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Abstract

Nanofluid is a promising technique for crude oil extraction in reservoirs by changing the interfacial
tension (IFT) and wettability. This study aims to evaluate the capability of the nanofluid comprising
palm kernel bio-surfactant (PS) and SiO; nanoparticles (NPs). The PS incorporated with the SiO; NPs
revealed significant adsorption at various operation conditions. The optimal adsorption parameters of
the palm kernel surfactant nanoparticles (PSNP) were found to be 120 minutes contact time, 0.2 %wt
SiO; NPs dosage, 40 °C temperature, pH 9, and 3 % PS concentration. The adsorption isotherms data
fitted with the Langmuir isotherm (R-squared value of 0.9). Furthermore, the nanofluid has
demonstrated appreciable foam stability due to the good foam morphologies observed. It was found
that PSNP nanofluid decreased the IFT of the oil/brine system from 6.22 mN/m to a low level of 1 x
107 mN/m. Additionally, the nanofluid changed the wettability to a 10% water-wet state.
Consequently, PSNP biosurfactant foam can be utilized in foam flooding enhanced oil recovery (EOR)
technique.
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1. Introduction

Crude oil is a dominant primary source of energy and one of the developed marketplaces with
the potential to address the global energy crisis [1-2]. On estimate, about 60-70 % of the oil remains in
the reservoir after primary and secondary oil recovery methods are exhausted. The need for energy
necessitates the application of diverse hydrocarbon recovery techniques including surfactant flooding
[3]. Several factors affect oil extraction from the reservoirs such as wettability, interfacial tension
(IFT) and negative capillary force [4]. A global increase in domestic and industrial demand for energy
prompted the deployment of enhanced oil recovery (EOR) to lift up the potential oilfields [3]. Because
of this demand, several hydrocarbon recovery techniques such as gas injection EOR, chemical EOR
(surfactants, foams, polymers, alkaline solution and nanomaterials), thermal EOR and other EOR have
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been developed [4]. Surfactants play a vital role in many EOR systems, including surfactant flooding,
foam flooding, and polymer flooding [5]. They have been considered revolutionary agents with
exceptional EOR qualities due to their surface-acting capabilities, lowering oil-water IFT and
modifying the rock’s wettability [6]. The use of nanoparticles (NPs) in combination with surfactants
to overcome the limitations of surfactant-based EOR techniques has gained unprecedented attention in
recent years. This is mainly due to their nano size, thermal stability, and surface characteristics caused
by the electrostatic interaction of the NPs with surfactant molecules [7]. Surfactants derived from
plants are economically beneficial to oil industries due to their low toxicity, good biodegradability,
and resource availability [8]. The kernel or inner seeds of oil palm fruits are the source of palm kernel
oil (PKO), an edible plant oil that is used extensively in several industries, such as food and personal
hygiene products. PKO is one of the few highly saturated vegetable fats that contain 16-carbon atoms
of saturated fatty acid (palmitic acid) [9-10]. The main objective of this work is to create biosurfactant
by utilizing Soxhlet extraction to extract the PKO. Subsequently, the biosurfactant is reinforced with
SiO, NPs to generate nanofluid and study adsorption behavior via isotherm models. The optimum
adsorption conditions are important to assess the foam foamability, stability, and morphology for EOR
application.

2. Materials and methods
2.1. Determination of moisture

Mature palm kernel seeds were obtained from Rano Local Government Area (LGA), Kano
State, Nigeria. The sample's initial and final masses were noted in each case before and after drying in

the oven. The difference in mass relative to the final mass was expressed in percentage to determine
the moisture content as given in (1).

Initial — final mass

Moisture content (%) = { }x'l{}[] (1)

final mass

2.2. Determination of acid value

After precisely weighing 10.2 g of the sample, it was dissolved in a titration container and
titrated potentiometrically with 0.1 N of potassium hydroxide solution (KOH) using (2).

56. L} ®

. KOH
Acid value,mg? ={A—-B)xMx [T

Where:

A = volume of KOH solution used in (ml),
B = volume for blank titration in (ml),

M = concentration of KOH in (mol/L),

W = sample, g.

2.3. Determination of Saponification value

Approximately, 2 g of the seeds powder sample were added to a mixture containing 25 ml of
equal volumes of each ethanol and potassium hydroxide. The flask was assembled with a water bath
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and attached to a reflux condenser of the Soxhlet apparatus. Thereafter, the mixture was heated for
about 30 minutes at 60-70°C while being constantly stirred. After that, 1.0 ml of phenolphthalein
indicator was added dropwise. A 0.5 N hydrochloric acid titration was performed on the resultant
mixture. The same process was carried out again using a (blank) sample and (3) was used to determine
the saponification value.

TDxN x 56.1}

Saponification value = { M

3

TD is the Titre difference (B-S) in ml, B represents the Titre blank in ml, and S is the Titre value in
ml. The Normality (eq/L) of the titrating solution (KOH used herein) is described by N and M is the
mass of the sample, (g).

2.4. Extraction & Synthesis

Precisely, 30 g of prepared Palm kernel (Elaeis guineensis) seeds were filled into the Soxhlet
extractor. About 300 ml of ethanol was added to the mixture. The device was set up under distillation
operation at a temperature of 60-65 °C below the boiling point of n-hexane. The extraction was
repeated for about 9 times within three hours. For the synthesis, precisely 20 ml of the PKO was
heated independently to between 80-90°C for 30 minutes to simmer the oils. 10 g NaOH was added by
constantly stirring, and the mixture was heated at 80°C for roughly three hours. To find the functional
groups, Fourier transform infrared (FTIR) spectroscopy was employed.

2.5. Adsorption studies

To determine the optimum concentration of the PS adsorbed onto the SiO, NPs, various
concentrations of the PS (1, 2, 3, 4, and 5%wt) included a set quantity of 0.2%wt SiO, NPs which were
made with 0.3%wt brine. After that, the mixtures were agitated for one hour at 300 rpm using an
orbital shaker at 300 rpm for one hour while being monitored at a temperature of 37°C. All the filtrates
were determined using a UV-spectrophotometer. The adsorption at equilibrium of the PS onto NPs
was calculated (4). Other parameters, such as dosage, temperature, contact time and pH were also
optimized.

Co—Ce

Adsorption (%) = { } x 100 4)

where Co is initial concentration of aqueous solution of surfactant (%wt), Ce is the final concentration
of surfactant (%wt), and W is the weight of nanofluid (SiO,) in (g).

2.6. Foam generation, stability & foam morphology

Ross-Mile’s method was used to generate foams under turbulence force created when 5 ml of
nanofluid passed through a standardized burette (75 x 1.5 cm) into the receiver vessel placed at 9.5 cm
below the burette level. The maximum heights were measured and then allowed to collapse to observe
the foam’s half-lives (t;2) for 15 minutes. The average foamability and stabilities were noted, and the
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experiments were conducted in duplicates. The foam bubbles were also studied under high-resolution
microscopy to investigate the bubble sizes and their distribution.

2.7. IFT & contact angle analysis

The IFT analysis was carried out using an SVT20 spinning drop at 80°C and 4000 rpm. First, the
brine was added to the IFT tube, which was then put inside the chamber. After that, the tube was set
under spinning at about 500 rpm, the rotation was able to keep the oil drop at the center of the tube.
Subsequently, the rotation increased to about 4000 rpm stepwise to ensure drop stabilization. At this
stage, the drop image was constantly captured by a camera attached to the equipment through which
the IFT values were computed automatically using the principle of the Young Laplace equation. The
contact angle was performed by a drop shape analyzer instrument. At first, slices of reservoir
sandstones were submerged in different formulations of PSNP and one sample as a control (in brine).
Thereafter, they were left for 48 hours to ensure adequate saturation and then contact angles were
analyzed.

3. Results and discussion
3.1. Physico-chemical analysis

The physical and chemical properties of the oil and surfactant are given in Table 1. From the
table, there is an indication of successful synthesis of surfactant due to significant functional groups
identified. It can be seen that oil has a physical state of liquid at room temperature and the physical
appearance (dark brown) is due to different chemical compositions [11]. Furthermore, the PKO seeds
produced a content of oil yield (13%) while its saponification value assisted in determining the
number of milligrams of KOH per gram of samples that could establish the synthesis of the surfactant.
Moreover, oil has a higher saponification value which indicates suitability for surfactant synthesis. It
can be established that the PKO having a high saponification value will have a lower acid average
length [12]. This agrees with the acid number results obtained as the PKO contains fewer numbers of
acid groups. The FITR spectra of PKO and PS are presented in Figure 1, and their respective
frequencies are provided in Table 1. From the FTIR results, both indicate linear chains due to the
presence of a peak at 729cm™!, and the presence of -CH, and -CHj stretching vibrations noticed around
3000 cm!. The respective banding vibrations of -CH, and -CHj3 appeared around 1400-1200 cm™. The
presence of ester -C=0 and C-O were also noticeable.

Table 1. Physical properties and FTIR functional groups of Palm kernel oil (PKO) and its surfactant
(PS) derivatives

Parameters oil . Func. Groups Oil FTIR (¢cm™) | PS FTIR (cm™)
properties
Nature of oil at L
Liquid -CH; and -CH3 st*. 2921-2854 2921-2854
room temp.
Colour of oil Dark brown -C=0 st. 1746 Shift 1550
Yield of oil 13% -CH; and -CH3 bend. 1466-1235 1400-1300
Oil moisture (%) 6.02% -C-0 1163 Shift 950
Saponification .
(meKOH/g) 145.19 Long chain 729 729
Acid Number 0.19 i i i
(mgKOH/g) '
Mass of PS (g) 24.15 - - -
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*St. is stretching.
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Figure 1. FTIR spectra of PKO and PS.

3.2. Adsorption studies

From the results in Figure 2a, the calibration plot of absorbance against concentration produced
the R-squared value of 0.995. This data demonstrated a good correlation that can be used for
subsequent adsorption studies. In Figure 2b, % adsorption of the PS was found to be 49.09% at 3%wt
which indicates good efficiency of the PS in facilitating the adsorption onto NPs. This % adsorption
demonstrates a strong affinity of interaction with the SiO, NPs. The higher % adsorption implies a
greater surface coverage of the SiO> NPs [13]. The results of SiO» NPs dosage on % adsorption can
also be observed in Figure 2c, and have shown a significant influence of the NPs dosage on
adsorption, depicting interesting trends. It was observed that the maximum adsorption of 86 % was
achieved at a dosage of 0.2 %. This dosage exhibited the highest affinity between PS and the SiO,
NPs, leading to a substantial % adsorption [14]. From the result presented in Figure 2d, the PS
exhibited a higher percentage of adsorption (61.1%) at 120 minutes. Economically, this suggests that
the choice of surfactants and their interaction time significantly impact the adsorption process, and
optimizing this parameter can enhance the overall efficiency of the PS and NPs interactions. Based on
the data plot presented in Figure 2e, the effects of temperature on the adsorption of the PS onto SiO»
NPs can be seen. It was observed that it exhibited a higher adsorption at 40 °C (54.7%). This result
highlights the effect of temperature on the adsorption behavior of surfactants onto the NPs under
constant operational conditions and optimized parameters such as dosage, contact time, concentration
and others. Although the surfactants exhibited pH sensitivity behaviors, at pH 9 the % adsorption
capacities were observed, i.e. the percentage adsorption of PS was found to be 61.64%. This is
because the silica NPs often possess surface charges, and their electrostatic interactions with the
surfactant molecules depend on the pH of the medium [15]. At specific pH values, the NPs surface
charge may change, influencing the binding affinity of the surfactant molecules [13]. Also, surfactants
may have ionizable groups, and their ionization state can be influenced by the pH of the medium. The
degree of ionization affects the surfactant's hydrophilic and hydrophobic properties, determining how
well it can interact with the NPs surface [16]. At certain pH levels, the attractive forces between the
surfactant molecules and the nanoparticles may be minimized, and enhanced adsorption. Micelles can
develop when the surfactant reaches its critical micelle concentration (CMC) at a specific pH. In order
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to stabilize the colloidal suspension of the NPs and avoid agglomeration or precipitation, optimal
adsorption at a particular pH is an important parameter [17].
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Figure 2. Results of (a) calibration curve to study the adsorption parameters (b) effect of PS
concentration on a fixed amount of NPs to study % adsorption (c) effect of varying SiO, NPs dosage
on % adsorption (d) effect of contact time between PS and NPs on % adsorption () effect of
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increasing temperature on PSNP to study % adsorption; and (f) effect of pH from acidic to basic
conditions on PSNP % adsorption.

Overall, the data from the adsorption isotherms show that the PSNPs experiment conformed
better with the Langmuir isotherm because of a high R-squared value of 0.9417 (Figure 3a), rather
than with the Freundlich’s (Figure 3b). In Langmuir isotherm, the model presumes monolayer
formation on the adsorbent surface having energetically equal homogeneous sites, with no lateral
interaction and steric hindrance between the adsorbed molecules [18].
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Figure 3. Plots of Langmuir (a) and Freundlich (b) isotherms for the study of adsorption of PS on NPs.

3.3. Results of foamability and stability

The foamability result is presented in Figure 4a. It was found that the initial foam heights for
both PS and PSNPs were the same, signifying that the NPs did not influence the foamability of the PS.
This could be related to the low concentration of the NPs used (0.2%) [19]. Contrary to the findings in
this work, several studies have reported that the NPs could influence the foamability of various
surfactants [20-22]. One of the important indicators of our observation is attributed to the nature of the
PS surfactant molecules. It is pertinent that increasing the concentration could influence the
foamability, but this study had taken cognizance of optimum adsorption dosage, thus higher
concentration was anticipated to cause formation damage. However, as the time increased linearly,
there was an overall height decrease for all the foams. Brine was observed to affect the initial foam
heights, in agreement with many previously reported works [4, 23-24].

Furthermore, the foam ti,, is described as the time taken for the foam to decompose to half of its
initial height (Figure 4b). The ratio of heights (t) to initial heights (t,) was used to standardize the foam
heights. The result indicates the direct relationship with foamability because the t; of the PS, PSNPs,
and PSNPs+Brine, were found to be 4, 2, and 3.2 minutes, respectively. The quality and stability
increased with the length of the ti» [4].

- . _ Journal of Applied Science
e-ISSN: 2289-7771 JA@E

i Engineering

27



Journal of Applied Science & Process Engineering
Vol. 12, No. 1, 2025

H(PS) mH(PSNP) = H (PSNP)+BRINE

ght (cm)

o
"

ght (cm)

Height
.
=

[
(=]
Reference Foam Hes;

) H(PS) ——H (PSNP) —— H (PSNP)=BRINE
20 a b
00 | | |

0 1 2 3 4 3

Time (min)

0 0.5 1 1:5 2 25 3 35 4 4.5

Time (min)

Figure 4. Plot (a) describes the average foam heights of formulations with time, and plot (b)
presents the relative foam stabilities of formulations with time.

3.4. Foam morphology (Bubble size and distribution)

From the microscopic point of view, the foams were examined by measuring the sizes and
counting the bubble number of bubbles per area. The average foam bubble sizes are presented in Table
2. The PS foams demonstrated that the bubble size increased linearly with time, indicating that as time
increased, the size of bubbles increased considerably until they ruptured and collapsed due to
coalescence. Upon addition of the NPs, it tended to decrease the bubble size which altered the
rheology properties of the liquid phase in the foam, making additional resistance to drainage and
coarsening of foam bubbles, preventing them from destabilizing.

Additionally, it was discovered that the presence of brine caused a linear increase in bubble size
over time, which supported the effect of brine on foamability. There are three episodes of bubble
coalescence, which include particle collision, rupture that results in a large bubble, and drainage of the
liquid film.

Table 2. Change in foam bubble sizes and distributions with time generated from pure surfactant,
surfactant with NPs and surfactant with NPs and brine

TIME PS Bubble PSNP Bubble PSNP+BRINE Bubble
(min) Size(cm) Distr. Size(cm) Distr. Size(cm) Distr.
(cm) (cm) (cm)
0.00 6.33 2.03-6.58 5.68 0.69-6.20 5.67 1.28-6.86
5.00 6.35 2.50-7.71 11.83 2.51-23.71 6.47 3.81-6.77
10.00 7.89 2.44-8.20 26.11 1.21-24.42 7.19 1.56-9.26

3.5. IFT & Contact angle Results

The initial IFT between the oil and the brine, which is regarded as a baseline, was described
by the average IFT result of the oil-brine system, which was 6.22 mN/m, as indicated in Table 3. The
average IFT values of the PS and PSNP significantly showed tremendous IFT reduction effects to
ultralow levels of 4x107 and 1x102 mN/m, respectively. These additional decreases are ascribed to
NPs and surfactant surface activity, respectively [1, 10].

The oil/brine system's first contact angle was determined to be approximately 20.58 £ 5° as
shown in table 4. The maximum average contact angle is displayed by the control fluid. The control
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fluid exhibits the highest average contact angle, suggesting a relatively less wetting surface. When the
PS and the PSNP were analyzed in comparison with the control, there were significant reductions from
20.58 + 5° of a baseline to 14.09 + 2° for the PS and 18.47 + 3° for the PSNP, respectively. This has
demonstrated that the PS and the PSNP have abilities to alter the surface condition to preferred
conditions due to wetting behaviors [21].

Table 3. The effects of brine, surfactant and NPs on IFT with increasing time

Time Brine PS PSNP
20 6.2441 0.0032 0.0138
40 6.2445 0.0030 0.0140
60 6.3546 0.0042 0.0139
80 6.2440 0.0049 0.0143
100 6.0283 0.0049 0.0139

Average | 6.22+0.1 | 4x103 | 1.3x10?

Table 4. The effects of brine, surfactant and NPs on the rock wettability

Parameters | Average (cajo]) | CA-Effect (CAlo]) | Reduction (%)
BRINE 20.58 £5 - -
PS 14.09 +2 6.49 32
PSNP 1847+3 2.11 10

4. Conclusion

From this study, there is a significant adsorption of the PS onto the NPs. Results show that the
optimum percentage adsorption observed is at 120 min, 0.2%wt adsorbent and temperature of 40°C,
pHY and optimum concentration of 3%. These data fitted well with Langmuir isotherm having
demonstrated R? of 0.9417. The nanofluid PSNP demonstrates a good IFT reduction and wettability
property. This hybrid material is anticipated to have numerous uses in EOR.
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