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Surfactant flooding is one of the known Chemical Enhanced Oil Recovery (CEOR) techniques
used in the oil and gas industry for decades. Adsorption of surfactant onto the reservoir rock
surfaces limits the efficiency of the CEOR method deployed. This paper deals with the
systematic investigation of impact of Silica Nanoparticles (Nano-SiO:) on the adsorption
phenomenon of anionic surfactant Sodium dodecyl benzoic sulphonate (SDBS) in the reservoir
core (RC) of Assam Shelf Basin. The adsorption of surfactant mostly relies on the clay type of
RC, identified dominance clay was Kaolinite using scanning electron microscope (SEM) and
X-ray diffraction (XRD) analysis. The experimental data obtained from adsorption
experimental investigation were interpreted with adsorption isotherm models based on
regression coefficient and isotherm showed addition of Nano-SiO: shifted from Freundlich to
Langmuir isotherm, whether the adsorption is multilayered to monolayered. We examined the
stability of Nano -SiO2 in SDBS in acidic and basic medium was evaluated by measuring
absorbance, zeta potential (ZP), particle size (PS) and wettability measurement (WA) by
Contact angle (CA). The core flooding experiments were conducted and results found better
recovery in case the slug 0.2 wt % SDBS+0.05 wt% Nano-SiO: in 3000 ppm NaCl about to
34.89% (PV 5.9 cc) of IOIP (PV 16.91 cc) as compared to the slug 0.2 wt% SDBS in 3000 ppm
NaCl about to 24.84% (PV 4.2 cc) of I0IP. This work suggests the appropriate slug to be used
for chemical flooding in the oil field of Assam Shelf Basin for effective CEOR.

Keywords: Anionic surfactant SDBS, Nano-SiO., XRD, SEM, Adsorption, Isotherms, ZP, PS,
CA, CEOR.

1. Introduction

As the petroleum reservoirs get matured the efficiency of production rate usually declines and
ceases after some years [1]. So, to completely squeeze out the crude oil whichever is left over
in the matured reservoirs some EOR techniques are to be deployed [2-3]. EOR techniques
involve huge investment to increase the productivity of oil in depleted reservoirs. Surfactant
flooding is the major employed CEOR method to produce hydrocarbons left over in the mature
oil fields. Surfactants are more expensive than crude oil (CO), the development of a surfactant
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flooding technique depends on how much surfactant can be economically sacrificed in
recovering additional CO from a reservoir [4]. Adsorption of surfactant onto the rock surfaces
of a reservoir limits the efficiency of the CEOR method deployed. As adsorption of surfactant
initiates, the maximum utilization of surfactant for the reduction of interfacial tension (IFT)
decreases [5]. A successful surfactant flooding process depends on the degree of retention of
surfactants during flooding [6]. The quality amount of surfactant adsorbed depends on the rock
properties like surface charges, surfactant characteristics, temperature, and salinity and pH
value [7]. The reservoirs of Assam Shelf Basin are mostly sandstone reservoirs [8-10], so these
reservoirs contain high amount of quartz (silica) and less amount of silicate and carbonate rock
crystals. As silica is negatively (- ve) charged, the rock surfaces are also of (-ve) charge. So
anionic surfactant is the most suitable surfactant to flood in the sandstone reservoirs [11] as it
reduces the attraction of the surfactant towards rock surface and minimizes the chances of
adsorption. To raise the efficiency of the surfactant, ph is altered by addition of different alkalis
to the surfactant flooded [12-14] as the (-ve) charge on rock surfaces gets increased on addition
of alkali ultimately adsorption can be minimized.

The addition of Nano-SiO: to surfactant flooding also modifies the surface charges of the rocks
in the reservoir in such a way which further enhances the (-ve) charge originating from the
clay-rich rocks preventing the attachment of the surfactants to the rock surface due to
electrostatic repulsion [15]. The surfactant molecules are dispersed within the Nano-SiO-
particles which synthesizes into an emulsion suitable for targeting reservoir rocks with spaced
surfaces of low surface area of treated rock toward higher concentration of surfactants enabling
mobility and accessibility at the oil-water interface [16]. The role of Nano-SiO: is to control
the surfactant tendency to aggregate and the formation of micelles on the rock surface. In the
process of several surfactant molecules aggregating into a large micelle, nanoparticles (NP)
may break some of the large micelles on the rock surface into smaller micelles. Hence, larger
clusters may not absorb the rock easily. The result is less total adsorption and a higher
concentrated surfactant concentration in the bulk phase [17]. Nano-SiO: interacts with
surfactant molecules, forming complexes among the surfactant and NP that inhibit adsorption
of surfactant molecules on the rock surface. This decreases the tendency of surfactants to come
together to form micelles, thus enhancing the low trend of adsorption and efficient
concentration of surfactants. Additionally, Nano-SiO: also increases the hydrophilic character
of rock surface; it causes water-wet the reservoir thereby improving the efficiency of the
surfactant in the EOR process [18]. ZP measures the electrical charge on particles, indicating
their tendency to repel or aggregate. A high ZP leads to better dispersion and stability in
solutions. In LSW, fewer ions screen electrostatic repulsion, resulting in a higher absolute ZP
[19]. Anionic surfactants interact with Nano-SiO. particles based on their ZP, which is
typically (-ve) under low salinity conditions. This leads to repulsion between the particles,
reducing surfactants adsorption onto the rock surface. This reduces oil-water IFT and
mobilizes trapped oil. This reduced adsorption also maintains higher surfactant availability,
allowing surfactants to spread throughout the reservoir and improve oil displacement [20, 21].
In this paper, the adsorption processes the equilibrium relationships between adsorbents and
adsorbates are described by adsorption isotherms. Two different adsorption isotherms,
Langmuir (1916) and Freundlich (1959) are used to describe the adsorption phenomenon of
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the surfactant on the RC. From the results of adsorption data, the best fitting isotherms were
determined and the adsorption phenomenon of a particular surfactant and further addition
Nano-SiO: to the surfactant in a particular reservoir were determined. Circuitously the work
is carried out to provide a complementary study of surface charge, PS, CA, core flooding and
adsorption of anionic surfactants with/without addition of Nano-SiO: on the RCs of Assam
Shelf Basin and proposed desired slug to be flooded to have an effective EOR.

2. Materials and methods
2.1 Materials and instruments

Table 1. Instruments used while conducting experimental work

SN Instrument Model/Source
1 UV - Spectrophotometer ~ SHIMADZU, UV-Probe 2.42
2 Centrifuge ELECTRA LAB CENTRIFUGE
3 Hot air oven I-therm Al-7782
4 Sieve shaking machine S.D. HARDSON & Co.
5 Magnetic Stirrer TARSONS
6 XRD Ridaku, Optima IV
7 SEM JEOL, JSM 6390LV
8 ZP & PS Litesizer 500, Anton Paar
9 PH meter Ampereus yellow digital ph meter
10 Ultra Sonicator Probe Electrosonic Industries
type
11  Core flooding System GON Engineering works
12 CA measurements Dino Lite Digital microscope image

with Hamilton microsyringe model
1005 LTR SYR

Table 2. Materials used while conducting experimental work

SN  Materials Source

1 SDBS Merck Life Science Private Limited, Mumbai, India

2 Nano-SiO: Sisco Research Laboratories Pvt. Ltd.

3 NaCl LOBAL CHEMIE, Mumbai, India

4 RC Oil fields of Oil India Limited, Assam Shelf Basin, India

2.2 Methodology

2.2.1 Preparation of clean sand grains (adsorbent) for adsorption study

To achieve 60-70 mesh size sand grains for the adsorption investigation, RC samples as shown
in Table 2 SN 4 were sieved in a sieve shaking machine. The powder that was collected in the
PAN was then taken for XRD and SEM analysis. By settling and decanting, the 60—70 mesh
size sand grains were repeatedly cleaned with distilled water (DW). Following the removal of
the suspended particles, the remaining wet sand grains were dried in a dehumidifier at 80°C
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until they reached a consistent weight. The adsorption SDBS was measured using a UV
Spectrophotometer using the adsorbents, which were sand grains with a mesh size of 60-70.

2.2.2  XRD and SEM sample preparations

A few grams were taken for the pipetting method for XRD study, and 2-5 grams were taken
for SEM analysis from the powder collected in the PAN, as mentioned in 2.2.1. Using the
pipetting method, 1000 ml of DW and PAN-collected fine sand powder were combined in a
one-liter measuring cylinder. The mixture was thoroughly stirred for five to ten minutes using
amagnetic stirrer, and it was left undisturbed for an hour. 5 ml of the solution, or the supernant,
were gathered in a small beaker. Because clays are lighter than other minerals, the supernatant
was taken from the middle of the solution level from the top. This procedure was carried out
repeatedly until a considerable number of samples were gathered that were adequate for the
XRD experiment. XRD of the prepared sample was recorded in a range of Bragg angle (10°
<20< 75%) using Ridaku XRD measuring instrument and analyzed [22].

2.2.3 Contact Angle measurements

The cylindrical core discs with dimensions 3.80 cm dia and 1 cm thickness were prepared in
the core cutting machine followed by end facing and grinding machines to make uniform
surfaces. The core discs were cleaned in Soxhlet apparatus and dried at hot air oven at 60°C
until constant weight gained. Dried core discs saturated with the formation water for 24hrs and
then saturated with CO at reservoir temperature 75°C for 7 days. The formulated slugs were
dropped from a microsyringe on the core discs. Snapshots of CA were measured using Dino-
Lite digital microscope with image analysis software.

2.2.4 Sample preparation of Zeta potentials and Particle size analysis
The formulated slugs selected based on previous results were taken to evaluate ZP distributions
and PS analysis before and after core flooding in the instrument LiteSizer500.

2.2.5 Core flooding experiments

The cleaned RC, which measured 3.65 cm in diameter, 7.1 cm in length, 176.11 g in weight,
and had a porosity of 25.7%, was put into a Hassler-style core holder within the coreflooding
apparatus when the reservoir was at 750C. The primary brine flooding was carried out until
the RC was saturated with brine once temperature equilibrium was reached early on. Second,
crude oil floods the RC until irreducible water remains. The initial oil saturation (Soi) during
CO flooding was the amount of brine flush out. Following that, a secondary brine flood was
used to recover the Soi from the RC. The residual oil saturation (Sor) was then estimated by
deducting the oil that had been flushed out of the Soi after the brine had broken through
entirely. To recover that Sor, the formulated slugs 0.2% w/v SDBS and 0.2 wt% SDBS + 0.05
wt% Nano-SiO. were injected into the RC one at a time. The percentage of residual oil
recovery from the initial oil in place (I0IP) was then measured by calculated the recovered
residual oil from the RC.

2.2.6  Preparation of Adsorbate for adsorption study
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0.2 w/iv% is the critical micelle concentration (CMC) of SDBS in 5000 ppm brine stock
solution to match the reservoir salinity 5000 ppm. Six experimental samples were made from
the stock solution concentrations of 10-60 pg/ml, either with or without Nano-SiO-. For 30
minutes, an ultrasonicator was used to create a homogeneous combination of Nano-SiO: in
stock solution. After adding 1 gram of adsorbents to 10 milliliters of adsorbate and letting them
come into contact for an hour in a rotospin, the samples were centrifuged for 20 minutes at
3000 rpm. The Spectrum technique was used to determine the wavelength of SDBS (Cazedey
and Salgado, 2012). Using a photometric approach in the UV Spectrophotometer to find the
absorbance difference before and after adsorption. The amount of adsorbate adsorbed onto the
adsorbents was ascertained. The amount of adsorbate adsorbed on the adsorbent, I' (mg/g),
was calculated by mass balance equation (2): I = (c, mC NV
Where, T" =amount of adsorbate adsorbed on the adsorbent, ug/g

Co = Initial concentrations of adsorbate (before adsorption), pg/mi

C. = Equilibrium concentration (after adsorption) (ug/ml)

V = Solution volume (ml)

M = Mass of adsorbent/particles (gm)

2.2.7  Adsorption Isotherms
Langmuir isotherm model [23]
1 1
+
max TmaxKLCe
Where, K. = Langmuir isotherm constant, L/mg; I'max = Maximum monolayer coverage

capacity, mg/g. Langmuir isotherm is applicable for monolayer adsorption because of the
homogeneous surface of a finite number of identical sites.

. 1
Linear from: — =
T T

Freundlich isotherm model [24]
. 1
Linear from: logz, =log K, +=logc,
n

Where, K; = Freundlich adsorption constants, mg/g and n = sorption intensity, Freundlich
isotherm has been derived by assuming an exponentially decaying sorption site energy
distribution. The Freundlich isotherm assumes that surfactant adsorption occurs on a
heterogeneous surface by multilayer sorption.

3. Results and Discussion

3.1 XRD and SEM Analysis

RC sample from depth (2680.75 — 2680.90) m were taken XRD and SEM analysis. XRD
patterns consist of sharp peaks at specific diffraction angles with intensities. The highest
intensities at specific diffraction angles were compared with the reference book and identified
the type of clays present in the RC of Assam Shelf Basin [25].
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Fig.1 XRD result of RC

In Fig.1 peaks are single headed peak indicating no impurities in the sample which means the
presence of a single phase. The characteristic picks were obtained at 219 279 and 28°. These

2e values were determined and was highest pick at 279 found Kaolinite as dominant clay
mineral, other presence of clay minerals were montmorillonites and chlorite too. Several
authors have attempted to address the effect of clay minerals presence on the adsorption of
anionic surfactant with single adsorbent or clay fraction effect [26]. They reported that the
kaolinite mineral has the highest adsorption, the impact of mineral surface area also affect
adsorption, even with the (-ve) ions [27]. The effect of clay mineral’s structure and surfactant
nature on adsorption, very few researchers have studied the effect of montmorillonite and illite
as single adsorbent on the anionic surfactant [28]. All the results show that electrostatic bond
between the kaolinite mineral and the anionic surfactant is the dominant adsorption mechanism
and very weak hydrogen bond with the other clay mineral [29]. SEM analysis revealed textures
and structures that are invisible to the naked eye or conventional optical microscopes shown
in Fig.2.

Nanotechnology Perceptions 20 No. S2 (2024) 1190-1208



Application Of Silica Nanoparticles And.... Joyshree Barman et al. 1196

Std.-P.C.30.0 HighVac x1,500 | Oum

Fig.2 SEM image of RC

SEM image was analyzed [30] and revealed the presence of clay type Kaolinite. Kaolinite, a
clay with a negative surface charge due to oxygen atoms, can exhibit positive charges under
acidic conditions due to the loss of protons at higher pH levels and gain at lower pH levels
[31]. This negatively affects the adsorption of cationic surfactants and can influence
interactions with fluids and chemicals in acidic environments. The (-ve) charge during anionic
surfactant flooding may lead to the repulsion of surfactants. Researchers [32, 33] have found
that the adsorption effect in kaolinite-rich reservoirs can lower the effective concentration of
surfactant for oil mobilization. To prevent loss, surfactant compositions could be modified
with sacrificial agents and higher dosages. Anionic surfactants and Nano-SiO. can alter
wettability, promoting water-wet conditions. However, kaolinite can become mobile during
fluid injection, leading to pore throat blockage or reduced permeability [34]. Optimizing the
PS and concentration of Nano-SiO: in injected fluids can control their behaviour. Reservoir
pH and ionic strength influence the surface charge of kaolinite and Nano-SiO.. Both aim to
reduce IFT, improve wettability, and create favourable conditions for oil mobilization.
Optimizing the concentration of both is critical for maximizing oil recovery in kaolinite-
dominant reservoirs. The ionic strength and salinity of fluids injected during EOR can also
affect their performance [35]. Careful design of the surfactant and nanoparticle system is
necessary to ensure sufficient active chemicals remain for altering interfacial properties.

3.2 Adsorption Study
3.2.1 Calibration Curve
The UV-VIS-Spectrophotometer is used to determine the absorbance of SDBS and SDBS +

Nano-SiO: in 3000 ppm brine with or without an adsorbent. Plotting absorbance against
concentration produced the calibration curves, which are displayed in figs (3, 4). The straight
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line [y=mx+c] that represented the linear trend line needed to be calculated following the
adsorption of surfactant on RC.

2 2.4
1.8 y =0.0334x - 0.153 2-; y = 0.0363x - 0.1087
g 14 g 16
c 12 c
sl S 14
2 3 2 12
2 0.8 2 1
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20 40 60 0 20 40 60 80
Initial Concentration, mg/ml Initial Concentration, mg/ml
Fig. 3 Calibration curve of 0.2 wt% SDBS | Fig. 4 Calibration curve of 0.2wt %SDBS +
0.05 wt %Nano-SiO-

60 25
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R?=0.9591
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= 215
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Fig.5 Concentration after adsorption of 0.2 | Fig.6 Concentration after Adsorption of 0.2wt
wt% SDBS %SDBS + 0.05 wt %Nano-SiO-
*Samples prepared in 3000ppm brine (LSW) which considered as stock solution

From the calibration graphs Fig. (3 & 4) the equilibrium concentration i.e. the final
concentration of the adsorbate was determined showed in Fig. (5 & 6) and values were shown
in tablel and presented decrease of adsorption values in percentage after addition Nano - SiO-.

Table 1. Final concentration and adsorption of the surfactant (SDBS)

0.2 wt% SDBS 0.2 wt% SDBS+ 0.05 wt% Nano-SiO2
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C01
pg/ml % of Decrease
Ce, pg/ml | T, po/g Ce, pg/ml T, /g adsorption after
addition Nano -
SiO:
10 6.6766467 | 3.323353293 | 6.1625344 1.798898072 1.524
20 7.7544910 | 12.24550898 | 10.955922 9.044077135 3.201
30 8.3832335 | 21.61676647 | 20.184573 9.815426997 11.801
40 9.5808383 | 30.41916168 | 30.046831 9.953168044 20.466
50 10.898203 | 39.10179641 | 33.793388 16.20661157 22.895
60 12.934131 | 47.06586826 | 39.468319 20.53168044 26.534
3.2.2 Adsorption Isotherms
0.16 25
0.14 y=16871x-0.1297 °. v = 42501 - 2.7788
0.12 R? = 0.8404 i g R?=09563 O
o 01 E 1.5 &
S 008 . 5 o
0.06 w5 1 &
S e o
0.04 ‘o ~ 05
0.02 °*
0 ! 2 0
0 0.05 0.1 0.15 0 0.5 1
1/Ce Log(Ce)
Fig.7 Langmuir isotherm 0.2 wt% SDBS | Fig.8 Freundlich isotherm 0.2 wt% SDBS
0.6 o 2
0.5 | y=5.0446x-0.0724 ’ y=1.4135x - 0.9069 P
0 o2 - 0.9861 N 1.5 R? = 0.9688 o
L 2 R4
503 % ! [
0.2 o S o
0.1 o 05
o L% ®
0 0.05 0.1 0
1/ce 0 0.5 1 15
Log(Ce)
Fig.8 Langmuir isotherm 0.2 wt% | Fig.9 Freundlich isotherm 0.2 wt% SDBS+
SDBS+ 0.05 wt% Nano-SiO2 0.05 wt% Nano-SiO2

Table 2. Best fitted Isotherms
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SN Adsorbate Langmuir, R> Fruendlich, R?  Best fitted Isotherm
1 0.2 wt% SDBS 0.8404 0.9563 Freundlich
2 0.2 wt% SDBS+ 0.9861 0.9688

0.05 wt% Nano- Langmuir

Sio2

The study investigated the adsorption of 0.2 wt% SDBS and 0.2 wt% SDBS+ 0.05 wt% Nano-
Si02

on RC in the Assam Shelf Basin to evaluate surfactant flooding efficiency. The results showed
that adsorption of surfactant onto the reservoir's clay led to a decrease in surfactant availability,
reducing IFT and decreasing the efficiency of the EOR method. The major component of the
clay is Kaolinite, as shown by XRD and SEM results. The adsorption phenomenon was
described by Freundlich Isotherms, indicating a multilayered adsorption. However, when
Nano-SiO: was added to SDBS solutions, the adsorption shifted towards monolayer adsorption
is shown table2. In multilayered adsorption, surfactant adsorbed onto the mineral surface,
while in monolayered adsorption, only a single layer of surfactant was adsorbed onto the
mineral surface. When a site was occupied by solute, no further adsorption took place,
resulting in a smaller amount of surfactant adsorption. The Freundlich isotherm is a widely
used method for adsorption of surfactants onto solid surfaces. Without Nano-SiO., the
adsorption behaviour was heterogeneous multilayer adsorption with no sharp saturation point
[36]. However, the addition of Nano-SiO: significantly changed the adsorption behaviour due
to its large surface area, uniformly distributed active sites, and interaction with Nano-SiO».
This results in a monolayer adsorption mechanism, better explained by the Langmuir model.
This shift in adsorption behaviour is crucial for optimizing surfactant adsorption during EOR
operations, improving efficiency in reducing IFT and mobilizing trapped oil. The adsorption
of surfactants in monolayered adsorption is significantly reduced when Nano - SiO: is added
to the surfactant solution is shown in table 1. The Freundlich isotherm is used for adsorption,
but without Nano - SiO-, the adsorption behaviour is heterogeneous with no sharp saturation
point. However, the addition of Nano - SiO: significantly changes the adsorption behaviour
due to its large surface area, uniformly distributed active sites, and interaction with Nano -
SiO2. This results in a monolayer adsorption mechanism, better explained by the Langmuir
model. This shift in adsorption behaviour is crucial for optimizing surfactant adsorption during
EOR operations, improving efficiency in reducing IFT and mobilizing trapped oil.

3.3ZP and PS

ZP measures the electrical charge on particles, indicating their tendency to repel or aggregate.
A high ZP leads to better dispersion and stability in solutions by reducing IFT and capillary
forces. The Fig (10, 11, 12 & 13) showed the variation of ZP of SDBS, SDBS + Nano- SiO-,
SDBS + Nano- SiO.+RC and SDBS + Nano- SiO: + RC+ CO. The results can be observed
that addition of Nano- SiO- with RC and RC + CO significantly titling (- ve) zeta values from
-19.2 mv to -42.5 mv and -62.1 mv which impacts SDBS surfactant flooding by enhancing
particle stability, reducing surfactant adsorption, improving wettability, and hence it will be
preventing pore throat blockage [37, 38]. A negative surface charge is frequently present in
the reservoir rock, particularly if it contains clays like kaolinite. In LSW, Nano- SiO: particles
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with a high ZP repel one another and the rock surface, decreasing the likelihood of adsorption.
This repulsion keeps SiO: from depositing on rock surfaces, preserving the NPs mobility and
allowing them to efficiently change their WA from oil-wet to water-wet, improving oil
displacement [39]. A negative charge is also present in anionic surfactants, so combination of
Nano- SiO: and SDBS cause high (-ve) ZP aids to inhibit less adsorption onto the rock surfaces
and retaining more surfactant in the injected fluid. Table 3 showed change of ZP and PS

variation with the of PH.

Rel. frequency [%]

Olllllllllllllllllll"

-200.0 -100.0 00

Zeta potential distribution [mV]

1000 200,

Rel. frequency [%]
ra
1

Olll‘-l-_|ll|||ll||||l||

-2000 -1000 00 1000 2
Zeta potential distribution [mV]

Fig10. 0.2 wt %SDBS (ZP = -19.2)

Figll. 0.2 wt% SDBS + 0.05 wt% Nano-
Si0, (ZP = -27.2)

Rel. frequency [%]

f——— e
-200.0 -1000 00 1000

Zeta potential distribution [mV]

Rel. frequency [%]

| t——_——r——rrr T
-200.0 -1000 00 100.0

Zeta potential distribution [mV]

Fig 12. 0.2wt% SDBS + 0.05 wt% Nano -
Si0, +RC (ZP = -42.5mv)

Fig 13. 0.2% SDBS + 0.05 wt% Nano-
Si0»+ RC + CO (ZP = -62.1 mV)

Table 3. ZP and PS variation with PH

IS\l PH ZP (mv) PS (nm)
1 0.05 wt% Nano - SiO2 75 -19.2 73
2 0.05 wt% Nano - SiO: + 0.2wt % 25 11.3 39

SDBS
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3 0.05 wt% Nano - SiO. + 0.2wt % 8.67 -27.2

SDBS e
4 0.05wt% Nano - SiO: + 0.2wt % 11.89 - Adgglomerate
SDBS %

The study explores the stability of Nano-SiO- in acidic and basic pH conditions, revealing that
adjusting the pH significantly increases NP stability, as evidenced by a decrease in PS in
table3. In LSW, increased ZP on Nano-SiO: surfaces aids in uniform particle spread and
improves oil displacement efficiency. The interaction between Nano- SiO- and (-ve)ly charged
rock surfaces, like kaolinite-rich formations, is influenced by the ZP, creating electrostatic
repulsion [40]. LSW flooding leads to a decrease in ionic strength, resulting in an increase in
the electric double layer around Nano- SiO: particles and RC. Further addition of Nano- SiO-,
this layer associated with higher absolute ZP -27.2 mv, reduces the adsorption of SDBS onto
rock surfaces, allowing more surfactant to remain in the solution and improving oil
mobilization. High ZP ensures Nano- SiO- particles remain well-dispersed and interact more
efficiently with trapped oil and rock surfaces, reducing oil-water IFT and promoting oil flow
towards production wells [41]. For EOR, Nano- SiO- assisted anionic surfactant flooding relies
heavily on ZP and PS. A high (-ve) ZP promotes particle stability, inhibits aggregation, and
enhances surfactant and Nano-SiO., mobility. To prevent pore blockage, small particle size
improves pore accessibility, lowers IFT, and encourages greater oil displacement. By
encouraging efficient oil mobilization, enhancing sweep efficiency, and averting problems
with particle aggregation or pore plugging, these elements guarantee optimal performance in
EOR and raise oil recovery efficiency [42].

3.4 Contact Angle (CA) measurements

s | 10 g
\ " & . W f¢ T N MY
Fig. 14 Stock solution LSW | Fig.15 0.2 wt% SDBS Fig.16 0.2 wt% SDBS + 0.05
(3000 ppm NacCl) Avg. CA=42.358° wt% Nano-SiOz; Avg. CA=
Avg. CA=83.195° 21.526°

The CA measurement in the context of Nano- SiO- aided surfactant flooding in LSW plays a
key role in understanding the WA of the RC. The CA of LSW reduces from 83.195° to 42.358°
and 21.526° addition of 0.2 wt% SDBS and 0.2 wt% SDBS + 0.05 wt% Nano- SiO: shown in
fig (14, 15 &16). The CA determines whether a surface is wettable and whether the rock is
water-, oil-, or mixed-wet. The objective of EOR is frequently to increase oil recovery by
changing the WA from an oil-wet or mixed-wet state to a more water wet [43]. Oil is more
likely to stick to the rock surface and prevent water from dislodging it when the CA is high
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(>90°). Water can more readily spread across the rock surface in a water-wet condition when
the CA is low (less than 90°). By decreasing the CA, the goal of nano- SiO: assisted surfactant
flooding with LSW is to change the wettability of the rock toward a more water-wet condition
[44, 45]. As a result, the injected water can drive oil through the reservoir more efficiently,
improving oil displacement. The capillary forces (CF) in the reservoir are lessened when the
CA is smaller. Less CF allow trapped oil to be more readily displaced by the injected LSW
and the surfactant-nano-silica mixture. As the CA decreases, the tendency of water to spread
across the rock surface increases, improving the mobility of oil within the pore spaces [46].
Because more oil may flow towards production wells because of this greater displacement, oil
recovery is improved.

3.5 Core flooding

Core flood experiments aim to estimate the total amount of co recovered from secondary and
tertiary recovery. The experiments were conducted using Johnson, Bossler, and Naumann
(JBN) techniques and reservoir core from depth of 2533-2533.15 m of having porosity 25.7%.
A synthetic brine solution of 3000 ppm NaCl was used for primary and secondary recovery,
and CO from the same formation was used for oil flooding to meet the compositions that exists
in the reservoir. Table 4 showed the recovery of each 0.2 wt% SDBS in 3000 NaCl slug out
of initial oil in place (10IP). The mixed slug 0.2 wt % SDBS+0.05 wt% Nano-SiO: in 3000
ppm was recovered more about to 34.89% (PV 5.9 cc) of I0IP (PV 16.91 cc) as compared to
the slug 0.2 wt% SDBS in 3000 NaCl about to 24.84% (PV 4.2 cc) of IOIP. The mixed slug
was recovered more than the slug 0.2 wt% SDBS in 3000 NaCl.

Table 4. Total flood volumes for Secondary and Tertiary recovery

Reservoir core (PV 19.57 cc)

Initial oil saturation, Sei (PV 16.91 cc) + Irreducible water saturation, Sy (PV 2.66 cc)
Primary +Secondary recovery from initial | Residual oil left

oil saturation53% of I0IP (PV 9.01cc) 46.72 of I0IP, (PV 7.9 cc)
Formulated Slug Recovered oil, % | Unrecovered, %
IOIP IOIP
0, 0,
0.2 wi% SDBS + 2000 ppm NaCl 284 %10 | 2188 % 101
0.2 wt% SDBS + 0.05 wt % NP +3000 ppm 34.89 % |OIP 11.83 % 1OIP
NaCl (PV/ 5.9 cc) (PV 2 cc)

The cumulative amount of residual oil recovered out of residual oil in place (ROIP) was plotted
against the pore volume introduced into the core flooding system in Figure 17. In contrast to
the slug 0.2 Wt % SDBS + 3000 ppm NaCl, which recovered 53.16 % ROIP percent after the
injection of 100% formulated slug, the results indicated that the slug 0.2 wt% SDBS + 0.05
wt% Nano-SiO: + 3000 ppm NaCl provided a greater recovery, 74.8% ROIP.
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Fig. 17 Cumulative Residual Oil Saturation recovered vs formulated slugs injected

4. CONCLUSION

The findings of this study are as follows:

The RC showed mostly Kaolinite dominant clay present from XRD and SEM analysis
which indicates the reservoir is anionic in nature.

The rate of adsorption depends on availability of surfactant in the system; it was found
that the adsorption of surfactant increased with increasing surfactant concentration.
The SDBS showed the best fitted isotherm with Freundlich Adsorption Isotherm
which indicates the multilayered adsorption of surfactant on the RC. Further, addition
of 0.5 wt% Nano-SiO: to 0.2 wt% SDBS solution, the adsorption shifted towards
monolayer adsorption isotherm. The effect of addition of Nano-SiO- to 0.2 wt% SDBS
solution reduces the significant adsorption of SDBS surfactant on the RC.

0.05 wt% Nano - SiO: + 0.2wt % SDBS with ph 8.67 showed (-) ve ZP compared with
0.05 wt% Nano - SiO: + 0.2wt % SDBS of ph 2.5 and 0.05 wt% Nano - SiO: of ph
7.5. A high ZP promotes particle stability, inhibits aggregation and less adsorption of
slug in RC.

The CA measurement of LSW reduced from 83.195° to 42.358° and 21.526° when
added 0.2 wt % SDBS and 0.2 wt #% SDBS + 0.05 wt% Nano - SiO.. The mixed slug
showed WA towards more water wet.
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e The mixed slug 0.2 wt % SDBS+0.05 wt% Nano-SiO: in 3000 ppm was recovered
more about to 34.89% (PV 5.9 cc) of 10IP (PV 16.91 cc) as compared to the slug 0.2
wt% SDBS in 3000 NaCl about to 24.84% (PV 4.2 cc) of IOIP. The mixed slug was
recovered more than the slug 0.2 wt% SDBS.

e The best slug found to be 0.2 wt % SDBS+0.05 wt% Nano-SiO: based on experimental
analysis adsorption study, ZP, PS, CA and core flooding.
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Nomenclature

CEOR Chemical Enhanced Oil Recovery
SEM Scanning Electron microscope
XRD X-ray diffraction
Nano-SiO: Silica Nanoparticles
SDBS Sodium dodecyl benzoic sulphonate
NaCl Sodium Cloride
RC Reservoir Core
CoO Crude Oil
WA Wettability Alternation
ZP Zeta Potential
PS Particle Size
IFT Interfacial Tension
DW Distilled Water
LSW Low Salinity Water
NP Nanoparticles
Negative (-) ve
IOIP Initial Qil in Place
ROIP Residual Oil in Place
CA Contact angle
PV Pore volume
Soi Initial Oil Saturation
Sor Residual Oil Saturation
EOR Enhanced Oil Recovery
CF Capillary Force
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