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Abstract

To minimize environmental impact and costs, natural surfactants are suggested as an ecologically sustainable replacement
for synthetic surfactants. The aim of this work is to evaluate the efficiency of low-cost saponin-based natural surfactant
(SBNS) from Vernonia amygdalina (VA) leaves for enhanced oil recovery (EOR). Furthermore, the study investigated the
IFT behaviour of SBNS at oil-water interface and the emulsion behaviour and oil displacement efficiency of SBNS. The
SBNS was obtained via ultrasonic extraction of dried VA leaves in a water bath, centrifuging the obtained liquid mixture and
freeze drying to evaporate to dryness. Thereafter, Fourier-transform infrared spectroscopy (FTIR) and high-performance
liquid chromatography were used to characterize the extracted SBNS. Moreover, tensiometer (Easy-Dyne KRUSS) was
used to study the interfacial tension (IFT) behaviour of the SBNS at oil-water interface. Also, the SBNS ability to form
stable emulsion in the presence of crude oil was determined. Finally, oil displacement by SBNS solution was investigated
under simulated reservoir conditions (3000 psi and 100 °C) with high-pressure high-temperature (Fars EOR) core flooding
equipment. The performance of SBNS was compared to commercial non-ionic surfactant 4-octylphenol polyethoxylated
(TX-100). Experimental result indicated that the SBNS reduced the IFT at oil-water interface. The natural surfactant lowered
the IFT of the oil-water interface from 18.0 to 0.97 mN/m. Moreover, emulsions formed with SBNS showed good stability
characterized by a decrease in the median drop diameter with an increase in SBNS concentration. Finally, oil displacement
test shows that oil recovery of TX-100 and SBNS increased by 9% and 15% original-oil-in-place (OOIP), respectively.
Hence, SBNS is recommended as an appropriate substitute for conventional surfactant due to its inexpensive raw material,
lower toxicity, and higher efficiency.
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Introduction

With the restarting of major economies post COVID-19,
the global demand for energy has increased. More impor-
tantly, oil and gas continue to contribute a significant quota
of world energy supply for developed and developing coun-
tries (Agi et al. 2018; Aydin 2014, 2015). The estimated
average cost of developing a new well is increasing; hence,
there is fewer exploration of new oil and gas fields. Mean-
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while, literature suggests that about 50 to 70% oil originally
in place (OOIP) is still stuck in the reservoir after initial
recovery and water flooding process (Olajire 2014). Hence,
alternative ways to increase oil production economically are
prodigiously being investigated (Agi et al. 2020a, b). Hith-
erto, various EOR processes, such as chemical, thermal and
gas, have been used to boost the recovery of oil (Guo et al.
2016; Adil et al. 2018; Gbadamosi et al. 2019a; Wang et al.
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2021a, b). Chemical EOR (CEOR) technology is believed
to be potentially beneficial due to the increasing expertise,
rational cost of capital, functional and financial capabilities
(Wang et al. 2021a, b; Zhong et al. 2020; Gbadamosi et al.
2019b; Agi et al., 2020a).

The notable CEOR methods involve the use of alkalis,
polymers and surfactant (Dong et al. 2009; Gbadamosi et al.
2018). Surfactant EOR method aids oil recovery by alter-
ing the rock/fluid and fluid/fluid properties in the porous
media (Abbas et al. 2018; Hussein et al. 2018; Massarweh
and Abushaikha 2020). Consequently, interfacial tension
(IFT) reduction and emulsification occur at the interface of
oil and water (O/W) while the alteration of wettability of the
reservoir rock to water-wet form occurs, thereby resulting
in higher pore scale displacement efficiency (Abbas et al.
2020a, b). Nonetheless, the conventional chemicals used
for CEOR present some limitations due to the differences
in oil characteristics and harsh conditions in the reservoir
(Gbadamosi et al. 2020). Also, the high cost of synthetic
surfactant, environmental concerns and significant adsorp-
tion of synthetic surfactant onto rock surface has limited sur-
factant EOR development and the profitability of the process
(Ferrari et al. 1998; Negin et al. 2017; Abbas et al. 2020a).

Natural surfactants based on plants have recently drawn
attention in diverse areas to resolve the restrictions of syn-
thetic surfactants owing to their low costs, availability and
eco-friendly features (Ali et al. 2015). The O/W IFT and
foaming properties of natural surfactant extracted from Ana-
basis setifera plant were investigated from a recent study
by Nowrouzi et al. (2020). At critical micelle concentra-
tion (CMC), IFT was lowered from 25.608 to 1.066 mN/m
and showed promising application for EOR. Pordel et al.
(2012) examined surfactant extracted from Ziziphus spina-
christi plant and reported an IFT decrement to 9 mN/m from
48 mN/m via pendant drop method. The major component
of the plant responsible for the presence of surface-active
nature was saponin. Yekeen et al. (2020) investigated the
alteration of wettability, decrement in IFT, and foaming
characteristics of saponin surfactant obtained from soapnut.
A concentration of 0.2 wt.% of the biosurfactant reduced IFT
of O/W interface to 1.59 from 23.24 mN/m. Besides, the
foam generated by the saponin-based surfactant was stable
at ambient condition and took longer time for 100% liquid
drainage than conventional SDS-stabilized foam.

Vernonia amygdalina is a shrub tree found around
the world and mainly in tropical regions of Africa and
Asia (Uzoho et al. 2019). It is popularly referred to as bit-
ter leaf because of its bitter taste (Odugbemi et al. 2007).
The phytochemical analysis of an extract of V. amygda-
lina by Udochukwu et al. (2015) confirms the presence of
saponin. Saponins are naturally occurring plant glycosides
with strong foamability in aqueous solution (Sahu et al.
2011). The foamability is due to the non-polar sapogenin
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and water-soluble side chain which has a close resem-
blance in structure to most synthetic surfactants (Wieslaw
and Arafa 2010). The lipophiles are usually like synthetic
surfactant while the hydrophiles have varieties. The hydro-
philes of saponins have sugar chain with different compo-
sition whereas the lipophiles have a steroidal or triterpene
structure. This is the basis for classifying surfactants as
anionic, cationic and non-ionic.

Hitherto, saponin has been extracted from various
plants such as soap nuts (Chhetri et al. 2009; Banerjee
et al. 2015; Saxena et al. 2018, 2019); Seidlitzia rosmari-
nus (Deymeh et al. 2012); Gylcyrrhiza glabra (Moham-
mad et al. 2012); Ziziphus spina-christi (Pordel et al.
2012; Mohsen et al. 2013); olive, spistan and prosopis
(Ali et al. 2015) and Anabasis setifera (Nowrouzi et al.
2020) using conventional methods of extractions (Sievers
and Eggers 1996). But these conventional methods have
several shortcomings such as high solvent consumption,
long extraction period, changes in characteristics of the
extracted saponin, environmental and health risks. Mac-
eration and Soxhlet extraction methods have difficulties
in dealing with natural samples (Roy et al. 2013). The
analytes bind more strongly in natural compound. As such,
the best way to remedy the situation is the use of polar
solvent such as methanol and ethanol. This polar solvent
most of the time leaves unwanted residue of fat and oil
on the final product, thus limiting their usability to the
industry. Ultrasonic extraction enhances the extraction
efficiency, increases antioxidant activity of the extract and
avoids structural changes and degradation of the polysac-
charides (Chemat et al. 2017; Peshkovsky and Bystryak
2014; Roy et al. 2013). It can be used with any solvent
making it the preferred option in the extraction of natural
compounds (Stevanato and Silva 2019).

Herein, a mechanistic study of ultrasonic extraction of
saponin-based natural surfactant (SBNS) from V. amyg-
dalina leaves using hot water as the solvent was per-
formed and individually explored for EOR applications.
The chemical structure and surface properties were deter-
mined. Qualitative and quantitative analysis of SBNS was
compared with standard saponin. Since saponin is a non-
ionic surfactant, there is need to compare its EOR mecha-
nisms and oil displacement efficiency with commercial
non-ionic surfactant. Hence, the alteration of wettability
and IFT properties of the SBNS at the O/W interface were
compared with commercial non-ionic surfactant 4-octyl-
phenol polyethoxylated (TX-100) at elevated temperature.
TX-100 is the most revered non-ionic surfactant and has
been used by previous studies as a basis for comparison
with SBNS. The ability of SBNS to form emulsion in the
presence of crude oil was explored. The oil displacement
efficiency of SBNS solution at typical reservoir condition
in comparison with TX-100 was studied.



Arab J Geosci (2022) 15: 226

Page3of 14 226

Experimental
Materials

Matured V. amygdalina leaves were harvested in August
from Universiti Teknologi Malaysia (UTM) campus Johor
Bahru, Malaysia (1° 33’ 19.79" N and 103° 38’ 17.39" E).
Non-ionic surfactant (TX-100 of 96% purity) with mol. wt.
of 646.37 g/mol was supplied by Acros Organic company,
USA. Ninety-nine per cent purity sodium chloride (NaCl)
with a mol. wt. of 58.44 g/mol was acquired from Sigma
Aldrich. For the analyses, an intermediate crude oil gotten
from Sarawak oilfield, Malaysia (4° 6° N and 110° 112° 114°
E) with a viscosity and density at 25 °C of 10 mPa s and 0.82
g/mL (API 37.7), respectively, was applied. Table 1 shows
the SARA property of the crude oil. Cores of sandstone of
the same outcrop with mid-permeability were applied for the
test of core flooding. Table 2 presents the physical form of
the cores of the sandstone used in this study. Distilled (DW)
and deionized water (DIW) were used as the solvent.

Experimental test
Saponin extraction from V. amygdalina Leaves

About 10 kg of V. amygdalina leaves was cleaned, air dried
for 5 days and grinded into powder form. The powdered
plant material was passed through a 0.5-mm sieve. About 2
g of the powdered sample was dispersed in 100 ml of DIW
in a beaker. This was shaken for 2 min on an orbital shaker
(Protech Model 720) after which the beaker was positioned
in an ultrasonic water bath (40 kHz, 500 W). The charac-
teristics of the ultrasonic power and measurement of the
water bath can be found somewhere else (Agi et al. 2018b,
2019a). The extraction was done for 2 h during which the
bath temperature was between 27 and 35 °C. After extrac-
tion, the liquid samples were transferred into 50-ml conical

Table 1 Crude oil SARA Properties

Volatiles Inorgan- Saturates Aromat- Resins Asphaltenes
(%) ics (%) (%) ics (%) (%) (%)
79.83 0.06 11.02 2.73 6.35 0.01

polypropylene centrifuge tube and centrifuged (Sorval, Wx
100 plus + Ultra Series) at 2000 rpm for 20 min. The liquid
extracted (50 ml) was then collected using an ash-less filter
paper. It was then placed in a freeze dryer to evaporate to
dryness under vacuum at 45 °C.

Chemical structure and surface properties

The functional groups of the extracted saponin (SBNS)
were studied using Tracer 100 Fourier-transform infrared
spectroscopy (FTIR-Shimadzu IR). Before placing the dried
SBNS in a sample container, it was first introduced into
potassium bromide (KBr) before it was placed in a sample
bearer, and the FTIR spectra were attained from a wave-
range of 500-4000 cm™.

HPLC analysis

The SBNS (0.1 wt.%) was diluted 3-fold using DIW and fil-
tered through a 0.45-pm syringe filter before injection. The
chromatograph was acquired from the HPLC system using
UV-Vis detector run at 0.8 mL/min. The mobile phase is a
buffer solution of o-phosphoric acid with a pH of 2.4 for 30
min. The total saponin was detected and quantified at 280
nm and compared with standard saponin.

IFT and CMC measurement

IFT in the presence of SBNS (0.1-3 wt.%) was measured
using the tensiometer of Easy Dyne obtained from Kruss
GmbH, Germany. The ring correction process by Harkins
and Jordan was applied to calibrate the equipment. There-
after, the IFT of oil-water interface was measured in the
presence of SBNS. The value of the CMC was determined
from IFT-surfactant concentration plot at the inflection point
above which no substantial variation in IFT was measured.

Emulsion stability test

Test of emulsion stability was conducted for investigating
the proficiency of emulsion of SBNS to withstand a possi-
ble modification in the physicochemical nature of the SBN'S
with time for applicability in EOR. SBNS solution was for-
mulated for seven different concentrations (0.1-3 wt.%). Ten
millilitres of SBNS solution and 10 ml of crude oil were

Table 2 Properties of sandstone
core used for flooding test

Test No. Diameter (cm) Length (cm) Bulk volume (cm®) Pore

Porosity (%) Permeability (mD)

volume

(cm?)
1 3.7 9.7 104.3 17 16.2 167.43
2 3.7 9.9 105.37 17 16.1 165.24
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mixed and stirred to get a homogenous phase. The mixture
was sonicated for 10 min as previously described. The mix-
ture was placed in a centrifuge tube and stored undisturbed
for 120 h to allow the phases to be separated under gravity.
Thereafter, the image of the emulsifying ability of the SBNS
(120 hours) was captured. To determine the effect of salinity
on SBNS emulsion, 10 ml of SBNS solution at CMC was
mixed with 10 ml of crude oil to form emulsion at differ-
ent salinity concentration (0.9-2.2 wt.%). The emulsion was
sonicated and stored in the oven at 80 °C to investigate the
stability of the emulsion. Thereafter, the images of the mix
were captured (120 h). The emulsion conductivity was deter-
mined using a JENWAY 3540 digital conductivity meter.
The drop size distribution of SBNS emulsion was deter-
mined using a litesizer™ 500 Anton Paar equipment. The
equipment determines the emulsion size distribution by cal-
culating diffusion rate of the emulsion using Stokes—Einstein
equation. The measurement was achieved at three concentra-
tions below CMC (0.1 wt.%), at CMC (1 wt.%) and above
CMC (3 wt.%) of SBNS solution. The diffusion of the par-
ticles moving under Brownian motion was determined and
converted to the hydrodynamic diameter (d},) of the emulsion
droplets using Stock-Einstein equation 2(Saxena et al. 2018):

"7 3znD M

whereas k, is Boltzmann constant, D is diffusion coefficient,
and # is viscosity at temperature 7.

Core flooding test

Core floods were determined by means of a high-pressure
high-temperature (HPHT) equipment produced by Fars EOR
technology. It was made of a temperature control furnace,
four fluid injection accumulators and a core holding com-
partment. It has a pressure power and temperature bounds
of 6000 psi and 150 °C, respectively. Three similar core
samples of mid-permeabilities from similar outcrop as
those used for the test of contact angle were applied in the
measurement of oil displacement, and their properties are
depicted in Table 2. Core samples were cleaned using tolu-
ene in the distillation column of Soxhlet extractor before and
after each application. The cores were then dried in an oven
at 80 °C for 24 h. Test for displacement of oil for oil recov-
ery efficiency of SBNS and TX-100 was conducted. The
tests were performed in 3000 psi, with overburden pressures
of 100 psi and a temperature on the oven up to 100 °C to
mimic the state of the reservoir. The process was later satu-
rated and flooded with oil with 2/.2 wt.% of synthetic brine
(NaCl), until connate water was reached. In pump injectors
from injectants to equipment, ISCO pump was used. At 0.5
mL/min, crude oil was introduced into the core to represent
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a laminar flow (Shiran and Skauge 2013; Kumar and Mandal
2018; Risal et al. 2019; Agi et al. 2019b; Bila et al. 2020).
The system was heated for 24 h to reach equilibrium. Then
before the breakthrough, water was pumped at a steady flow
rate. Subsequently, to extract the trapped oil, 0.5 PV of 1.0
wt.% SBNS and 0.2 wt.% of surfactant TX-100 were each
injected. To extract any leftover oil, 0.5 PV chase water was
injected into the system. All tests were repeated once, and
the mean values indicated. The schematics of the experiment
are depicted in Figure 1.

Results and discussion
Mechanisms of SBNS ultrasonic extraction

Fig. 2a shows the fresh leaves of V. amygdalina before dry-
ing whereas Fig. 2 shows the dried leaves before extraction.
Table 3 shows the basic properties of the saponin obtained.
The total amount of saponin extracted from V. amygdalina
was calculated to be approximately 32 + 0.05% which is
three times the 10.6% reported by Balakrishnan et al. (2006)
using super-critical CO, method. The higher yield can be
attributed to the ultrasonic, which is consistent with previ-
ous study of Hromadkova et al. (1999). They reported that
use of ultrasonic (50 g of ethanol-insoluble plant residue in
450 mL of DW) can enhance the extract of polysaccharides
to about 39%. The extraction enhancement was due to the
ultrasonic cavitation.

During ultrasonication of V. amygdalina in DIW, shear
forces were produced inside the liquid and within the mate-
rial. These forces resulted in the formation of cavitation bub-
bles within the fluid. Suspended solid promoted asymmet-
ric growth and bubble collapse which might have generated
micro-jets and boosted the extraction (Vinatoru et al. 2017).
The collapsing bubbles act like a hammer-jet striking the V.
amygdalina particles. It is the impact of the micro-jet during
cavitation collapse that might have caused the rapid penetra-
tion as the solvent is driven into the particles. Consequently,
this causes the enlargement of V. amygdalina cell by driving
the solvent into the plant cell wall where the SBNS might
have been dissolved and transported into the bulk solvent
(Mason et al. 1996). Cavitation creates an eruption of the
liquid which broke the cell wall of the V. amygdalina thereby
increasing mass transfer of the SBNS (Alzorqi et al. 2017).

Additionally, during the application of ultrasound in
DIW containing V. amygdalina leaves, rapid fragmentation
occurs resulting in a direct solubilization of sapogenins due
to decrease in particle size through ultrasonic. The frag-
mentation might also be adduced to interparticle collision
from shockwaves created by the collapsing bubbles which
might have increased the extraction rate and yield due to
increase in surface area. Also, cavitation bubbles on the
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Figure 1 Research flow chart.
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surface of the V. amygdalina might have induced erosion of
V. amygdalina structures which is released to the extraction
medium. Therefore, the ultrasonic created a sono-capillary
effect which enhanced the basic mechanism of extractions
(desorption and diffusion of the SBNS out of the V. amyg-
dalina structure).

Chemical structure and surface properties
The presence of saponin was confirmed by FTIR spectra

(Fig. 3). The result of the extracted saponin was compared
with standard saponin (Fig. 3). The results show very close

similarities with standard saponin (Fig. 3b). It showed
absorbance of the hydroxyl group (OH) at 3281 cm™' for
SBNS (Fig. 3a) compared to 3281 cm™! in the standard
saponin (Figure 2b). Absorption of carbon-hydrogen (C-H)
was at 2926 cm™! in the SBNS and 2924 cm™! in standard
saponin. The absorbance at 1557 cm™! in the SBNS and
1588 cm™! for standard saponin is characteristic of C=C. For
C=0 absorbance, SBNS gave a value of 2116 cm™! while
the standard saponin was 1727 cm™' (Sharma et al. 2012).
The band at 1069 cm™" for the SBNS and 1074 cm™! in
standard saponin is the C—O—C, which is oligosaccharide
linked to sapogenins. Hence, the result confirms that saponin
is detectable in the extract.

HPLC results

Fig. 4a shows the HPLC result of SBNS. The chromatogram
shows close similarity with standard saponin (Fig. 4b). The
comparison of the spectra was done using the least square
fit coefficient of the absorbances at the same wavelength.

Similarity = 1000 x r* (3)

ij;l[(Al - Aav) X (Bl - Bav)]

r =
VIZEA, = A0 x X208, - B,

“

whereas Ai and Bi are measured absorbances in the first and
second spectrum respectively at the same wavelength, 7 is
number of data points, and Aav and Bayv are average absorb-
ance of the first and second spectrum, respectively. The
similarity of 985.6 was observed with a spectral difference
of 3.16%. This shows the high purity of the extracted sapo-
nin. The peak at 280 nm matched that of a standard saponin
confirming the presence of saponin in the extract of V. amyg-
dalina. Comparison of the retention on both chromatograms
indicates that the standard saponin has a retention time of 2.1
min whereas SBNS showed multiple retention time of 1.8,
1.9, 2.5, and 3.6 min (Table 4) which corresponds to com-
mon saponin constituents. The shorter retention time could
be due to the ultrasonication. This is coherent with earlier
work of Almutairi and Ali (2015) which reported that extrac-
tion techniques affect the retention time. This shows that the
SBNS was not degraded by the ultrasonic, and the saponin
content was unaltered and confirms the purity of SBNS. This
conforms to the previous study of Li et al. (2007) where
it was reported that ultrasonic can enhance the purity of
polysaccharides by 28% compared to other methods. The
enhancement is credited to the effectiveness of ultrasonic
to improve bulk transmission rate of the polysaccharide.
Consequently, this improves the extractability because of
the action of cavitation on cell wall of V. amygdalina leaves.

@ Springer
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Fig.2 a Fresh and b dried Ver-
nonia amygdalina leaves before
extraction

Table 3 Basic properties of extracted saponin

Parameters Properties
Description Fine powder
Colour Light brown
Solubility in water and alcohol Soluble
Bulk Density 0.1 g/mL
pH (1wt% solution) 6.68

CMC determination of SBNS solutions

Studies of the properties of solutions containing surface-
active components have shown that properties of bulk solu-
tion can change drastically due to small changes in surface-
active material concentrations (Ravera et al. 1997; Yekeen
et al. 2019). These sudden changes in solution properties
can be interpreted as an important change in the nature of
the solute in solution. These observations provide evidence
that micelles are formed in surfactant solution. The CMC
signifies the concentration at which micelles are formed.
This phenomenon occurs due to the saturation of the bulk
solution with molecules of surfactant, and it determines the
influence of the surfactant on IFT. The CMC of this study
was determined at the point of inflection of the curve. As
depicted in Fig. 5, the CMC value for SBNS is 1 wt.%. From
literature, the IFT of TX-100 is 0.2 wt.%. The IFT of SBNS
reduced as surfactant concentration increased until it reached
CMC, which is the concentration at which the surfactants
can give its highest surface-active properties. This occurred
due to the full saturation of the bulk solution with molecules
of surfactant which led to the formation of micelles. The
SBNS showed lower IFT at all concentrations and higher
CMC. This was found to be caused by the SBNS molecule
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Fig.4 a HPLC Analysis of SBNS. b Standard saponin

Table 4 Total saponin content extracted determined HPLC

Peak Retention time (min) Content (wt%)
1 1.8 15.62

2 1.9 7.33

3 2.5 0.1

4 3.6 9.28
Sum 32 +0.05

adsorption at the interface of O/W with the hydrophilic
sugar chain part of the molecules in the water face (Yekeen
et al. 2009). The hydrophobic aglycone part of the molecule
remains in the oil phase. This led to low dissociation of the
carboxyl7ic group, high surface activity, foamability and
emulsion stability which might have disrupted the cohesive
energy at the interface and subsequently reduced the IFT.
The surface energy varied with SBNS concentration
because of the SBNS molecule interaction at the interface
and in the bulk solution which led to micelle formation
(Saxena et al. 2019). This shows the ability of the SBNS to
reduce capillary forces and increase oil mobilization. This
conforms to the previous study by Ali et al. (2015) in which
a CMC value of 1.9 wt.% for surfactant from olive leaf was
reported. The addition of SBNS to the solution concentration

below the CMC increased the number of charge carrier in
the solution and consequently led to increased conductivity.
Addition of SBNS above the CMC increased the concentra-
tion of the micelle, whereas the concentration of the mono-
mers remained constant at the CMC level. This is because of
the micelle being larger than the SBNS monomer; hence, it
diffuses slowly. This agrees with prior work by Oleszek and
Hamed (2010) which observe a sudden change in physical
properties of SBNS when the concentration surpassed the
CMC. Therefore, for a surfactant flood to be favourable and
economical, it is best applied above the CMC (Yekeen at
al. 2019).

Effect of salinity on IFT of SBNS

The effect of different concentration of NaCl (0.9 wt.%, 1.5
wt. %, 2.0 wt.%, 2.2 wt.%, 2.5 wt.% and 3.0 wt.%) on the IFT
behaviour of SBNS was studied and reported in Fig. 6. The
presence of NaCl reduces the IFT at the oil-water interface
further. This can be adduced to salt-in effects. The inorganic
salt breaks the structure of the water, thereby increasing the
solubility of the organic components of the oil in the aqueous
phase (Ghorbanizadeh and Rostami 2017). Besides, the pres-
ence of the ions increases the adsorption of the surfactant
at the oil-water interface (Zaeri et al. 2019; Liu et al. 2018;
Strand et al. 2006). Hence, the IFT of the oil-water interface
reduces further. The IFT of the oil-water interface was low-
est at optimum salinity of 2.2 wt.% NaCl recorded as 0.97
mN/m wherein the surfactant dissolves equally in aqueous
and oleic phase resulting in the minimum IFT. Above 2.2
wt.% NaCl concentration, the IFT of the oil-water interface
increases with increasing brine concentration. Increasing
brine concentration causes the movement of surfactant away
from the oil-water interface, thus resulting in an increase in
IFT (Kamal et al. 2017).

Emulsion stability of SBNS solution

The formation of emulsion by surfactants can result in low
IFT. It increases miscibility with trapped oil, lowers the
mobility of water and changes the pore and microscopic
channel which can improve oil recovery. The emulsifying
ability test was carried out at room temperature in centrifuge
tubes to examine the ability of the SBNS solution to form
emulsions. Fig. 7a shows the emulsion of various SBNS
concentration solutions and crude oil with O/W ratio 1:1
(v/v). It shows that all the concentration of SBNS could
form emulsion with crude oil as no separation was noticed
for 120 h. All the emulsions were stable with no release to
water being visible. Fig. 7b shows the emulsion behaviour
of SBNS at different salinity concentration (0.9-2.2 wt.%).
At low salinity concentration, SBNS full emulsion was still
observed with no visible sign of separation. As the salinity
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Fig.5 IFT as a function of
surfactant concentration

IFT (mN/m)
o

4.5

3.5

IFT (mN/m)

0 0.5 1 1.5 2 25 3

NaCl Concentration (wt.%)
Fig. 6 Effect of salinity on IFT of SBNS

concentration increased, the lower end of the water external
emulsion and the top phase of oil were created (Winsor type
I). The middle phase emulsion stayed in balance with the
excess oil phase at the top and the water phase at the bot-
tom led to a bi-continuous phase at high salinity (Winsor
type III). The result conforms to the earlier investigation of
Saxena et al. (2019) which reported that the advantage of
improving oil recovery is the creation of the Winsor III type
phase. This signifies that the emulsions remained stable.
The stability of the emulsions is due to the decrease in the
median drop diameter with increase in SBNS concentration
(Fig. 8).

The SBNS lowered the mean diameter of the emulsion.
This shows the high stability of SBNS against creaming and
coalescence (Trujillo-Cayado et al. 2014). This is consistent
with the mechanisms of ultrasonic extraction as fragmenta-
tion and erosion led to increase in surface area and higher
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mass transfer resulting in higher yield and stable emulsion.
It might also be because of the increase in viscosity with
SBNS concentration of the continuous oil phase (Binks et al.
2005). This was evident as the SBNS concentration affected
the conductivity of the emulsion (Fig. 9). The conductiv-
ity increased as the concentration of SBNS increased. This
implies that the presence of SBNS increased the convec-
tive heat transfer coefficient significantly, and the increase
was more pronounced at high concentration of SBNS. This
agrees with previous study of Jones et al. (2017) which
stated that if the viscosity of aggregates on the surface is
too high, complete coalescence is not achieved resulting in
high conductivity. The addition of SBNS to solution con-
centration below the CMC increases the number of charge
carrier in the solution and consequently led to an increase
in the conductivity. Above the CMC, additional surfactant
increases the micelle concentration while the concentration
of the monomer remains approximately constant (at the
CMC level). Since micelle is much larger than a surfactant
monomer, it diffuses more slowly through solution. This
confirms the formation of O/W emulsion at all concentra-
tions. The emulsifying property of SBNS is because of the
absence of salt in SBNS, resulting to its resistance to alka-
line or acid condition (Oleszek and Hamed 2010).

Fig. 10 illustrates the drop size distribution of the SBNS
emulsion. The emulsion showed a monomodal distribution
pattern, and the intensity (peak) of the emulsion distribution
increased with concentration until CMC. This might be due
to the tendency of surfactants to aggregate. Similar results
were reported by Saxena et al. (2018). They observe that
as the concentration increases, there is no available space
for adsorption at the interface which results in the SBNS to
aggregate toward the micellar structure. At CMC (1 wt.%),
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Fig.7 a Emulsifying perfor-
mance of SBNS at room tem-
perature (120 h). b Emulsion
behaviour at different salinity
concentration (120 h)
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the micellar structure starts forming a single peak of size
range 1-121 nm. The adsorption of SBNS particles at inter-
face stops, and the excess molecules interact with micelles
at the bulk. This might have resulted to increase in micellar
size (to 129 nm above CMC) as observed in Figure 10. This
indicates that micellization is more favoured when SBNS
concentration exceeds CMC (Saxena et al. 2018).

SBNS flooding and recovery
A series of core flood experiments to model water floods and
surfactant floods were carried out to assess EOR prospects of

SBNS. Fig. 11 shows the disparity between the total recov-
ery of oil in secondary and tertiary modes. Thirty-six per
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Fig. 9 Conductivity of emulsion
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cent OOIP has been recovered through water flooding, which
means ample amount of oil has been bypassed or trapped
in the sandstone core. Subsequently, tertiary recovery was
started; SBNS recovered 51%, whereas TX-100 recovered
45%. The recovery increased by 9% and 15% with TX-100
and SBNS, respectively. The standard deviation from the
test of oil displacement was as follows: + 0.25%. This means
that the experiment’s uncertainty is minimal and reinforces
the experiment’s reproducibility. The additional oil recovery
during the surfactant flooding process can be attributed to
IFT decrement between the interface of O/W and emulsion
stability of the surfactants (Agi et al. 2020d). The higher
oil recovery of SBNS compared to TX-100 is consistent
with IFT and emulsion stability results. By lowering IFT
of the interface of O/W and stabilizing emulsions, capillary

@ Springer

trapped oil in the rock pores will be mobilized toward the
production well. As depicted in Table 5, the oil displace-
ment efficiency of SBNS performs comparatively well to
oil recovery reported for viscoelastic surfactants and bio-
surfactants in previous studies (Alsabagh et al. 2021; Hu
et al. 2021).

Conclusions

This work carried out feasibility studies of an eco-friendly
surfactant as a new natural EOR surface-acting agent. The
surfactant was extracted from plant material and character-
ized using FTIR and HPLC. EOR mechanisms of SBNS
were compared with non-ionic commercial surfactant
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Fig. 11 Cumulative oil recovery
of surfactant flooding
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with other surfactants in recovery
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SBNS ~ 16 37.7 ° API 15 Present study
Biosurfactant 31-33 23.55 ° API 17-20 Pal et al. (2018)
Viscoelastic surfactant ~ 16 36 mPas 13-17 Zhu et al. (2016)
Myrtus communis Natural ~— ~ 19.5 31.14 ° API 14.3 Nowrouzi et al. (2021)

surfactant

(TX-100). The following conclusions were drawn based
on the experimental findings:

1.

Ultrasonic preserved the bioactivity of SBNS through
the mechanisms of cavitation, fragmentation, erosion,
sono-capillary effect and sonoporation.

The FTIR results show chemical bond stretching of
saponin and the HPLC result confirmed the presence of
saponin. This signifies that SBNS was not degraded by
the ultrasonic, and the saponin content was unaltered
justifying the extraction method used.

The SBNS exhibited a critical micelle concentration
(CMC) of 1.0 wt.% and reduced the IFT at the O/W
interface from 18.0 to 0.97 mN/m. By lowering IFT,
the capillary force of trapped oil decreases, and more
oil will be recovered.

Moreover, SBNS form stable emulsions. SBNS emul-
sions were stable for longer periods (120 h) and the
median drop diameter decreases with an increase in

SBNS concentration, thus demonstrating sterling prop-
erties for EOR.

5. The oil displacement experiment shows that SBNS can
effectively increase oil recovery by 15% OOIP which
shows good potential application in sandstone reser-
voirs. Additionally, its performance compares well with
conventional and biosurfactants reported in literature.

6. Future studies should evaluate the adsorption of the sur-
factant on sandstone and carbonate rocks. Moreover, the
foaming potential of SBNS should be assessed.
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