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Abstract
Surfactant flooding is one of the enhanced oil recovery (EOR) methods aimed at increasing crude oil production in In-
donesia. This method is implemented after primary and secondary recovery phases, by reducing the interfacial tension 
(IFT) in reservoir system, when a significant amount of oil remains trapped and cannot be mobilized. This study employs 
two types of bio-based surfactants: palm oil-derived MES (Methyl Ester Sulfonate) and pinewood-derived SLS (Sodium 
Lauryl Sulphate). Both are considered promising alternatives to conventional synthetic surfactants. The methodology 
used involves experimental and analytical laboratory research. Compatibility tests were conducted on MES and SLS solu-
tions with concentrations ranging from 0.5% to 2% at salinities between 5,000 and 10,000 ppm, using Berea sandstone 
cores and light crude oil samples. The surfactants were characterized at an EOR laboratory, focusing on compatibility 
testing, which included aqueous stability and phase behaviour evaluations. Further analyses comprised interfacial ten-
sion measurements, IFT stability tests, and both static and dynamic adsorption assessments. Core flooding experiments 
were then performed on Berea cores using injection and imbibition techniques. In addition, neutron tomography imag-
ing was utilized during core flooding to visualize surfactant distribution within the core samples, allowing identification 
of surfactant flow zones. Analytical calculations were conducted to validate and enhance the interpretation of the recov-
ery factors obtained through both imbibition and injection processes.
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1. Introduction

Surfactant flooding is a chemical EOR (Enhanced Oil 
Recovery) method designed to improve oil recovery 
mechanisms by mobilizing capillary-trapped residual oil 
following waterflooding (Al-Jifri et al., 2021; Barati-
Harooni et al., 2016). This method depends on the ef-
fective injection and distribution of surfactant in the res-
ervoir (Zhao et al., 2015). During surfactant flooding, 
favourable phase behaviour is targeted to achieve ul-
tralow interfacial tension (IFT) between oil and water, 
allowing the trapped oil to flow easily (Sandersen et al., 
2012). Generally, crude oil contains various surface-ac-
tive components such as organic acids, salts, and alco-
hols. When it comes into contact with brine, natural sur-
factant accumulates at crude oil–brine interface, forming 
an adsorbed film that reduces IFT at the crude oil–water 

boundary (Olajire, 2014). The reduction in IFT mini-
mizes the adhesive forces between oil droplets and the 
rock surface, thereby enabling easy mobilization toward 
production wells. The effectiveness of this method has 
been shown in previous laboratory studies (Setiati et al., 
2019, 2020, Samsol et.al, 2023), which support proper 
surfactant combinations injected at low salinity levels 
into core samples to reduce capillarity and prevent ex-
cessive oil entrapment (Johannessen & Spildo, 2013).

High pressures (10–20 MPa) and temperature varia-
tions are realistic and challenging reservoir conditions in 
Enhanced Oil Recovery (EOR) operations. At pressures 
of 10–20 MPa (approximately 1,450 to 2,900 psi), which 
are relatively high reservoir pressures, the primary im-
pact on surfactant flooding is dominated by temperature 
changes and their interaction with formation water salin-
ity. Pressures within this range tend to maintain the fluid 
phase, but temperature is a critical determinant that al-
ters surfactant chemical behaviour.

The successful application of surfactant in EOR pro-
cesses depends on the ability to form microemulsions 
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that significantly reduce oil–water IFT in the reservoir 
system. In EOR systems, microemulsions are thermody-
namically stable, homogeneous mixtures of immiscible 
fluids, namely hydrocarbons and water, stabilized by 
surfactant acting at the interface (Sheng, 2011). The sys-
tem can be designed to achieve ultralow IFT values 
(~0.001 mN/m) by formulating stable brine or hydrocar-
bon phases (Green & Willhite, 1998), which is benefi-
cial for EOR applications (Alvarado & Manrique, 
2010; Bealessio et al., 2021). Furthermore, in EOR pro-
cesses, a ternary diagram is focused on the three-phase 
region. Ternary diagram types are commonly classified 
as Type II (lower-phase emulsions with excess oil), Type 
I (+) (upper-phase emulsions with excess water), and 
Type III (middle-phase microemulsions) (Du et al., 
2016; Sugihardjo, 2022). In chemical EOR, specifically 
surfactant flooding, microemulsions are typically cate-
gorized as Winsor Type I (lower phase), Type II (upper 
phase), and Type III (middle phase). Type I microemul-
sions are oil-in-water (O/W) in equilibrium with excess 
oil, Type II represents water-in-oil (W/O) in equilibrium 
with excess water, and Type III is a middle-phase in 
equilibrium with both oil and water. At optimal salinity 
conditions, stable middle-phase microemulsions can be 
formed, which significantly reduces residual oil satura-
tion (Sor). This middle-phase also shows ultralow IFT, 
large interfacial surface areas, thermal stability, and the 
ability to solubilize both oil and water (Sheng, 2015). 
The formation of W/O or O/W emulsions in porous me-
dia is primarily influenced by contact angle, with the 
non-wetting phase typically becoming discontinuous, 
causing droplet formation (Hu et al., 2020). Under ul-
tralow IFT surfactant injection, residual oil becomes 
highly deformable and elongated, as shown in Figure 1.

wettability. Surface tension originates from cohesive in-
teractions among liquid molecules. When a liquid comes 
into contact with another phase, whether a solid surface 
or a gas, an interface is formed. This interface behaves 
analogously to an elastic film under tension, giving rise 
to surface tension, and is described by two parameters, 
namely the contact angle (θ) and the wetting surface ten-
sion (σ, N/m). Both properties are strongly influenced by 
the characteristics of liquid and the nature of the adja-
cent phase at the interface.

Figure 1: Residual oil condition during ultralow IFT 
surfactant injection (Tagavifar et al., 2017)

The apparent contact angle observed during immisci-
ble displacement in porous media is governed by the bal-
ance between capillary and viscous forces, as it increases 
with the capillary number. In low IFT surfactant injec-
tion under water-wet reservoir conditions, the capillary 
number is insufficient to significantly increase the con-
tact angle. This makes oil remain as the non-wetting 
phase, leading to the formation of O/W emulsions. 
Therefore, there is a need to understand the behaviour of 
contact angle by examining the underlying physics of 
interfacial interactions, specifically surface tension and 

Figure 2: Variation of contact angle towards wettability 
(Bolke, 2023)

The wetting ability of surfactant is identified through 
the contact angle formed by liquid droplets on a solid 
surface. Generally, the reduction of surface or interfacial 
tension is also considered the most important property of 
surfactant in emulsion systems. In a liquid, surface mol-
ecules possess higher energy compared to those in the 
bulk phase. An effective surfactant, characterized by fa-
vourable contact angle and surface tension values, is ex-
pected to promote efficient wetting. A contact angle of 
180° implies no interaction between the liquid and the 
solid substrate, indicating a non-wetting condition. 
When the contact angle falls between 180° and 90° 
(180° > θ > 90°), surfactant shows hydrophobic behav-
iour, favouring the stabilization of W/O emulsions with 
poor wettability. However, contact angles between 0° 
and 90° (0° < θ < 90°) signify favourable wetting, where 
surfactant demonstrates hydrophilic characteristics suit-
able for O/W emulsions, as presented in Figure 3.

In a water-wet reservoir with high capillary pressure, 
injecting low IFT surfactant can cause contact angles 
above 90°, promoting W/O emulsion formation rather 
than O/W during displacement (Dong, 2012; J.-C. Li et 
al., 2020; W. Yang et al., 2021). This is because sur-
factants reduce IFT between oil and water by adsorbing 
at their interface, displacing fluid molecules. After ab-
sorption, surfactant molecules are oriented with hydro-
phobic tails toward oil and hydrophilic heads toward 
brine. Moreover, one effective oil recovery method is 
spontaneous imbibition, which has been proven effec-
tive in water-wet to mixed-wet rock. This process is 
driven by capillary forces and gravity under low-IFT 
conditions. As IFT decreases, a significant transition oc-
curs from capillary-driven spontaneous imbibition 
(counter-current flow) to gravity (co-current flow). Wa-
ter imbibition is a physical process caused by the adsorp-
tion of water onto hydrophilic ionic groups, forming a 
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hydrophilic surface. In a reservoir with hydrophilic rock 
surfaces and lipophilic fluids such as oil, exposure to 
water causes spontaneous penetration to pore spaces and 
oil displacement. This physical phenomenon arises from 
forces acting within pore spaces, which are often con-
ceptualized as capillary.

Capillary forces in porous media are influenced by 
mineral wettability, rock–fluid chemical interactions, 
and the saturation history of the reservoir. These forces 
play a critical role in spontaneous imbibition, a process 
that can be enhanced by the introduction of surfactant. 
The role of surfactant in imbibition is comparable to wa-
ter in traditional water-driven recovery processes, reduc-
ing IFT and improving fluid displacement. The recovery 
factor achieved through surfactant application depends 
on both the rate and extent of spontaneous imbibition. In 
this process, displacement initially occurs through coun-
ter-current flow and gradually transitions to co-current 
flow. Furthermore, the capacity increases with greater 
contact area and higher porosity, but reduces due to 
higher initial water saturation (Liu et al., 2025).

Spontaneous imbibition is a displacement process in 
porous media that occurs due to differences in wettabil-
ity between pore walls and fluids. This mechanism is 
strongly influenced by capillary pressure, which is re-
lated to wettability (Cai et al., 2022; Dou et al., 2021; 
Qin, 2007; R. Yang et al., 2019), interfacial tension 
(Wang et al., 2015), and pore radius (Karpyn et al., 
2009). In water-wet formations, capillary forces can sig-
nificantly enhance the imbibition of injected water, 
while in mixed-wet systems, the effect becomes negligi-
ble (Haqparast et al., 2024). Spontaneous imbibition 
experiments in porous media are among the most impor-
tant methods for quantifying oil production and predict-
ing recovery rates from reservoirs. In this procedure, oil-
saturated core samples are placed into imbibition cell 
filled with either water or surfactant solution. The wet-
tability of the core can be modified by pre-saturating it 
with crude oil. Subsequently, surfactant solution is ab-
sorbed into the core through spontaneous imbibition 
(Meng et al., 2017) and displaced oil accumulates above 
the water phase in Amott Cell. Numerous oil bubbles 
often adhere to the core surface, particularly when the 
crude oil has high viscosity, which can significantly re-
duce the accuracy of production measurements. Mason 
& Morrow (2013) reported that bubbles could be re-
moved by gentle shaking or touching with a rod wetted 

with oil. Besides Amott Cell, the weighing method is 
also commonly used to evaluate oil production during 
spontaneous imbibition (Y. Li et al., 2006). In this meth-
od, when the core is immersed in water, the weight is 
recorded, and oil production is estimated based on the 
density difference between oil and water. However, the 
accuracy of this method may be compromised when oil 
bubbles remain attached to the core surface.

Figure 3: Wetting condition 
during surfactant contact angle 
formation (Akbari et al., 2018)

Figure 4: Amott Cell used  
in the spontaneous imbibition 

process (Meng et al., 2017)

Neutron tomography, is a method that generates 
cross-sectional images of internal structures (Putra et 
al., 2015). By rotating the sample 0°–360° under a neu-
tron beam and capturing images at 1° intervals, detailed 
internal views were obtained. A CCD camera recorded 
each image as a 16-bit TIFF file through LabVIEW 
(Bharoto et al., 2020). These raw images were pro-
cessed to analyze core samples before and after sur-
factant injection, showing surfactant distribution in pore 
spaces and enabling contact angle and volume estima-
tion. Adsorption and wettability tests (Civan, 2023) 
complemented tomography for interpreting surfactant 
behaviour during fluid injection. The measurement 
method, which relies on neutrons generated from nucle-
ar reactors or synchrotrons, offers distinct advantages 
for investigating low atomic number elements such as 
hydrogen and carbon (L’Annunziata, 2016; Penumadu 
et al., 2016; Schwarz et al., 2005).

Previous studies integrating porous rock samples and 
neutron imaging were conducted by Frikkie De Beer and 
F. Middleton (de Beer et al., 2004; de Beer & Middle-
ton, 2006; Tengattini et al., 2021). Although the analy-
sis did not specifically focus on reservoir rock samples, 
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there was a significant interest in applying Neutron 
Computed Tomography (NCT) in the oil and gas indus-
try (Farrokhi et al., 2021; H. Lehmann, 2024; Hess et 
al., 2011; Pavan et al., 2022). In late 2019, a collabora-
tion between a nuclear analyst and a university in Indo-
nesia led to an in-depth investigation of Berea sandstone 
samples (Setiati et.al, 2023). The university team devel-
oped a novel surfactant formula from sugarcane bagasse 
and explored both the quantitative and qualitative effects 
of surfactant in EOR processes (Akbar et al., 2021), in-
cluding the visualization of Berea sandstone samples. 
The first phase of porosity measurement using NCT was 
also published (Setiati et al., 2021).

The assumptions and limitations of this study are 
partly related to the field scale. Implementing Enhanced 
Oil Recovery (EOR) technology from the laboratory 
scale to the field scale (up-scaling) is a complex process 
involving technical validation, mathematical modelling, 
and risk management. Not all successful laboratory re-
sults can be directly replicated in oil wells due to differ-
ences in volume, reservoir heterogeneity, and environ-
mental conditions.

2. Materials and Methods

This study was conducted in a laboratory setting us-
ing core samples, which were synthetic Berea core, 
composed of homogeneous sandstone with specific 
physical properties, namely porosity and permeability, 
measured in the Reservoir Rock Characterization Labo-
ratory. Each core was initially saturated using a desicca-
tor under vacuum conditions for 24 hours, followed by 
brine through a core flooding apparatus to ensure that all 
pore spaces were filled (Okon & Edoho, 2016). The flu-
ids used were synthetic formation water prepared based 
on a predetermined NaCl composition dissolved in D₂O, 
surfactant solutions at specific concentrations, made by 
mixing powdered surfactant (pinewood-derived SLS 
and palm oil-derived MES) with formation water at var-
ious salinity levels, and a light crude oil sample.

The experimental procedure consisted of several 
steps: preparation of synthetic formation water at salini-
ties of 5,000 and 10,000 ppm, formulation of MES and 
SLS surfactant solutions at concentrations ranging from 
0.5% to 1.5% and salinities between 5,000 and 10,000 
ppm. The application of surfactants to injection water 
with salinities below 5,000 ppm (also known as Low Sa-
linity Water-Surfactant Flooding or LSWF-S) often re-
sults in superior oil recovery efficiency compared to sur-
factant injection in high salinity environments (Buktu-
kov, 2025). Optimal results are driven by two primary 
mechanisms working synergistically: More Efficient In-
terfacial Tension (IFT) and Wettability Alteration.

After preparation, several compatibility and perfor-
mance tests were conducted with the crude oil samples. 
These included aqueous stability tests, phase behaviour 
analysis, IFT measurements, thermal stability, static and 

dynamic adsorption, and wettability evaluations (Ansa-
ri, 2025, Massarweh & Abushaikha, 2020). Based on 
the results of these characterizations, surfactant concen-
tration with the most favourable properties was selected 
for further neutron tomography testing (Scheffer et al., 
2021). This included imaging of dry Berea cores, brine-
saturated cores, and cores subjected to the imbibition 
process. Core Berea has characteristics such as porosity 
20-22%, permeability 400-500mD N2, length 2,4-2,6cm 
and diameter 2,59 cm.

After the imbibition process was completed, neutron 
tomography was performed on the imbibed cores (Loh-
vithee et al., 2022; Luo et al., 2022). The results were 
interpreted to analyze the distribution of surfactant in the 
core (Mathisen et al., 1995). Identifying the presence 
and distribution of surfactant enabled assessment of 
middle-phase emulsion formation between surfactant 
and oil in the system, which was associated with the re-
duction in IFT and improved mobilization of oil droplets 
from the core matrix (Samba, 2024).

Brine solutions were prepared to simulate reservoir 
conditions more accurately. The selection of brine salin-
ity played a critical role in ensuring that the laboratory 
data were both accurate and representative of field con-
ditions. Compatibility tests between surfactant and the 
crude oil sample were used to identify optimal perfor-
mance at salinity levels of 5,000 ppm and 10,000 ppm. 
Brine was prepared using heavy water (D₂O) and sodium 
chloride (NaCl). To replicate formation water composi-
tion, 1 ppm salinity in 1000 mL of D₂O requires 1 mg of 
NaCl. Therefore, 5,000 ppm and 10,000 ppm brine solu-
tions were made by dissolving 5,000 mg and 10,000 mg 
of NaCl, respectively, into 1 liter of D₂O. A magnetic 
stirrer was used to homogenize the solutions, serving as 
the base for preparing palm-based MES and pine-based 
SLS surfactant at concentrations of 0.5% and 2%. The 
compositions used to prepare surfactant solutions are 
shown in Table 1.

Table 1: Composition of Materials for the Preparation of 
Palm-Based MES Surfactant and Pine-Derived SLS 

Surfactant Solutions

Salinity
(ppm)

Concentration 
(%)

Surfactant
(g)

Brine
(g)

5,000 0.5% 0.5 99.5
10,000 2.0% 2.0 98.0

3. Results

3.1. Spontaneous Imbibition

In the spontaneous imbibition test, Berea core sam-
ples (see Table 2) were saturated with light crude oil 
using a vacuum desiccator for 24 hours. The vacuum 
process ensured complete saturation by removing 
trapped air from the pore spaces, confirmed through the 
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cessation of air bubbles. Once saturation was complete, 
core samples were placed into an Amott Cell filled with 
surfactant solution. The spontaneous imbibition process 
included the displacement of brine- and oil-saturated 
core samples by surfactant solution under static condi-
tions at room temperature for 4 days. During this pro-
cess, the wetting fluid was drawn into the pore spaces 
through capillary forces, displacing the resident oil. Sub-
sequently, the expelled oil was collected and measured 
periodically to calculate the recovery factor, showing the 
effectiveness of each surfactant solution.

After 4 days of spontaneous imbibition (see Figure 
5), the recovery factors were obtained, with Samples 3A, 
4B, 5C, and 6D achieving 45.24%, 45.09%, 52.14%, 
and 38.68%. Among these, sample 5C, treated with 
0.5% MES at a salinity of 5,000 ppm, showed the most 
effective oil recovery. This result showed the superior 
performance of MES in reducing IFT and facilitating the 
penetration of the wetting phase into the pore network, 
thereby enhancing overall recovery efficiency.

3.2. Neuron Tomography

Neutron tomography (see Figure 6) was used to visu-
alize residual oil distribution after the imbibition pro-
cess. The core samples were mounted vertically, two per 
scan session, in a neutron imaging chamber designed to 
minimize external disturbances. Each scan rotated the 
samples 360° over approximately 12 hours to acquire 
high-quality tomographic images.

The 3D tomography outputs enabled the analysis of 
oil distribution and the identification of trapped oil zones 
at the microscale. This visual data provides insight into 
flow patterns, sweep efficiency, and the effect of sur-
factant formulation on displacement behaviour (Schef-
fer et al., 2021).

The contact angles formed in each system in the core 
ranged from 7.43° to 45.17°, indicating that the sur-
factant system produced relatively small contact angle 
(< 90°). This value was observed when the liquid spread 
across the surface, with values below 90° signifying fa-
vourable surface wetting. Generally, the contact angle 
plays a role in emulsion formation and wettability (see 
Figure 8). The results only highlight the changes ob-
served in the study only at salinities of 5,000 and 10,000 
ppm, due to the characteristics of the palm oil MES sur-
factant which has good performance at low salinity, not 
at high salinity. The application of surfactants to injec-
tion water with salinities below 5,000 ppm (also known 
as Low Salinity Water-Surfactant Flooding or LSWF-S) 
often results in superior oil recovery efficiency com-
pared to surfactant injection in high salinity environ-
ments. Optimal results are driven by two primary mech-
anisms working synergistically: More Efficient Interfa-
cial Tension (IFT) and Wettability Alteration.

Table 2: Core Data for Each Amott Cell

Core Light Crude 
Oil (oAPI) Surfactant Salinity 

(ppm)
3A 39 Palm-based MES 2% 10,000
4B 39 Pine-based SLS 2% 10,000
5C 33 Palm-based MES 0.5% 5,000
6D 33 Pine-based SLS 0.5% 5,000

Figure 5: Spontaneous Imbibition Using Amott Cell

Figure 6: Core Placement in Neutron Tomography Reactor

Table 3: Characteristics Test Surfactant – Crude oil

Core Light Crude Oil (oAPI) Surfactant Salinity (ppm) IFT (mN/m) Contact angle
3A 39 Palm-based MES 2% 10,000 1.0489 14.17
4B 39 Pine-based SLS 2% 10,000 6.9544 45.17
5C 33 Palm-based MES 0.5% 5,000 0.5130 11.79
6D 33 Pine-based SLS 0.5% 5,000 6.3147 7.43
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In the context of surfactant imbibition, smaller values 
enhance the effectiveness of the imbibition mechanism. 
Based on the measured contact angle from the four core 
samples used in this study, all values were below 90°, 
confirming that the resulting wettability was water-wet. 
Wettability directly influences the volume of oil that can 
be recovered at the pore scale and is classified into wa-
ter-wet and oil-wet in petroleum engineering.

In water-wet conditions, oil occupies the larger pores 
and becomes trapped during production due to discon-
nection from the main oil body. This phenomenon is ob-
served in core samples. When a surfactant solution is 
introduced, there is a reduction in oil–water IFT, thereby 
increasing the capillary number (Nc). Furthermore, IFT 
serves as an indicator of solubility, with high and low 
values corresponding to immiscibility and miscibility in 
the system. At very low IFT, residual oil becomes more 
deformable and elongated, as shown in Figure 7. Evi-
dence of miscibility can also be observed from phase 
changes, specifically the presence of a middle-phase 
emulsion. IFT formed in the surfactant–oil system influ-
ences capillary pressure, which governs fluid distribu-
tion and flow. This mechanism accounts for the measur-

able volume of oil obtained in an Amott Cell during 
spontaneous imbibition.

A total of four core samples were in this study, name-
ly 3A, 4B, 5C, and 6D, each subjected to different treat-
ment conditions, including variations in crude oil type, 
surfactant formulation, and brine salinity. Core samples 
3A and 4B were saturated with crude oil of 39°API and 
exposed to two surfactant types prepared in brine with a 
salinity of 10,000 ppm. Meanwhile, 5C and 6D were 
saturated with crude oil of 33°API and treated with two 
surfactant types dissolved in brine with a salinity of 
5,000 ppm. From Table 3, the lowest IFT value was ob-
tained in core 5C, which was 0.5130 mN/m. With a sur-
factant concentration of only 0.5%, IFT could be effec-
tively reduced.

The characteristics and concentration of surfactant in-
fluence performance in the reservoir system. Generally, 
the applied concentration must exceed Critical Micelle 
Concentration (CMC), as surfactant concentration di-
rectly impacts the reduction of IFT. Increasing concen-
tration beyond CMC enhances the solubility of active 
substances due to interactions with micelle molecules, a 
process known as micellar solubilization. At concentra-

Figure 7: Contact Angle Ws Wettability (Marmur, 2017)

Figure 8: Type of Wettability (Richard, 2016)
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tions above CMC, surfactant adsorption decreases, al-
lowing more molecules to function in lowering IFT.

In this study, neutron tomography visualization (see 
Table 4) of sample 5C showed a relatively small amount 
of residual oil, dispersed in isolated clusters, indicated 
by blue, green, and red spots unevenly distributed in the 
rock matrix. The application of palm-based MES sur-
factant at a concentration of only 0.5% with 5,000 ppm 
salinity successfully reduced IFT from 1.61 mN/m to 
0.5130 mN/m for 33°API crude oil. Similarly, for 
39°API crude oil, the same surfactant decreased IFT 
from 6.44 mN/m to 1.0489 mN/m. This efficiency was 
further shown in oil recovery factor, which reached 
51.94%. When the same surfactant was applied at 2% 
concentration with 10,000 ppm salinity, the imbibition 
process achieved only 45.24% oil recovery. The higher 
intensity of blue spots observed in core 3A compared to 
core 5C showed that IFT reduction performance of 
palm-based MES surfactant was less effective in core 
3A. These results suggested that for surfactant flooding 
systems, a relatively low concentration of palm-based 
MES surfactant (0.5%) was sufficient to achieve signifi-
cant IFT reduction, without increasing the concentration 

Table 4: Characteristics Core, Imbibition RF and Imaging NCT Test Results

Parameter Core 3A Core 4B Core 5C Core 6D
Light Crude Oil (oAPI) 39 39 33 33
Salinity brine (ppm) 10,000 10,000 5,000 5,000
RF Brine imbibition (%) 22.35 22.35 26.38 26.38
Type Surfactant
(concentration, %) Palm-based MES 2 Pine-based SLS 2 Palm-based MES 0.5 Pine-based SLS 0.5

IFT (mN/m) 1.0489 6.9544 0.5130 6.3147
Contact angle 14.17 45.17 11.79 7.43

Imaging NCT  
at surfactant imbibition

Imbibition results of oil 
expelled (%) 45.24 44.11 51.94 38.52

Table 5: Results of Oil Obtained Through the Imbibition Process

Core Light Crude Oil 
(oAPI) Surfactant

Recovery Factor (%) Increased oil 
production (%)Water imbibition Surfactant imbibition

3A 39 Palm-based MES 2% 22.35 45.24 22.89
4B 39 Pine-based SLS 2% 22.35 44.11 21.76
5C 33 Palm-based MES 0.5% 26.38 51.94 25.56
6D 33 Pine-based SLS 0.5% 26.38 38.52 12.14

Figure 9: Result of Water Imbibition  
and Surfactant Imbibition

to 2%. In comparison, samples 4B and 6D showed a 
dense and nearly uniform distribution of residual oil in 
the core volume. The dominance of blue and red regions 
in the images indicated a high remaining oil saturation. 
This suggested that the imbibition process using pine-
based SLS was less effective in displacing oil from the 
pore spaces. The limited performance was attributed to 
the lower efficiency of pine-based SLS with the crude oil 
samples tested.
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Samples 4B and 6D showed significantly different re-
sidual oil distribution patterns. In sample 4B, zonation 
was observed, with red-dominated regions in the lower 
section and bluish-grey tones in the upper section. This 
indicated that a significant portion of oil was retained in 
the lower part of the rock due to gravitational effects or 
limited penetration of wetting fluid. The recovery factor 
confirmed this observation, with 44.11% of oil success-
fully produced. In comparison, sample 6D showed a 
more extensive and uniform distribution of residual oil, 
characterized by a strong dominance of red coloration 
across the entire rock volume. This pattern showed a low 
imbibition efficiency, consistent with the lowest recov-
ery factor of 38.68% (see Figure 9). The results sug-
gested that pine-based SLS surfactant, when applied to 
the 33°API crude oil system, was only marginally effec-
tive in reducing IFT, lowering it from 1.61 mN/m to 
0.513 mN/m.

The performance of palm-based MES and pine-based 
SLS can be evaluated through imbibition tests combined 
with neutron computed tomography. As shown in Table 
5 and Figure 7, surfactant imbibition enhances oil re-
covery. The best performance was observed with 0.5% 
palm-based MES applied to 33°API crude oil. In con-
trast, 39°API crude oil required a higher concentration 
of 2%. This difference arises from the ability of sur-
factant to form micelles in crude oil. For the 33°API 
crude sample, micellar solubilization was already 
achieved at 0.5%, while the same concentration was in-
sufficient for 39°API crude. Palm-based MES showed 
strong performance in both 33°API and 39°API crude 
oil, with recovery ranging from 21.76% to 22.86%. 
Meanwhile, pine-based SLS showed weaker perfor-
mance compared to palm-based MES. Although a 0.5% 
concentration of palm-based MES was sufficient, pine-
based SLS required higher dosages, up to 2%, to achieve 
significant oil recovery. These results show that palm-
based MES and pine-based SLS perform differently de-
pending on crude oil type, enhancing the rate of recov-
ery, but their application must be tailored to the target, 
light crude oil.

5. Conclusions

In conclusion, this study shows that imbibition effec-
tiveness is strongly influenced by the type of surfactant, 
solution concentration, and the rock properties tested. 
Sample 5C shows the best performance, with the highest 
recovery factor of 51.94%, achieved using a palm-based 
MES surfactant at a concentration of 0.5% and salinity 
of 5,000 ppm. This is supported by tomography results, 
which show active imbibition zones and minimal resid-
ual oil in the upper part of the core. In comparison, sam-
ple 6D shows the lowest performance, with a recovery 
factor of 38.52%, where tomography visualization dis-
plays widespread and uniform residual oil distribution in 
the rock volume, indicating low efficiency of the imbib-

ing fluid in mobilizing oil from the pore space. Samples 
3A and 4B show approximately similar recovery factors 
(45.24% and 44.11%, respectively), but residual oil dis-
tribution in 3A is more localized. In 4B, residual oil dis-
tribution is denser and more dispersed, suggesting how 
tomography visualization can provide additional insight 
beyond numerical recovery values. The integration of 
quantitative data (recovery factor) and qualitative inter-
pretation (tomographic images) offers a more compre-
hensive understanding of the imbibition behaviour in 
rock samples. These results show that spontaneous imbi-
bition using palm-based MES surfactant at specific con-
centrations and salinities can enhance oil recovery more 
effectively than SLS derived from pine wood, particu-
larly for light crude oil systems.

Surfactants are chemicals that are not cheap, but they 
can work effectively so they need to be assisted by reser-
voir simulations to bridge promising laboratory results 
to visible and profitable field implementation.
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SAŽETAK

Komparativna analiza učinkovitosti MES surfaktanta palmina ulja  
i SLS surfaktanta borovine na pješčenjaku Berea u procesu imbibicije  
korištenjem neutronske kompjuterizirane tomografije

Poplavljivanje surfaktantom jedna je od metoda povećanja iscrpka nafte (engl. Enhanced Oil Recovery, EOR) usmjerenih 
na povećanje proizvodnje sirove nafte u Indoneziji. Ova metoda primjenjuje se nakon primarne i sekundarne faze proi-
zvodnje smanjenjem međupovršinske napetosti (engl. Interfacial tension, IFT) u ležišnome sustavu, kada znatna količi-
na nafte ostaje zarobljena i ne može se pokrenuti. U ovome su istraživanju korištene dvije vrste biosurfaktanata: MES 
(metil ester sulfonat) dobiven iz palmina ulja i SLS (natrijev lauril sulfat) dobiven iz borovine. Oba navedena surfaktan-
ta smatraju se obećavajućim alternativama konvencionalnim sintetičkim surfaktantima. Korištena metodologija uklju-
čuje eksperimentalna i analitička laboratorijska istraživanja. Ispitivanja kompatibilnosti provedena su na MES i SLS 
otopinama u koncentracijama u rasponu od 0,5 % do 2 % pri salinitetu između 5 000 i 10 000 ppm uz primjenu jezgri 
pješčenjaka Berea i uzoraka lake sirove nafte. Ispitivanja surfaktanata provedena su u EOR laboratoriju, pri čemu je fokus 
stavljen na ispitivanje kompatibilnosti, što je uključivalo procjenu stabilnosti u vodi i procjenu faznoga ponašanja. Dalj-
nje analize obuhvaćale su mjerenja međupovršinske napetosti, testove stabilnosti IFT te procjene adsorpcije u statičkim 
i dinamičkim uvjetima. Zatim su provedena ispitivanja poplavljivanja jezgri na jezgrama pješčenjaka Berea korištenjem 
tehnika injektiranja i imbibicije. Kako bi se vizualizirala distribucija surfaktanata unutar uzoraka jezgre tijekom poplav-
ljivanja jezgre, korištena je neutronska tomografija, što je omogućilo identifikaciju zona protoka surfaktanata. Kako bi se 
potvrdila i unaprijedila interpretacija faktora iscrpka dobivenih procesima imbibicije i utiskivanja, provedeni su analitič-
ki izračuni.

Ključne riječi: 
srednjofazna emulzija, međupovršinska napetost, lagana sirova nafta, neutronska tomografija
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