and E-Ag NPs.

Table 1
Particle size distribution of Ag NPs synthesized by EPS.

Particle size, μm Cum, % Diff, %

0.000–0.020 0 0
0.020–0.050 83.99 83.99
0.050–0.100 97.44 13.45
0.100–0.150 97.47 0.03
0.150–0.200 97.85 0.38
0.200–0.250 98.68 0.82
0.250–0.300 99.54 0.86
0.350–0.400 99.8 0.27
0.400–0.450 99.97 0.17
0.450–0.500 100 0.03
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an interaction between Ag + and the amide groups in EPS. Addi-
tionally, the peak at 1400 cm − 1 weakens, indicating that carboxyl 
groups in EPS are also involved in the interaction (Veisi et al., 
2018). The FT-IR spectator illustrates that EPS is rich in hydroxyl 
groups, which can specifically bind to precursor cations or 
monomers (Schnepp, 2013). This facilitates the reaction of Ag + 

with the polymer matrix, which is then reduced to metallic silver 
(Ag 0 ) upon heating. Subsequently, Ag 0 nucleates to form nuclei, 
which further aggregates to form Ag NPs that are then encapsu-
lated and stabilized by EPS.

3.4. XRD analysis

The crystal structure properties of the EPS-mediated synthesis 
were investigated using X-ray diffraction (XRD) analysis. Four 
distinct diffraction peaks were recorded, determining the crys-
talline phase of the synthesized Ag NPs. As shown in Fig. 5(b), the
XRD diffraction peaks of Ag NPs at 2θ values of 38.14 ◦ , 44.19 ◦ ,
64.45 ◦ , and 77.40 ◦ correspond to the lattice planes (111), (200), 
(220), and (311). These results are consistent with the XRD results 
of synthesized Ag NPs reported in the relevant literature 
(Chinnathambi et al., 2023). All the characteristic diffraction peaks 
indicate that the synthesized Ag NPs possess a face-centered cubic 
(FCC) structure, which aligns with the standard values (JCPDS No. 
04–0783) (Parthibavarman et al., 2019).

3.5. EDS analysis

The elemental composition of the samples was further 
analyzed by EDS energy spectroscopy, with the corresponding 
results shown in Fig. 6. EDS analysis confirmed the successful EPS-
mediated synthesis of Ag NPs, revealing a strong characteristic 
peak of metallic Ag in the linear scan located at 3 keV (Lin et al., 
2023). In a previous study, Vijayakumar et al. (2013) similarly 
confirmed the synthesis of Ag NPs in the range of 2–4 keV using 
Artemisia nilagirica. However, the results revealed the presence of

a Si peak at approximately 1.74 keV, along with multiple escape 
peaks. This observation can be attributed to the low sample con-
centration deposited on a silicon substrate, where signal pene-
tration or electron beam scattering from the underlying Si wafer 
introduced the Si peak. As shown in the bar chart in Fig. 6(a), the 
mass percentages of the elements C, O, and Ag are 13.33%, 21.84%, 
and 61.84%, respectively, with Ag having the highest mass per-
centage. The elemental mapping image in Fig. 6(b) further con-
firms the successful synthesis of Ag NPs through the obvious color 
contrast.

3.6. Stability analysis of E-Ag NPs

The Zeta potential, defined as the potential between the inner 
Helmholtz layer near the particle surface and the liquid in which 
the particle is suspended, represents the charge of the particle and 
indicates the potential stability of the colloidal system 

(Bahraminejad et al., 2024; Singh et al., 2014). Zeta potentials of 
NPs less than − 30 mV or more than +30 mV suggest that the NPs 
are heavily positively or negatively charged, with repulsive forces 
dominating and thus stabilizing the system. Conversely, Zeta po-
tentials between − 30 mV and +30 mV indicate that the NPs are 
prone to aggregation and that the system is less stable (Ali et al., 
2020; Sun et al., 2020). As shown in Fig. 7, the Zeta potential 
values of E-Ag NPs and Ag NPs are − 43.4 and − 28.2 mV, respec-
tively. These results indicate that the surface of Ag NPs synthesized 
by EPS reduction is negatively charged and that E-Ag NPs formed 
by dispersion in EPS are better stabilized compared to a single Ag 
NPs fluid. Based on the DLVO theory (Peng et al., 2024; Sun et al., 
2020), due to the presence of EPS, when NPs come into contact 
with EPS, the ions in the liquid are attracted to the surface of the 
NPs through van der Waals forces and electrostatic repulsion. This 
results in the formation of a dense ionic layer and a loose layer 
with opposite charges, known as the bilayer. The presence of this 
bilayer enhances the stability of the NPs in the liquid medium 

(Bukar et al., 2014; French et al., 2009). The high Zeta potential of
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Fig. 6. EDS energy spectrum analysis profile of Ag NPs.
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E-Ag NPs leads to stronger electrostatic repulsion between the 
NPs, which increases the difficulty of NPs agglomeration. Addi-
tionally, the hydrophilicity of the biopolymer EPS enhances the 
repulsion between ions in the outer layers of the particles, further 
contributing to the increased stability of the E-Ag NPs (Yakasai 
et al., 2021).

3.7. Dispersion analysis of E-Ag NPs

Transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) are evaluation methods used to measure par-
ticle size distribution and morphological features to describe the 
stability and dispersion of nanofluids (Chakraborty and Panigrahi, 
2020). The experiments vividly demonstrated the size-

morphology characteristics and dispersion of Ag NPs synthesized 
by EPS through SEM and TEM analyses (as shown in Fig. 8). The 
experimental results showed that Ag NPs dispersed without EPS 
appeared to be obviously agglomerated, as shown in Fig. 8(a) and 
(b), when the nanoparticles underwent a sedimentation mecha-
nism, suggesting that the nanofluid at this point was unstable (Ali 
et al., 2018). In contrast, the dispersion of Ag NPs with EPS 
significantly improved the dispersion of the NPs, as shown in 
Fig. 8(c) and (d), with no obvious agglomeration of Ag NPs. The 
results in Fig. 8(c) show that the synthesized Ag NPs are mainly 
spherical, with sizes ranging from 20 to 50 nm, and have good 
dispersion. Fig. 8(d) TEM results show that Ag NPs are predomi-
nantly spherical and elliptical, but there are also irregular shapes 
such as polygons, with all particle sizes below 50 nm. The exper-
imental results illustrate that EPS encapsulating Ag NPs can 
effectively inhibit the overgrowth of Ag NPs after nucleation and 
prevent the aggregation of NPs, thereby altering the dispersion 
properties of the nanofluid.

3.8. NPs toxicity analysis

The application of NPs in EOR is becoming increasingly wide-
spread; however, their potential toxicity to the reservoir cannot be 
overlooked. Therefore, in this study, the microbial toxicity of NPs 
under reservoir conditions was preliminarily assessed by evalu-
ating the effects of nanofluids on pure bacterial cultures at 
different exposure times and concentrations, as shown in Fig. 9. 
The experimental results showed that, compared to the control 
group, the bare Ag NPs exhibited a certain degree of toxicity to-
ward both Bacillus and Pseudomonas aeruginosa. As shown in 
Fig. 9(a) and (b), a significant reduction in colony-forming units 
was observed after 12 h of exposure, and this effect became more
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Fig. 8. (a) and (b) SEM and TEM patterns of Ag NPs without EPS dispersion, (c) and (d) SEM and TEM patterns of Ag NPs with EPS dispersion.
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pronounced with increasing NPs concentrations. In contrast, the E-
Ag NPs significantly reduced the toxicity of bare Ag NPs, as shown 
in Fig. 9(c) and (d). Toxic effects on Bacillus and Pseudomonas 
aeruginosa were observed after 24 h of exposure, and the reduction 
in colony-forming units at various concentrations was notably less 
than that caused by bare Ag NPs. These findings suggest that the 
EPS-mediated synthesis and encapsulation of E-Ag NPs mitigated 
the toxicity of Ag NPs and enhanced their biocompatibility. As a 
result, E-Ag NPs can be considered a low-toxicity, highly biocom-
patible bionanofluid (Amooaghaie et al., 2015). Furthermore, EPS 
improved the dispersion stability of Ag NPs, reduced aggregation, 
and thereby also contributed to lower toxicity and enhanced 
biocompatibility (Thoms et al., 2024).

3.9. Analysis of the ability of E-Ag NPs to reduce IFT and alter 
wettability

IFT and wettability change are important factors in 
evaluating the EOR capability of nanocomposites (Manshad

et al., 2024). Researchers have found that nanocomposites 
can reduce the IFT and contact angle between oil and 
water phases, and that there is an inverse relationship between 
IFT, contact angle, and nanofluid concentration (Omidi et al., 
2020).

To verify the ability of E-Ag NPs to reduce IFT, experiments were 
conducted to measure the variation in IFT between E-Ag NPs and 
crude oil. The experimental results are shown in Fig. 10(a). The 
results indicate that the IFT value decreases gradually with the 
increase in the concentration of E-Ag NPs. A high concentration of 
E-Ag NPs can significantly reduce the oil-water interfacial tension. 
According to the calculations, the interfacial tension was 0.74 mN/ 
m when the concentration of E-Ag NPs was 0 ppm. The oil-water 
interfacial tension reached its lowest point, 0.044 mN/m, when 
the concentration of E-Ag NPs increased to 1400 ppm, a reduction 
of 94.05%. Therefore, the change in the curves in the fig shows that 
the IFT decreases with the increase in NPs concentration, indi-
cating that the IFT is highly sensitive to the nanofluid 
concentration.
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Wettability alteration is a key factor in evaluating nano-
materials for EOR in porous media (Ahmadi et al., 2023; 
Bahraminejad et al., 2021). The study evaluated the ability of E-
Ag NPs to alter wettability by measuring the change in the contact 
angle between crude oil and the core sample over a concentration 
range of 0–1400 ppm (Fig. 10(b)). The experimental results show 

that the contact angle is 144.3 ◦ when the concentration of E-Ag 
NPs is 0 ppm. The contact angle between the oil and solid phases 
decreases with the increase in the concentration of E-Ag NPs. 
When the concentration is increased to 1400 ppm, the contact 
angle decreases to a minimum of 37.7 ◦ . This indicates that E-Ag 
NPs can efficiently change the wettability of the rock surface from 

oil-wet to water-wet. As the concentration of E-Ag NPs increases, 
their ability to alter the rock surface wettability becomes stronger. 
As shown in Fig. 10(c), NPs dispersed at the junction of the three 
phases are arranged and accumulated in an ordered manner, 
forming a structural separation pressure (Dushkin et al., 1993; 
Nikolov and Wasan, 2009). As the number of NPs increases, their 
close stacking leads to an increase in structural separation pres-
sure, which enhances the diffusion of nanoparticles on the solid 
surface (Bahraminejad et al., 2022; Wasan and Nikolov, 2003). This 
enhancement leads to a change in the wettability of the solid 
surface, manifested as a decrease in the contact angle (Wasan 
et al., 2011). A previous study has shown that the presence of 
EPS increases the dispersion stability of Ag NPs in liquid media. 
This increased dispersion stability allows E-Ag NPs to change 
wettability more efficiently (Ehtesabi et al., 2015).

3.10. Analysis of E-Ag NPs EOR performance

3.10.1. Spontaneous imbibition
The wetting phase is flooded by capillary forces into the pore 

throat channel to displace the non-wetting phase, a phenomenon 
known as imbibition. The experiment in which the displacement 
fluid displaces the crude oil in the core by capillary forces is known 
as the spontaneous imbibition oil experiment. This experiment 
can accurately and intuitively evaluate the effectiveness of nano-
fluid EOR. Fig. 11(a) and (b) depict the imbibition recovery and 
imbibition rate versus imbibition time of low-permeability cores 
under the influence of different E-Ag NPs concentrations, with the 
related experimental parameters shown in Table 2. The experi-
mental results indicate that as the concentration of E-Ag NPs in-
creases, both the imbibition recovery rate and the imbibition rate 
significantly increase. When the concentration of E-Ag NPs was 
200 ppm, the imbibition recovery rate was 36.10%, and the imbi-
bition rate was up to 3%/h. When the concentration of E-Ag NPs 
increased to 1000 ppm, the imbibition recovery rate increased to 
54.89%, and the highest imbibition rate reached 15.8%/h. Correla-
tion studies have shown that a high relative wettability index and 
a decrease in IFT enhance the efficiency of spontaneous imbibition 
of nanofluids (Guo et al., 2020; Wei et al., 2016). This means that 
the greater the change in wettability, the higher the imbibition 
recovery, and the lower the IFT, the faster the imbibition rate 
(Kathel and Mohanty, 2013; Sharma and Mohanty, 2013). There-
fore, the higher the concentration of E-Ag NPs, the more effective
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the wettability change and the reduces IFT, which explains the 
increase in imbibition recovery and imbibition rate with the in-
crease in the concentration of E-Ag NPs.

In spontaneous imbibition experiments, the dispersion sta-
bility of NPs is also one of the key factors restricting the 
improvement of recovery efficiency (Ahmadi et al., 2023). As 
shown in Fig. 11(c), (d) and Table 3, at the same concentration, the 
spontaneous imbibition recovery efficiency of E-Ag NPs fluid is 
54.32%, while that of Ag NPs fluid is only 35.68%. The sponta-
neous imbibition recovery efficiency and rate of E-Ag NPs are 
both higher than those of Ag NPs fluid. Rezaei et al. (2020) ach-
ieved a spontaneous imbibition oil recovery rate of 23% using

cocamidopropyl betaine combined with SiO 2 nanoparticles, 
which represented a 14.7% increase in recovery compared to that 
using synthetic formation water alone (Rezaei et al., 2020). Sun 
et al. (2021) investigated a nonionic surfactant designed for 
tight oil-wet reservoirs, which was able to alter the core wetta-
bility from weakly oil-wet to weakly water-wet, achieving a 
spontaneous imbibition recovery rate of up to 35.61% (Sun et al., 
2021). Zhao et al. (2018) prepared a silica nanofluid containing 
silica nanoparticles and surfactants and found that the sponta-
neous imbibition recovery of the surfactant alone was only 8%, 
whereas the silica nanofluid achieved a recovery of 16% (Zhao 
et al., 2018). In this study, the spontaneous imbibition recovery
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Table 2
Results of spontaneous imbibition experiments at different concentrations.

Core number Concentration, ppm Permeability, mD Porosity, % Oil saturation, % Recovery rate, %

A1 200 1.83 13.16 68.79 36.10
A2 400 1.91 12.36 68.92 38.82
A3 600 1.95 13.23 69.64 45.65
A4 800 1.85 12.32 69.74 49.96
A5 1000 2.01 13.14 68.22 54.89
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of the E-Ag NPs fluid reached 54.32%, indicating its remarkable 
EOR capability. On one hand, this is because the addition of EPS in 
E-Ag NPs fluid increases the viscosity of the fluid, reducing the 
viscosity ratio between the displacement fluid and the crude oil. 
Studies have found that the smaller the viscosity ratio between 
the displacement fluid and the crude oil, the better the

spontaneous imbibition effect (Guo et al., 2020). On the other 
hand, the high dispersion stability of E-Ag NPs and the presence 
of EPS increase the number of NPs entering the porous medium, 
enhancing the wettability alteration effect. Therefore, this syn-
ergistically improves the spontaneous imbibition recovery effi-
ciency of crude oil.

Table 3
Results of spontaneous imbibition experiments with different imbibition liquids.

Core number Imbibition fluid Permeability, mD Porosity,
%

Oil saturation, % Recovery rate, %

A6 E-Ag NPs 1.86 12.76 68.78 54.32
A7 Ag NPs 1.82 12.84 69.84 35.68
A8 Brine 1.95 13.02 69.88 9.8

Table 4
Results of core flooding experiments with different replacement fluids.

Core number Displacement agent Permeability, mD Porosity, % Oil saturation, % Enhanced recovery rate, % Final recovery rate, %

S1 E-Ag NPs 25.8 18.76 70.12 16.33 70.66
S2 Ag NPs 25.4 19.02 71.34 11.7 62.96
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3.10.2. Core flooding experiments and nuclear magnetic resonance 
analysis

Two low-permeability cores were selected for NMR core 
flooding experiments. The physical properties of the cores and the 
results of the displacement experiments are shown in Table 4. 
These results compare and analyze the synergistic EOR effect of 
EPS enhanced Ag NPs fluids and polymer nanocomposites for 
enhanced recovery. The recovery rate change curves and pressure 
drop curves are shown in Fig. 12(a) and (b). From these figures, we 
can see that the recovery rates during the primary brine flooding 
stage are 54.33% and 51.26%, respectively. During the displacement 
liquid flooding stage, the E-Ag NPs fluid increased crude oil re-
covery by 16.33%, while the Ag NPs fluid increased crude oil re-
covery by 11.7%. The experimental results clearly demonstrate that 
the E-Ag NPs fluid achieves more efficient EOR and can be 
considered a potential oil displacement. Similarly, according to the 
pressure drop curve analysis, the pressure drop of E-Ag NPs 
nanofluids is larger than that of Ag NPs fluids. Moreover, the 
pressure change of E-Ag NPs nanofluids is smaller than that of Ag

NPs fluids during the subsequent brine flooding process. This 
implies that E-Ag NPs nanofluids can displace more residual oil 
than Ag NPs fluids in porous media. Therefore, the presence of EPS 
enhances the ability of Ag NPs fluid to improve recovery, and 
polymer nanocomposites exhibit superior enhanced recovery 
performance.

Fig. 12(c) and (d) shows the T 2 spectra of two cores with 
different displacement processes. The signal values of the NMR T 2 
spectrum reflect the distribution characteristics of the remaining 
oil in different sizes of pores. Different relaxation times indicate 
different sizes of pores: those with relaxation times less than 1 ms 
are considered micropores, those with relaxation times from 1 to 
10 ms are mesopores, and those with relaxation times greater than 
10 ms are macropores (Liu et al., 2022; Zhang et al., 2024). 
Therefore, changes in the residual oil content of different pore 
sizes during the displacement process can be visualized based on 
the T 2 spectrum. From the T 2 spectrum in the saturated oil state, it 
can be seen that the signal peak is primarily distributed around 1 
ms, indicating that the crude oil is mainly present in mesopores

(a) (b)

(c) (d)

Fig. 13. (a) Glass model after saturated oil, (b) residual oil distribution after brine flooding, (c) residual oil distribution after Ag NPs fluid flooding, (d) residual oil distribution after 
E-Ag NPs fluid flooding.
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and micropores. With the injection of brine flooding, the signal 
amplitude of the T 2 spectrum decreases gradually, but the reduced 
signal amplitude is mainly distributed in the macropores. Indi-
cating that the brine flooding mainly displaces the crude oil that is 
easy to be displaced in the macropores in the core, and there is 
very little sweep in the mesopores and micropores.

The corresponding signal amplitudes of the T 2 spectrum were 
significantly reduced after flooding with both oil displacement 
agents. However, the signal amplitude of the T 2 spectrum de-
creases even more at around 1 ms after E-Ag NPs nanofluid 
flooding, and the signal value is almost zero after 10 ms. The peak 
position of the T 2 spectra shifted slightly to the right compared 
with that of water flooding, indicating that the E-Ag NPs nanofluid 
could displace more residual oil in the micropores and almost 
completely displace the residual oil in macropores. In contrast, Ag 
NPs fluid had limited ability to spread the residual oil in mesopores 
and micropores spaces. This is due to two main factors. First, EPS 
enhances the dispersion of Ag NPs, reduces the aggregation of Ag 
NPs, and improves the mobility ratio. The formation of a three-
dimensional network structure by the bridging of EPS with Ag 
NPs enhances the fluidity of the nanofluid (El-hoshoudy, 2022; 
Kumar et al., 2017), allowing the NPs to enter smaller pore chan-
nels more effectively. Second, EPS enhances the stability of Ag NPs, 
and the increase in stability leads to a more efficient ability of E-Ag

NPs nanofluids to change wettability and reduce IFT, which syn-
ergistically enhances recovery.

Moreover, we also found that the signal value of the T 2 spec-
trum of the residual oil after E-Ag NPs nanofluid flooding is much 
lower than that of Ag NPs fluid for the same flooding of 1 PV and 
two oil displacement agents. This also indicates that E-Ag NPs 
nanofluid is more efficient in enhancing recovery, and EPS en-
hances the effect of Ag NPs fluid in EOR.

3.10.3. Microscopic flooding experiment
The microscopic glass model can directly observe the distri-

bution and transport of nanofluids in reservoir oil. Fig. 13(a) shows 
the glass model after being saturated with crude oil. It can be seen 
that the pore channels in the model are completely saturated with 
crude oil, and at this stage, the wettability of the glass channels 
within the model is oil-wet. Fig. 13(b) shows the distribution of 
residual oil after brine flooding. This primarily displaces the mo-
bile and easily movable crude oil in the main flow lines of the 
channel, leaving a large amount of residual oil in the pore channels 
and resulting in an obvious fingering phenomenon. As shown in 
Fig. 13(c) and (d), after E-Ag NPs fluid and Ag NPs fluid flooding, 
both nanofluids improve sweep efficiency and residual oil recov-
ery following brine flooding and reduce the occurrence of the 
fingering phenomenon. The generation and development of the
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Fig. 16. Mechanisms of recovery enhancement by E-Ag NPs fluids. (a)–(c) reduction of IFT; (d)–(f) alteration of wettability; (g)–(i) emulsification.
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fingering phenomenon mainly depend on factors such as the 
mobility ratio, permeability, porosity, and heterogeneity 
(Kargozarfard et al., 2019). The viscosity of the displacement fluid 
can be increased, and the mobility ratio can be improved through 
the small-size effect of NPs with a high specific surface area, which 
enhances residual oil recovery.

Similarly, the experiment statistically analyzed the relative area 
and quantity distribution proportion of different types of residual 
oil after various fluid flooding, as shown in Fig. 14. The results 
indicated that after water flooding, most of the residual oil was in 
the cluster, porous, and columnar forms, with the relative area 
proportion of cluster residual oil being 86.52%, suggesting poor 
sweeping efficiency of residual oil during brine flooding. After Ag 
NPs fluid flooding, the proportion of cluster residual oil decreased, 
while the proportions of porous and columnar residual oil 
increased. This suggests that during the Ag NPs fluid flooding 
stage, cluster residual oil can be transformed into porous and 
columnar residual oil, indicating some efficiency. However, the 
displacement ability of Ag NPs fluid for different types of residual 
oil is limited. After E-Ag NPs fluid flooding, the area distribution of 
cluster, porous, and columnar residual oil significantly decreased. 
Compared to Ag NPs fluid flooding, the quantity of porous and 
columnar residual oil decreased substantially, demonstrating that 
E-Ag NPs fluid has high sweep efficiency and effective displace-
ment performance (Dong et al., 2022).

Comparison reveals that although the wave area of Ag NPs 
fluid partially increases, there remains a significant amount of 
residual oil in the areas where the flow passes through, and the 
deeper residual oil at both ends of the channel is not displaced. 
In contrast, E-Ag NPs fluid significantly enhances sweep effi-
ciency, opens the entire pore channel model, and displaces the 
residual oil almost completely. As shown in Fig. 15, compared to 
Ag NPs fluid, E-Ag NPs fluid improves the ability to open pore 
throat channels and reduces NPs aggregation or precipitation. 
On one hand, E-Ag NPs as polymer nanocomposites have a 3D 
network structure with viscoelastic behavior, which can displace 
residual oil in low-permeability zones through small-sized pores 
under certain displacement pressures (Pal and Mandal, 2020; 
Yue et al., 2018). On the other hand, according to Fig. 12(b), 
the pressure drop of E-Ag NPs fluid is larger, indicating that E-Ag 
NPs fluid has a higher drag coefficient and residual drag coeffi-
cient (Zhong et al., 2021). Therefore, E-Ag NPs fluid exhibits 
higher sweep efficiency, enabling it to penetrate and diffuse into 
more pore channels, displacing the deeper residual oil at both 
ends of the channel, thereby reducing residual oil saturation. 
Furthermore, we found that E-Ag NPs nanofluid, by reducing IFT, 
altering wettability, and emulsification during the displacement 
process, synergistically improves residual oil recovery, as shown 
in Fig. 16. The results of the microscopic displacement experi-
ments and nuclear magnetic resonance core flooding experi-
ments are consistent, further demonstrating the positive 
synergistic effect of E-Ag NPs nanofluid. This indicates its high 
efficiency in enhancing oil recovery, making it a promising new 

method for environmentally friendly and efficient crude oil 
recovery.

4. Conclusion

This study successfully developed a novel green and efficient 
biopolymer-based nanocomposite material that demonstrated 
significant effectiveness in EOR. Experimental results showed that 
E-Ag NPs exhibited excellent colloidal stability, with a Zeta po-
tential absolute value 53.9% higher than that of Ag NPs solution. 
The NPs in the E-Ag NPs were well-dispersed, with an average 
particle size of approximately 35 nm. Moreover, the E-Ag NPs

displayed high interfacial activity, achieving a minimum IFT of 
0.044 mN/m and a minimum contact angle of 37.7 ◦ . In the EOR 
evaluation experiments, it was found that the spontaneous imbi-
bition oil recovery reached 54.89% at an E-Ag NPs concentration of 
1000 ppm. T 2 relaxation spectra revealed that after injecting 1 PV, 
E-Ag NPs effectively reduced the residual oil content in the porous 
medium, indicating a significant EOR effect. Furthermore, the ex-
periments revealed that the primary EOR mechanisms of E-Ag NPs 
include the reduction of IFT, alteration of wettability, and emul-
sification of crude oil, which synergistically enhance the recovery 
of residual oil and significantly reduce the distribution of porous 
and columnar residual oil. Therefore, the biopolymer nano-
composite developed in this study provides a new approach for the 
green and efficient development of oilfields and sustainable 
development.
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