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ARTICLE INFORMATION ABSTRACT 

The declining productivity of mature oil reservoirs and the environmental concerns 

associated with synthetic surfactants have created a pressing need for sustainable 

chemical solutions in enhanced oil recovery (EOR) in reservoir-like conditions of 

elevated temperature, high-salinity brine, and crude oil interactions. This study 

aimed to develop and characterize a bio-based surfactant derived from the non-

edible seed oil of Azadirachta indica (neem) for potential EOR application. The 

bio-based surfactant was synthesized through alkaline saponification using sodium 

hydroxide (NaOH) at 70–80°C for 3hours, yielding an anionic mixture of fatty 

acid sodium salts. The product exhibited an inherent alkaline pH of 9.0 and was 

evaluated for key performance properties using synthetic seawater as the aqueous 

medium. Surface tension measurements revealed a critical micelle concentration 

(CMC) of 1.0% w/v, at which the bio-based surfactant lowered the surface tension 

from 73.0 mN/m to an ultra-low value of 14.8 mN/m. A substantial foam half-life 

of 14.8 minutes was achieved from the foam stability test, while an emulsification 

index of 92% was produced from the emulsification studies, and thus, a stable 

emulsion that remained intact for over 24 hours as seen from the emulsification 

index. Following the results achieved, in particular, the 80% reduction in surface 

tension, foam stabilities and robust emulsion, showed a convincing interfacial 

activity and this was favorably compared with many bio-based surfactants 

described in the literature. These findings suggested that the neem-derived bio-

based surfactants possesses the surface activity, stability, and micellization 

efficiency required to mobilizing trapped residual oil in reservoir rock. This study 

established neem seed oil as technically feasible, non-toxic and renewable 

feedstock for EOR bio-based surfactants, and subsequently recommended core-

flooding experiments and techno-economic analysis for field-scale validation. 
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1.0 Introduction 

The petroleum industry has been the main source of the global energy supply, yet critical confrontation comes 

from the diminution of productivity of crude oil from mature petroleum reservoirs (Okoro et al., 2020). 

Though, primary and secondary recovery methods are used to extract a portion of the original oil in place 

(OOIP) or petroleum crude oil, but a significant portion of the crude oil still remains trapped within the 

complicated pore networks of the petroleum reservoir rocks (Alvarado & Manrique, 2010). This untapped 

crude oil spurred the growth of enhanced oil recovery (EOR) techniques, which are designed to mobilizing 

and produce this residual crude oil. 

Primary recovery, which relies solely on the reservoir’s natural drive mechanisms such as solution gas drive, 

water influx from an aquifer, and expansion of reservoir fluids and rocks, typically recoups only 5-15% of the 

original oil (Green & Willhite, 2018). As these natural drive mechanisms deplete (generally termed as 

reservoir’s natural pressure), secondary methods one of which is water flooding, are employed to maintain 

reservoir pressure and displace additional oil, bringing the total recovery factor to between 15-40% (Sheng, 
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2014). However, capillary forces trapping the oil within the pores, and the high interfacial tension (IFT) 

between oil and the displacing fluids, limit the effectiveness of these conventional methods. 

To overcome this physical limitation, EOR techniques target the fundamental properties (such as IFT, viscosity 

and mobility ratio, wettability, density) of the trapped oil. Among the EORs, the chemical approach, particularly 

surfactant flooding, has proven highly effective for EOR (Hesam & Elnaz, 2025). Surfactants work by drastically 

lowering the IFT between oil and the injected fluid, thereby emulsifying and mobilizing the previously trapped 

residual oil (Pal & Mandal, 2019). Despite their technical efficacy, most conventional surfactants are derived 

from synthetic, petroleum-based precursors. These compounds are often expensive, non-biodegradable, and 

pose potential ecological risks if released into the environment (Kłosowska-Chomiczewska et al., 2017). 

Growing regulatory and public scrutiny of EOR operations, the environmental footprints such as carbon and 

greenhouse gas (GHG) emission, CO2 – EOR, fugitive methane leak, water consumption and depletion, 

chemical pollution, and produced water contamination etc. have created an urgent need for more sustainable 

EOR alternatives.  

This has spurred significant research into bio-based surfactants stemmed from renewable resources such as 

plant oils. These “green” surfactants offer the dual advantage of being environmentally benign – readily 

biodegradable and non-toxic, while also being potentially cost-effective due to the wide availability of 

agricultural feedstocks (Mnif & Ghribi, 2016). Neem (Azadirachta indica), a tree that is indigenous to the Indian 

subcontinent and now widespread in tropical regions, presents a promising candidate for this purpose. Neem 

seeds are rich in oil, comprising a complex of triglycerides and limonoids, which possess inherent amphiphilic 

structures suitable for surfactant synthesis (Okoro et al., 2020). The utilization of non-edible neem seed oil 

aligns with sustainability principles, avoiding competition with food resources. 

Therefore, this study aimed to formulate and characterize an agro-based surfactant (bio-based surfactant) 

from neem seed oil for EOR applications, testing it specifically under high-salinity natural seawater for EOR. 

The study evaluated critical performance parameters, including its capability to lower surface and interfacial 

tension (IFT), form stable emulsions, and maintain efficacy under reservoir-like conditions. By investigating 

neem oil's viability, this work sought to contribute a sustainable, economically attractive, and technically sound 

alternative to conventional synthetic surfactants, supporting the industry's transition towards more 

environmentally responsible extraction practices. 

2. Materials and Method  

2.1 Materials 

Neem seed oil (for oil extraction, referred to: Muhammad et. al., 2026; Okoro et al., 2020) was used as the 

primary triglyceride feedstock for the saponification reaction. Sodium hydroxide (NaOH) pellets of the 

analytical grade, and distilled water, were used to prepare the lye solution. The synthesized bio-based 

surfactant was subsequently diluted to a series of percentage weight per volume (% w/v) concentrations using 

deionized water followed by subsequent dilution with natural seawater as the brine medium for all 

performance evaluations, among which is the solubility test (Osama & Ahmad, 2020; Osama & Ahmad, 2023).    

2.2 Method 

The bio-based surfactant was synthesized through the alkaline saponification of neem (Azadirachta indica) seed 

oil. This process involved the hydrolysis of triglyceride esters present in the oil, catalyzed by a strong base 

(NaOH), to yield the corresponding sodium salts of fatty acids (soap – the bio-based surfactant) and glycerol 

(Figure 1). The bio-based surfactant produced through the alkaline saponification of neem oil is an anionic 

surfactant, constituting a mixture of sodium carboxylate salts (R-COO⁻ Na⁺). The primary components of 

this mixture were sodium salts of the major fatty acids found in neem oil, namely sodium oleate (IUPAC: 

Sodium (9Z)-octadec-9-enoate), sodium linoleate (IUPAC: Sodium (9Z,12Z)-octadeca-9,12-dienoate), and 

sodium palmitate (IUPAC: Sodium hexadecanoate).  

A concentrated lye solution was prepared by dissolving 150 g of NaOH pellets in 500 mL of distilled water. 

The solution was cooled to ambient temperature (33°C) before use (Galindo-Luna et al., 2019; Mebrat, 2021). 

A measured volume of 250 mL of neem seed oil was transferred into a 1000 mL round-bottom flask 

(Muhammad et al., 2026). The flask was placed on a heating magnetic stirrer equipped with a temperature 

control probe. The prepared 30% (w/v) NaOH solution was gradually added to the 250 mL neem oil under 

constant stirring at a moderate speed (250 rpm) to ensure efficient mixing. The reaction mixture was heated 
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gently and maintained at a temperature range of 70–80°C. The saponification reaction was allowed to proceed 

for 3 h under continuous stirring to ensure complete conversion of triglycerides. Upon completion of the 

reaction, the crude bio-based surfactant mixture was brought down from the heat source and cooled to room 

temperature (27 °C). Following the saponification reaction, a similar method employed by Kelechi et. al. (2024), 

the crude bio-based surfactant mixture was subjected to a purification process to isolate the surfactant 

molecules from the glycerol by-product and other impurities. To precipitate the bio-based surfactant and 

extract glycerol, a volume of 150 mL of anhydrous methanol was added to the mixture under constant stirring 

for 30 min with gentle warming (40°C). The resulting suspension was then filtered under vacuum using a 

Buchner funnel lined with Whatman No. 1 filter paper. The filtrate, containing glycerol and methanol, was 

discarded. The solid residue retained on the filter paper was collected as the crude biosurfactant cake. The 

process was repeated by redissolving the biosurfactant cake with 100 mL ethanol, the resulting suspension 

filtered, the filtrate discarded and the solid residue retained on the filter paper collected as the purified crude 

bio-based surfactant (anionic) with accordance to the method employed by Okoro et al., (2023) (Figure 1). 

The pH of the bio-based surfactant was measured and recorded using pH meter from Mettler Toledo. The 

bio-based surfactant was stored in a sealed, airtight container at ambient conditions for subsequent analysis 

and application. The aqueous solubility of the bio-based surfactant was evaluated at 1% and 5% (w/v) 

concentrations dilution with sea-water. The foaming characteristics of the 5% (w/v) bio-based surfactant 

solution were evaluated to assess its potential for foam-based enhanced oil recovery (EOR). The surface 

activity of the bio-based surfactant was quantitatively assessed by measuring the surface tension of its aqueous 

solutions across a concentration range (0.1, 0.5, 1.0, and 5.0% w/v).                    

 

 Figure 1: Process Flow Diagram for Bio-based Surfactant Synthesis from Neem Seed Oil  

                through Saponification Reaction 

2.2.1 Bio-based surfactant characterization 

The fundamental properties of the bio-based surfactant were determined to assess its suitability for enhanced 

oil recovery (EOR). The following analyses were performed: 

i. Physical Appearance and Visual Solubility 

The physical state and colour of the bio-based surfactant were visually inspected at ambient temperature 

(Okoro et. al., 2023). Its odour was noted using the standard wafting technique (Sani & Mohammed, 2024). 

The visual solubility of the bio-based surfactant was tested on sea-water at concentrations of 1% and 5% (w/v) 
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bio-based surfactant (Osama & Ahmad, 2023). First, stock solutions of the bio-based surfactant were prepared 

at two concentrations, 1% and 5% (w/v), by dissolving 0.2g and 0.5g of the bio-based surfactant in deionized 

water, respectively, making a final volume of 20 mL for each stock solution (Osama & Ahmad, 2023). To 

perform the solubility test, 10 mL of each stock solution was transferred into separate graduated cylinders 

and mixed with 10 mL of natural seawater (33 510.01 mg/L) (1:1 v/v ratio). This produced final test 

concentrations of 0.5% and 2.5% (w/v) of the surfactant in the seawater mixture. Each cylinder was then 

shaken vigorously for 1 minute and allowed to stand undisturbed for 5 minutes. After the standing period, the 

mixtures were visually inspected, and the results were recorded based on whether a clear, homogeneous 

solution formed or whether any visible phase separation (e.g., precipitation, cloudiness, or layering) occurred 

(Osama & Ahmad, 2023). 

ii. pH Measurement 

The pH of a 1% (w/v) aqueous bio-based surfactant solution was measured at room temperature (27 °C) using 

a calibrated pH meter (Mettler Toledo FE28, Switzerland). The electrode was immersed directly into the 

solution, and the reading was recorded after stabilization (Atolani et. al., 2016). 

iii. Foaming Capacity 

The foaming properties of the purified neem-derived anionic bio-based surfactant were evaluated using a 

modified shaking method. A 100 mL volume of a 5% (w/v) bio-based surfactant solution was poured in a 250 

mL graduated cylinder with an internal diameter of 2.5 cm. The cylinder sealed, and inverted 10 times 

vigorously. Immediately after shaking was over, the total height of the liquid and the foam column (height) was 

recorded. The initial foam height was computed by subtracting the known height of the liquid phase. The foam 

height was subsequently measured at 5-, 10-, and 30- minute intervals of standing undisturbed. The foam half-

life (t1/2), described as the time taken for the foam to collapse to half of its initial height, was also recorded 

(Atolani et al., 2016; Rossen, 1996).                                       

iv. Emulsification Capacity 

The emulsification capacity of the purified neem-derived anionic bio-based surfactant was evaluated against 

crude oil. Bio-based surfactant solutions were prepared at dilution concentrations of 0.1%, 0.5%, 1.0%, and 

5.0% (w/v) with seawater. For each test, equal volumes (2.5 mL) of the crude oil and bio-based surfactant 

solution were combined in a 10 mL graduated test tube. The mixture was vortexed or shaken vigorously for 

2 minutes to form a primary emulsion. The emulsions were subsequently centrifuged at 5000 rpm for 15 

minutes to accelerate phase separation. After centrifugation, the total height of the mixture and the height of 

the stable emulsion layer were measured directly from the test tube (Osama & Ahmad, 2023). 

The emulsification index (EI) was computed as follows: 

EI (%) = (Height of Emulsion Layer / Total Height of Mixture) × 100                                                 1                                                      

v. Surface Tension and Critical Micelle Concentration (CMC) 

The surface tension of aqueous bio-based surfactant solutions at concentrations of 0.1%, 0.5%, 1.0%, and 5.0% 

(w/v) using seawater for the dilution was ascertained at ambient temperature using the capillary rise method. 

The internal radius of each capillary tube was pre-measured using a travelling microscope (Muhammad et al., 

2026). 

For each measurement, a glass beaker was filled with the diluted biosurfactant solution and placed on a retort 

stand. An optical pin was adjusted to touch just the surface of the solution, and its position was recorded from 

the vernier scale of a travelling microscope. A pre-wetted capillary tube was then immersed in the solution. 

To enhance the visibility of the meniscus, a minute amount of red dye was added. The microscope was focused 

on the meniscus inside the capillary, and its position was recorded when the bottom of the meniscus was 

tangential to the cross-wire. The height of the capillary rise (h) was calculated as the difference between the 

meniscus position and the pin position. This procedure was performed in triplicate for each concentration 

using three separate capillary tubes (Muhammad et. al., 2026). 

The surface tension (γ) was calculated from the capillary rise data using the following fundamental equation: 
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γ = (ρ ⋅ g ⋅ h ⋅ r) / 2                                                                                                                                 2 

where ρ is the density of the solution (g/mL) and taken as (950 kg/m³), ‘g’ is the acceleration due to gravity 

(9.81 m/s²), ‘h’ is the capillary rise height (m), and ‘r’ is the internal radius of the capillary tube (m). The 

measured heights (h) and radii (r) in millimetres were converted to meters (by multiplying by 10⁻³) prior to 

calculation to maintain consistent SI units. The final results in N/m were multiplied by 1000 to report them in 

the standard unit of mN/m. 

The critical micelle concentration (CMC) was ascertained by plotting the surface tension (γ) as a function of 

the logarithm of biosurfactant concentration (log₁₀ C) (Osama & Ahmad, 2023). 

vi. Fourier-Transform Infrared (FTIR) Spectroscopy 

FTIR analysis was carried out to establish characteristic functional groups of the bio-based surfactant produced. 

A small quantity, 10 µL of the pure bio-based surfactant was directly placed on the diamond crystal of the 

infrared spectroscopy machine. The spectrum was recorded over a wavelength range of 4000 to 650 cm⁻¹ 
with a resolution of 8 cm⁻¹ (Muhammad et. al., 2026).               

3. Results and Discussion 

The purified neem-derived anionic biosurfactant was characterized, analyzed, and discussed in the following 

subsequent sections.   

3.1 Bio-based Surfactant Characterization 

3.1.1 Physical appearance; solubility and implication for enhanced oil recovery (EOR) 

i. Physical Characterization 

The synthesized bio-based surfactant is a yellowish-brown, gel-like substance, as shown in Plate 1. This 

observed colour and physical state are characteristic of many bio-based surfactants derived from natural oils 

or extracts, where the presence of carotenoids, tocopherols, or other natural pigments from the source 

material can impart a yellow to brown hue (Soy et al., 2020; Ezgi et al., 2020). More significantly, the 

observed high viscous nature and gel-like structure of the bio-based surfactant are highly desirable traits for 

Enhanced Oil Recovery (EOR) (Muhammad et. al., 2026). In porous reservoir rock, a viscous surfactant 

solution can improve the macroscopic sweep efficiency by mitigating viscous fingering, thereby displacing a 

larger volume of crude oil toward the production well (Kumika et al., 2021).  

Furthermore, the surfactant possessed a strong, distinctive odour described as nutty (Sani & Mohammed, 

2024). This specific aromatic profile strongly indicated the nature of the precursor compounds used in the 

synthesis. A nutty scent is often associated with the degradation products of triglycerides or the presence of 

specific carbonyl compounds and pyrazines formed during the saponification or heating process (Umesh et al., 

2007). While the odour confirms the organic origin of the product, it is a parameter that may require 

refinement, such as purification or deodorization, for applications in cosmetics or food industries where a 

neutral scent is preferred even though the applications mentioned are not the focal point for the bio-based 

surfactant synthesis (Sani and Mohammed, 2024).  

 
Plate 1: Physical Appearance of the Synthesized Bio-based surfactant, Showing its Characteristic  

             Gel Like and Yellowish-Brown Coloration 
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ii. Visual Solubility and Micellization Behaviour 

As summarized in Table 1, both solutions formed optically clear, homogeneous mixtures upon agitation, with 

no observable precipitation or phase separation. 

Table 1: Visual Aqueous Solubility of the Biosurfactant and pH 
Concentration (% w/v) Visual Observation pH 

1% Clear Solution 9.0 

5% Clear Solution - 

The formation of clear solutions across this concentration range was a critical indicator of the bio-based 

surfactant’s high solubility and effective self-assembly into micellar structures in water (Osama & Ahmad 2023). 

The absence of turbidity or precipitation at 5% w/v concentration confirmed a high critical micelle 

concentration (CMC) or, more importantly, excellent solubility of the micelles themselves post-formation 

(Osama & Ahmad, 2023). This suggested the bio-based surfactant molecules possessed a sufficiently 

hydrophilic head group that prevented crystallization or liquid crystal formation, which could have caused 

cloudiness and reduced performance (Birnbach et al., 2023). 

For Enhanced Oil Recovery (EOR), this high aqueous solubility was a fundamental prerequisite. It ensured that 

the bio-based surfactant could be effectively injected and transported through the reservoir’s aqueous phase 

without the risk of pore-throat blockage due to precipitation (Satyajit et al., 2022). The ability to form stable, 

clear solutions at 5% (w/v) concentration indicated a robust potential for formulating high-concentration 

injection slugs, which are often required to maintain an effective concentration deep within the petroleum 

reservoir, overcoming adsorption onto rock surfaces (Narendra et al., 2020). Furthermore, the formation of 

proper micelles is directly linked to the primary mechanism of oil mobilization. This meant the ultra-low 

interfacial tension between the bio-based surfactant solution and trapped crude oil was typically achieved at 

or above the CMC (Ryan & Dorthe, 2012). The observed solubility behaviour strongly suggested that the 

formulated biosurfactant was capable of achieving this state, making it a promising candidate for chemical EOR 

applications. 

3.1.2 pH measurement (alkalinity and formulation stability) 

The pH of a 1% (w/v) aqueous solution of the bio-based surfactant was determined to be 9.0 (Table 1). This 

alkaline nature was a crucial property that provided important insights into the surfactant’s ionic class and its 

subsequent performance (Neha et al., 2022). 

The measured pH was a confirmation of the anionic character of the bio-based surfactant as this was consistent 

with the presence of carboxylate head groups (-COO⁻) resulting from the saponification of natural oil 

feedstocks (Banat et al., 2010). This alkalinity was not just an incidental property but a key factor in the 

formulation’s stability (Neha et al., 2022). A pH of 9.0 guaranteed the long-term chemical stability of the bio-

based surfactant by preventing the hydrolysis of ester linkages or the protonation of the carboxylate groups 

back into free fatty acids, which were less soluble and could lead to precipitation (Sheng, 2016). 

From an Enhanced Oil Recovery (EOR) perspective, this alkaline property was highly advantageous. When 

introduced into a petroleum reservoir, an alkaline surfactant can synergistically interact with acidic 

components of the crude oil to produce in-situ soaps, effectively reducing the total amount of synthetic 

surfactant required and further lowering the interfacial tension (IFT) between the displacing fluid and the 

trapped oil (Sheng et al., 2015). Furthermore, the elevated pH promoted electrostatic repulsion between the 

anionic surfactant head groups and the negatively charged sandstone surfaces, which are predominant in oil-

bearing formations (Osama & Ahmad, 2020). This repulsion can significantly lower surfactant adsorption onto 

the reservoir rock, thereby improving the efficiency and economic viability of the chemical flood by ensuring 

a sufficient surfactant concentration reaches the target oil zone (Xinyu et al., 2025). 

3.1.3 Foaming capacity 

The results, detailed in Table 2, revealed a dynamic and highly favorable foaming profile characterized by 

progressive stabilization (Atolani et al., 2016). 

Table 2 is a depiction of a crucial “post-generation foam growth”. The foam height was seen to increase by 

over 840% from its original value and braked at a stable maximum foam height of 3.87 cm. A situation like this 
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where foam volume expands instead of decaying instantly after formation is confirmation of slow adsorption 

kinetics (Atolani et al., 2016). This gave an insight that the bio-based surfactant molecules and molecular 

aggregates have shown a continuous migration from the bulk solution to the air-water interface and thus 

strengthening positively the foam lamellae of the bio-based surfactant as time passed (Wei & Mazen, 2022). 

The ‘foam half-life (t₁/₂) of 14 minutes and 49 seconds’ achieved from measurement of the foam height, signified 

further, a robust stability of the bio-based surfactant and also affirming that the foam effectively resisted bubble 

merging and liquid runoff (Atolani et al., 2016). 

Table 2: Foam Stability Profile of the 5% (w/v) Bio-based Surfactant Solution 
Time 

(minute) 

Foam 

Volume 

(mL) 

Foam 

Height 

(cm) 

Percentage 

Increase in 

Foam 

Height (%) 

Observations 

0 (Initial) 2 0.41 - Initial Foam Formation Upon Shaking 

5 12 2.44 495.12 Pronounced Foam Growth 

10 16 3.26 695.12 Continued Expansion and Stabilization 

30 19 3.87 843.90 Peak Foam Volume Achieved, Indicating High Stability 

14.81 

Half-Life 

(t1/2) 

9.501 1.935 371.95 Robust Stability 

Form flooding behaviour was exceptionally advantageous for enhanced oil recovery (EOR), as the initial 

growth of the foam and its subsequent growth were of paramount importance for in-situ performance. Foam 

generation not only began immediately when injected into the petroleum reservoir but also continued to 

generate and stabilize deep within the rock formations. Such properties of the foam can selectively block high-

permeability “thief zones” thereby diverting displaced fluids into un-swept oil-rich areas and thus, improved 

macroscopic sweep efficiency (Arne et al., 2020; Gandomkar et al., 2010). The synergistical effect between the 

foam substantial growth and a substantial half-life pointed out the fact that this bio-based surfactant can 

propagate a durable foam capable of enduring the challenging conditions of a reservoir long enough to 

effectively mobilize and displace trapped crude oil for EOR (Lake et al., 2014). This positioned the neem seed 

oil-based surfactant as a highly promising and sustainable agent for mobility control in EOR operations. 

Foam Height (Hfoam) and Half-Life (t₁/₂) Calculation 

The foam heights presented in Table 2 were derived from the measured foam volumes (Vfoam). The internal 

diameter of the graduated cylinder was 2.5 cm (radius, r = 1.25), giving a cross-sectional area (Ac) of: 

Ac = πr² = π (1.25 cm)² = 4.91 cm²                                                                                                            3 

The foam height (Hfoam) at each time point was computed using the formula: 

Hfoam (cm) = Vfoam (mL) / Ac (cm²)                                                                                                              4 

where mL is equivalent to cm³. 

The foam half-life (t₁/₂) is described as the time taken for the foam height to collapse to half of 

its maximum value (Atolani et al., 2016). The maximum foam height observed was 3.87 cm. Therefore, the half-

life height is: 

Foam Half-life(t1/2) Height = 3.87 cm / 2 = 1.935 cm 

Foam Half-life(t1/2) Volume = Ac x Foam Half-life(t1/2) Height = 4.91 cm2 x 1.935 = 9.501 cm3 

Thus, Foam Half-life(t1/2) Volume = 9.501 mL 

The experimentally measured time for the foam height to decay to 1.935 cm was 14 minutes and 49 seconds 

(14.81 minute). This value represents the foam half-life, a key metric of its (foam) stability. Thus, a definitive 

measure of the bio-based surfactant actual stability and performance over time (Atolani et al., 2016). 
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3.1.4 Emulsification capacity 

The emulsification capacity of the bio-based surfactant against crude oil is a critical indicator of its interfacial 

activity and this was quantitatively assessed. The calculated Emulsification Index (EI) and the observed stability 

over 24 hours are presented in Table 3. 

Table 3: Emulsification Index (EI) and Stability of Bio-based surfactant Solutions at Varying Concentrations 

against Crude Oil 
Biosurfactant 

Concentration 

(% w/v) 

Emulsion 

Layer Height 

(cm) 

Total 

Height 

(cm) 

Emulsion 

Index (%) 

 

Emulsion Stability (24 hrs) 

0.1 1.5 5.0 30.0 Unstable (Separated) 

0.5 3.2 5.0 64.0 Partially stable 

1.0 4.3 5.0 86.0 Stable 

5.0 4.6 5.0 92.0 Very stable 

Table 3 indicated a positively strong relationship between the emulsification performance and the bio-based 

surfactant concentration. A dramatical increase of the emulsification index (EI) was observed from 30% at 

0.1% (w/v) concentration to 92% at 5.0% (w/v) concentration. This pattern was a behaviour exhibited by bio-

based surfactant as it is known that higher concentrations resulted to a greater number of molecules to be 

adsorbed onto the reservoir rock at the oil-water interface and thus brought about more obvious reduction 

in interfacial tension and large volumes of stable emulsion droplets formed (McClements, 2015). 

The stability data is clearly seen from Table 3 as the emulsion formed with the 0.1% (w/v) solution was unstable, 

an indication that there was an insufficient bio-based surfactant concentration to form a closely-packed and 

stabilized film around the oil droplets, thus resulting to a very swift coalescence. Partial stability was observed 

to be reached at 0.5% (w/v) of the bio-based surfactant, pointing to the fact that the concentration was close 

to the critical threshold for effective droplet coating. The 1.0% (w/v) and 5.0% (w/v) concentrations was 

observed to form stable, to a very stable emulsions that could withstand phase separation for over 24 hours. 

This high stability proved the formation of a robust, viscoelastic film at the oil-water interface, a property 

often associated with biosurfactants that can form complex multilayers or have molecular structures that 

provide strong steric and electrostatic hindrance against droplet coalescence (Santos et al., 2016  

These findings were highly crucial for recouping trapped residual oil in petroleum reservoir rock for enhanced 

oil recovery (EOR). At a concentration of 1.0% (w/v), the bio-based surfactant formed a stable emulsion with 

the crude oil and thus the potency to be able to emulsify the trapped residual crude oil within the petroleum 

reservoir rock (Atolani et al., 2016). This emulsification characteristic was a paramount parameter for 

mobilizing residual crude oil, since droplets from emulsification could be transported through pore throats 

more easily compared to a continuous oil phase (Lake et al., 2014). An injection slug of the bio-based surfactant 

at a concentration of or above 1.0% (w/v) would be crucial for sustainable emulsification and for viable oil 

displacement in the petroleum oil reservoir as showcased by the concentration-dependent stability profile (a 

critical operational parameter) of the bio-based surfactant (Rossen, 1996).  

3.1.5 Surface tension and critical micelle concentration (CMC) 

The results, summarized in Table 4, demonstrated a concentration-dependent reduction in surface tension, a 

hallmark of surfactant efficacy (Muhammad et al., 2026). 

Surface Tension Calculation for 0.1% Concentration: 

• ρ = 950 kg/m³ 

• g = 9.81 m/s² 

• h = 14.83 mm = 0.01483 m 

• r = 0.93 mm = 0.00093 m 

γ = (950 × 9.81 × 0.01483 × 0.00093) / 2 

   = 0.001207 / 2 
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   = 0.00006077 kN/m (or 60.8 mN/m)  

Thus, the demonstration above was applied consistently across all tested concentrations (Table 4). 

Table 4: Surface Tension Measurements of Neem Seed Oil-Based Surfactant Solutions at Different 

Concentrations 
Surfactant Concentration 

              (% w/v) 

Capillary Rise in Height (h) 

(mm) 

Surface Tension (mN/m) 

0.1 14.83 60.8 

0.5 10.42 45.2 

1.0 6.03 26.1 

5.0 3.42 14.8 

The bio-based surfactant has the potential to lower the surface tension of seawater from 73.0 mN/m to 60.8 

mN/m and also effective in lowering the surface tension even at a low concentration of 0.1% (w/v). As observed 

from Table 4, increase in concentration of the bio-based surfactant resulted to progressive decrease in surface 

tension that reached a value of 14.8 mN/m at a 5.0% (w/v) concentration. This ultra-low surface tension 

achieved, proved a good performance indicator of the bio-based surfactant potency and also reflected the 

surfactant’s efficiency in adsorption onto reservoir rock at the air-water interface and thus reduction of 

interfacial energy (Rosen & Kunjappu, 2012). 

The variation of surface tension with surfactant concentration (Figure 2) revealed a distinct break in the curve 

(inflection point or CMC point). The surface tension decreased sharply up to a concentration of 1.0% w/v, 

beyond which the rate of decrease diminished significantly, forming a plateau. The concentration at this 

inflection point was identified as the Critical Micelle Concentration (CMC), approximately 1.0% w/v for this 

bio-based surfactant with a surface tension of 26.1 mN/m (Figure 2) (Osama & Ahmad, 2023). Below the CMC, 

surfactant molecules predominantly migrate to the interface. At and above the CMC, the interface became 

saturated, and additional molecules clustered in the bulk to form micelles (Myers, 2005). 

For Enhanced Oil Recovery, these findings are profoundly significant. The ability to achieve an ultra-low surface 

tension (14.8 mN/m) was directly correlated with the ability to achieve an ultra-low oil-water interfacial 

tension in a reservoir (Muhammad et al., 2026). This drastic reduction in interfacial tension was the primary 

mechanism for mobilizing trapped residual oil by overcoming capillary forces that held the oil in place within 

the pore throats of the rock (Lake et al., 2014). Furthermore, the identification of a clear CMC around 1.0% 

w/v provided a crucial parameter for designing EOR injection slugs. Formulating the injection fluid at or slightly 

above the CMC ensured maximum interfacial activity and optimal use of the biosurfactant, thereby improving 

the economic viability of the EOR process (Hana et al., 2012). The high efficiency of this neem-based bio-based 

surfactant positioned it as a highly promising, sustainable alternative for chemical enhanced oil recovery. 

Figure 2: Surface Tension against Bio-based surfactant Concentration Indicating the Point of CMC 

3.1.6 Fourier-transform infrared (FTIR) spectroscopy 

Fourier-Transform Infrared (FT-IR) spectroscopy was employed to shed light on the molecular structure and 

identify key functional groups of the synthesized bio-based surfactant. The analysis of the undiluted sample 

provides definitive evidence of a successful synthesis from a neem seed oil precursor (Muhammad et al., 2026). 
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The spectrum and corresponding peak assignments are summarized in Table 5, which confirmed the presence 

of critical moieties characteristic of a glycolipid. While Figure 3 shows a pictorial view of the FT-IR spectrum 

of the biosurfactant from Agilent Technologies from which Table 5 was summarized. 

Table 5: Major FT-IR Absorption Bands and Their Assignments for the Undiluted Bio-based  Surfactant 

Wavenumber 

(cm⁻¹) 
Transmittance 

(%) 

Assignment Molecular Origin & Significance 

~3588 99.387 O-H Stretching Hydroxyl groups from alcohols, carboxylic 

acids, or residual water. A broad feature here is 

typical of biosurfactants and indicates hydrogen 

bonding (Satpute et al., 2010). 

~2925 51.436 C-H Asymmetric 

Stretch 
Methylene (-CH₂-) groups in long aliphatic 

chains. 

~2854 62.012 C-H Symmetric 

Stretch 
Methylene (-CH₂-) and methyl (-CH₃) groups in 

long aliphatic chains. The presence of these 

strong aliphatic peaks confirms the lipid-derived 

"tail" of the surfactant (Coates, 2000). 

~1748 50.087 C=O Stretching Ester carbonyl group. This is a definitive peak 

indicating the presence of triglyceride esters 

from the neem oil or ester linkages in a 

synthesized surfactant (Silverstein et al., 2014). 

~1465 79.852 C-H Bending Scissoring vibration of methylene (-CH₂-) 
groups, further confirming the aliphatic 

hydrocarbon tail. 

~1100 76.793 C-O Stretching Ether or alcohol C-O bonds. This can be 

associated with the polar head group of a 

glycolipid-type biosurfactant (Satpute et al., 

2010). 

The FT-IR spectrum was consistent with the structure of a bio-based surfactant derived from a natural oil. 

The simultaneous presence of a strong aliphatic chain signature (2925, 2854 cm⁻¹) and polar functional groups 

(C=O, C-O, O-H) confirmed the amphiphilic nature of the bio-based surfactant produced, and as such, this 

aligned with the basic need for all surfactant. The triglyceride structure of the neem oil had been modified as 

depicted and strongly suggested from the prominent ester peak at ~1748 cm⁻¹. This modification, formed part 

of the bio-surfactant final structure that is usual for many bio-based surfactants (Muhammad et al., 2026). 

Figure 3: FTIR Spectrum for the Undiluted Synthesized Bio-based Surfactant 

For Enhanced Oil Recovery, this molecular structure is highly advantageous. The long aliphatic chains (the 

"tail") provided high hydrophobicity, enabling strong interaction and penetration into crude oil. Simultaneously, 

the polar head group (comprising O-H and C-O bonds) brought about certainty, an adequate aqueous 

solubility and also facilitated the adsorption of the bio-based surfactant onto reservoir rock at the oil-water 

interface. This amphiphilicity was the direct molecular-level driver for the potent surface activity and stable 

emulsion formation observed (Osama & Ahmad, 2020). While the direct measurement of interfacial tension 

(IFT) was not possible due to equipment constraints, the ultra-low surface tension achieved was a well-
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established proxy for predicting a corresponding reduction in IFT, which is the key mechanism for mobilizing 

trapped oil in reservoir rock pores (Hana et al., 2012; Xinran et al., 2024). The identified structure confirmed 

the synthesis of a molecule with the inherent potential to effectively lower capillary forces and enhanced oil 

displacement efficiency. 

4. Conclusion 

This study successfully showed conspicuously the synthesis and characterization of a high-performance bio-

based surfactant derived from non-edible neem seed oil (Azadirachta indica), that exhibited a strong potential 

for enhanced oil recovery (EOR). The bio-based surfactant, primarily composed of sodium oleate, linoleate, 

and palmitate, that showed an uncommon, satisfying surface-active properties, including a low critical micelle 

concentration (CMC) of 1.0% (w/v), an ultra-low surface tension of 14.8 mN/m, and outstanding foam capacity 

and stability with a half-life of 14.8 minutes. The ability to form stable emulsion (92% emulsification index) and 

its intrinsic alkalinity (pH 9.0) made it suitable for displacing residual oil in petroleum reservoir rock. By 

successfully converting an agricultural by-product into an effective EOR agent, this research work provided a 

sustainable alternative route to synthetic surfactants. The findings suggested that neem seed oil is a feasible, 

economically attractive and eco-friendly feedstock that aligns with petroleum industry’s operational needs, 

and the principles of green chemistry and circular economy. 

To advance toward future deployment needs critical future work like validation of core-flooding under 

reservoir conditions such as temperature, pressure and salinity, and this must result to incremental oil 

recovery. Formulation optimization as part of the advancement, should investigate systematically the combine 

effect between Alkaline-Surfactant-Polymer (ASP) slugs and blending with other bio-based surfactants. 

Thorough techno-economic analysis (TEA) and life cycle assessment (LCA) are critical for economic and 

environmental concern. At pilot scale, process intensification and various sources of synthesis (e.g enzymatic 

catalysis) should be the focal point to avoid the buildup of scale. Oilfield chemical compatibility, 

biodegradability, and standardized ecotoxicological tests ought to be carried out so as to be certain of 

operational readiness and environmental safety. 
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