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Abstract

This research project set out to investigate low salinity water/Methyl Ester Sulphonate (MES)
surfactant/nano-silica synergy to enhance oil recovery from sandstone reservoir. A Series of
experimental works, including contact angle measurements (Sessile drop technique) and UV-
vis spectrophotometer tests, were conducted to ascertain the effect of the synergy solution on
wettability alteration and surfactant adsorption reduction. Results showed that MES surfactant
at 750 ppm and 1000 ppm reversed oil-wet sandstone to a water-wet state. Further reduction
was observed at low salinity (250 ppm CaCl,) under high pH conditions. The lowest contact
angle measured was 18 degrees with the synergy solution of 750 ppm MES and 250 ppm CaCl»
at high pH conditions. The maximum adsorption capacity was used as criteria to measure
surfactant adsorption loss reduction. It was observed that surfactant adsorption capacity
reduced from 4.66 mg/g to 0.85 mg/g when 25 ppm nano-silica was added at 70°C temperature.
This shows that the synergy was able to restore wettability to preferable water-wet conditions
to support oil recovery and reduce the excessive loss of surfactant to the sandstone reservoir
rock. Water-wet wettability condition and surfactant adsorption reduction are beneficial to the
c-EOR project in terms of efficient cost savings on the quantity of surfactant usage for the
project. At the same time, overall additional oil recovery is greatly improved.

1. Introduction

The rapid growth in industries worldwide has raised the energy demand. Therefore, the oil
and gas industry are actively seeking optimum ways to enhance oil recovery from reservoirs
since there is still a substantial amount of oil remaining in the reservoirs after the primary and
secondary oil recovery stages. The chemical enhanced oil recovery (c-EOR) method is one of
the common tertiary EOR methods, such as the injection or flooding with polymer, surfactant,
or alkali into the reservoir to recover additional oil from the reservoir. However, the
conventional single injection of chemical material has several limitations [1]. Several
experimental works have indicated that the synergy of different chemicals can efficiently and
cost-effectively replace the conventional c-EOR method [2][3].

Investigation of low salinity water (LSW) to enhance oil recovery has raised high interest
due to the benefits such as being environmentally friendly, simple, low operating and capital
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costs [4]. Previous experimental work showed that low salinity water reduced contact angle
from 95.2° to 43.12° on the oil-wet sandstone rock surface. The LSW could relatively shift
the oil-wet rock surface toward a water-wet state compared to high salinity water [5]. Thus, the
potential of LSW contributing to additional oil recovery by wettability alteration to a desirable
water-wet state of the reservoir rock is notable [6][7]. Several driving mechanisms promote the
wettability alteration toward the water-wet state, such as multi-ion exchange (MIE), electric
double layer expansion (EDLE) and pH effect [8] [9].

MIE has included hydrogen bonding, water bridging, cation bridging, anion exchange,
cation exchange, ligand exchange and protonation [10]. Generally, the negatively charged rock
surface will attract the positively charged organic compounds through direct bonding. On the
other hand, negatively charged organic compounds will be attracted by the positively charged
clay surface and form organometallic complexes [11]. The substitution of organometallic
complexes and organic polar materials with the Sodium (Na®) and Hydrogen (H') ions
promotes the detachment of divalent ions together with organic materials. Hence, the oil
molecules could be removed from the rock surfaces. Releasing a large amount of OH" via
proton exchange leads to higher pH values. Thus, a higher repulsive force is generated,
positively impacting the wettability alteration. Ligand bonding refers to the attraction between
carboxylate groups and divalent cations [12]. The bridging is formed when the functional
groups are attracted to the charged rock surface. However, the cation bridging is a weak
adsorption mechanism that allows the detachment of oil molecules easily. EDLE occurs at the
interface between oil, and clay surface, stimulating the detachment of oil molecules from the
clay surface and shifting the oil-wet rock surface toward the water-wet state [13]. A stronger
water-wet state could be achieved in conjunction with the pH effect. This is because the pH
effect could further increase the repulsive force, promoting the detachment of oil molecules.

The function of the surfactant is to reduce the interfacial tension (IFT) between oil and
brine and support wettability alteration. Anionic surfactant has been found to be suitable for
oil recovery from sandstone reservoirs. However, the oil recovery is marred by excessive
surfactant loss [14]. Several factors must be considered during surfactant injection, such as the
concentration of surfactant, types of reservoirs, and types of surfactants [15). [16] highlighted
that the synergy of anionic surfactant in alkaline condition could mitigate the excessive
surfactant loss onto the sandstone rock surface. Implementing surfactant flooding with
optimum concentration is crucial to prevent the concentration above the critical micelles
concentration (CMC). The surfactant will not contribute further when the surfactant
concentration is above the CMC point. A recent study mentioned that the presence of sulfonate
in the surfactant could support surfactant loss reduction below the CMC point [17]. The
experimental work from [18] revealed that polyacrylate could play the role of a sacrificial agent
to reduce the excessive anionic surfactant adsorbed onto the sandstone rock surface. Therefore,
it is feasible to reduce the excessive surfactant losses onto rock surfaces in several ways.

Nanoparticles can be produced easily due to technological advancement [19]. The ultra-
small size of nanoparticles with a high surface area to volume ratio could exhibit distinctive
physical and chemical properties. The smaller nanoparticles size (usually < 50 nm) allow them
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to flow through tiny pores and mobilize trapped residual oil [20]. Nanoparticles could form a
wedge film at the crude oil-brine-rock interface, which creates a higher disjoining pressure to
remove oil from the rock surface [21]. The capability of nanofluid to achieve wettability
alteration on oil-wet rock surfaces has been studied extensively and recent studies indicated
that nanofluid could enhance the oil recovery from sandstone reservoirs [22] [23].
Experimental work from [24] demonstrated that the dispersion of nano-silica in the salinity
water could shift the oil-wet sandstone rock surface toward a water-wet state where the contact
angle changed from 120 to 60 degrees. The study from [25] indicated that the nano-silica fluid
could increase the ultimate oil recovery from the sandstone rock by up to 13%. Dispersion of
nanoparticles in the chemical fluid such as surfactant or alkaline could lead to better
performance, enhancing the oil recovery and mitigating the excessive surfactant loss issue [26].
A previous study mentioned that the combination of sodium dodecylbenzene sulfonate (SDBS)
with low salinity water and Zirconia nanoparticles could reduce the contact angle significantly
and shift from an oil-wet state toward a desirable water-wet state [27]. [28] revealed that
combining nanoparticles with surfactant could lead to a larger contact angle reduction on the
oil-wet sandstone rock surface compared to surfactant alone. Thus, it is feasible to implement
the combinations of chemical materials for the c-EOR technique to enhance the additional oil
recovery further.

The findings indicated that low salinity water, surfactant, nanoparticles, and combination
of chemicals have the potential to achieve wettability alteration. Thus, the present study utilized
the synergy of methyl ester sulphonate (MES) surfactant, divalent salt for low salinity and
nano-silica formulated in an alkaline medium. Meanwhile, the low salinity salt serves to alter
wettability to a water-wet state. The MES surfactant supports wettability changes and IFT
reduction, while alkaline and nanoparticles aid surfactant loss reduction.

2. Experiment and Methodology
2.1 Materials

Sodium Chloride (NaCl, = 99% mass fraction) (Merck), Calcium Chloride (CaCl, , >
98% mass fraction) (Merck), Magnesium Chloride (MgClz , = 98% mass fraction), Methyl
Ester Sulphonate (MES) anionic surfactant > 99% mass fraction (Chemithon), Sodium
Hydroxide (NaOH, = 98% mass fraction) (Merck), Nano-Silica (SiO2 = 99% mass fraction)
(US Research Nanomaterials), Tapis light crude oil (API gravity of 42.7°) (Petronas Carigali
Sdn Bhd), Grey Berea core samples (Kocurek Industries). Grey Berea sandstone is
predominantly quartz mineral with less than 10% clay content. The details of Tapis light crude
oil from the Malaysia oilfield are listed in Table 1 below.

Table 1: Tapis Crude Qil Details
Crude Oil Types | API Gravity (degree API) | Specific Gravity Pour Point, °F
Tapis Crude Oil 42.7 0.812 60.8
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Table 2 has summarized the properties of the Grey Berea core samples.

Table 2: Grey Berea properties

Types of Sandstone Grey Berea

Quartz 91%

Kaolinite 8%

Montmorillonite 1%

Smectite -

Porosity 19% to 21%

Permeability 60mD to 100mD

Grain Size 250um to 500um
2.2. Method

2.2.1. Preparation of solutions

Formation water was prepared with 19000 ppm of NaCl solution. Different
concentrations of MES surfactant were prepared, ranging from 100 ppm to 5000 ppm. 250 ppm
CaCl, was prepared as the divalent low salinity water. Sodium hydroxide was used to adjust
the pH of all solutions and maintained at 9.5 pH value. 25ppm of nano-silica was added into
the solution, then sonicated for 15 minutes to ensure colloidal stability. Afterwards, Zeta Sizer
was used to analyze the stability of the nanofluid. The conductivity method was employed to
determine the critical micelle concentration of the MES surfactant. Table 3 shows all the
synthesized solutions which will be applied in the present study.

Table 3: Synthesized solutions applied in the present study

Synthesized solutions applied in the present study
100/250/500/750/1000/1250/1500/1750/2000/3000/4000/5000 ppm MES
750/1000 ppm MES + Alkaline
750/1000 ppm MES + Alkaline + 250ppm CaCl,
250/500/750/1000/1250 ppm MES + Alkaline + 25ppm nano-silica
250/500/750/1000/1250 ppm MES + Alkaline + 250ppm CaCl, + 25ppm nano-silica
250/500/750/1000/1250 ppm MES + Alkaline + 250ppm MgCl: + 25ppm nano-silica

2.3. Wettability Study Procedure

Contact angle measurement was employed to study the wettability alteration. The
sandstone rock samples were cut into a smaller size of about 0.5 cm thickness and then
immersed in the formation water for two days. The immersion process was conducted at 70°C
to simulate the Tapis oil reservoir temperature condition. After saturation in formation water,
sliced samples were then transferred into the Tapis crude oil for three days to ensure samples
were in the oil-wet state. Drop shape analyzer DSA 100B (KRUSS) was used to measure the
contact angle between the rock surface and the synthesized solution. The contact angle
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measurement was conducted with various synthesized solutions and repeated at least three
times to confirm the consistency and accuracy of the results.

2.4. Adsorption Study methodology

The adsorption study aims to investigate the adsorption behavior of MES anionic
surfactant onto the sand surface and the potential of nanoparticles to reduce excessive
surfactant loss. MES surfactant concentrations applied in this study phase ranged between 250
ppm to 1500 ppm. Firstly, the rock samples were crushed and sieved to obtain fines rock
samples with the size (125 pm). The fines rock samples were cleaned with deionized water to
remove the impurities and then dried overnight. Afterwards, 2g of the fines rock samples were
mixed with 50 ml of the selected synthesized solution in the conical flask. The adsorbent and
adsorbate were then placed in the shaking incubator at 150 rpm for 24 hours. The shaking
process was applied under two conditions: ambient temperature 25°C and 70°C. After the
mixture achieved equilibrium, the supernatant was centrifuged for 30 minutes at 4000 rpm.
Lastly, the supernatant solution was collected for test using the UV-Vis Spectrophotometer to
measure the absorbance value.

Results and Discussion
2.1. CMC and nanofluid characterization

Critical Micelle Concentration (CMC) of MES surfactant alone and the synergized
nanofluid were measured at the MES surfactant concentrations of 1000ppm and 750ppm,
respectively. The zeta potential of synergized nanofluids were measured between the range of
-35 mV to -60 mV, indicating colloidal stability. The negatively charged nano-silica extended
its repulsive force while dispersed in the fluid resulting in a larger resultant net negative charge
of the overall nanofluid synergy [29]. Meanwhile, the stable nanofluid allows the nanoparticles
to maximize the performance of wettability alteration and excessive surfactant reduction on the
sandstone rock surface. Nanofluid particles distribution are in the range of 300-400 d.nm with
the polydispersity index (PDI) less than 0.25, which indicates that the nanofluid size
distribution is monodispersed and has no agglomeration. Meanwhile, the typical pore throat
size of sandstone rocks is greater than 2000nm, and carbonate rocks usually range from
3000nm to 7000nm [30].

2.2. Effect of concentration of MES surfactant on wettability

The contact angle measured between the formation water and the rock surfaces is 91.7°.
Figure 1 indicates that the concentration of MES surfactant within 100ppm to 5000ppm
positively impacted the wettability alteration. The lowest contact angle was obtained at
1000ppm of MES surfactant, where 73.1% of contact angle reduction was achieved in
comparison to the formation water contact angle. The contact angle increased gradually beyond
1000ppm of MES surfactant. This is because the concentration above 1000ppm has reached
the CMC point. Electrostatic interaction between the hydrophilic head group of the anionic
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surfactant and the charged rock surface allows the adsorption to occur successively with the
increase of concentration. Thus, a film is formed at the solid-liquid interface. Meanwhile, the
oil-wet rock surface will be shifted toward the water-wet state due to the interaction between
adsorbed oil molecules on the rock surface and the hydrophobic part of the surfactant.
Nevertheless, the formation and aggregation of micelles occurred when the surfactant
concentration was beyond the CMC point. The increase in surfactant concentration will only
contribute to the formation of micelles, restricting the release of surfactant molecules to the
liquid-rock interface.
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Figure 1: Effect of concentration of MES surfactant on wettability alteration
2.3. Effect of synergized nanofluid on wettability

The results in Figure 2 indicate that all the synthesized solutions with the presence of
nano-silica could achieve favorable wettability alteration. The driving mechanism behind the
wettability alteration could be due to the more significant disjoining pressure. The nano-silica
formed a wedge film at the interface between the oil molecule and the rock surface, creating
more considerable disjoining pressure and detaching the oil molecule from the rock surface.
The advancement of the size of nano-silica allowed it to penetrate the tiny pores and mobilize
the residual oil from the pores. Besides, the smaller size of nanoparticles possesses a larger
surfaces area, which creates larger repulsive forces [31]. Meanwhile, the detachment of oil
molecules from the rock surface could be more easily.

The 25ppm of nano-silica combined with selected synthesized solutions, which are
(MES/alkaline condition), (MES/alkaline condition/250 ppm of CaClz) and (MES/alkaline
condition/250 ppm of MgClz). The concentrations of MES were narrowed down to the ranges
between 250 ppm and 1250 ppm. This is because the concentrations of MES surfactant within
these ranges performed better on wettability alteration. The lowest contact angle measured at
different conditions with the presence of nano-silica was listed in Table 4. The synthesized
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solution of (25 ppm nano-silica + 750 ppm MES surfactant + alkaline condition + CaCl,)
showed the best results among all conditions with the presence of NPs where 77.4% of contact
angle reduction was achieved in comparison to formation water.

Figure 2 also revealed that the synergy of nanoparticles with optimum low salinity
water (divalent cations) under alkaline conditions could relatively reduce the contact angle.
This could be attributed to the mechanisms such as the multi-ion exchange (MIE), electric
double-layer expansion, and pH effects. The presence of divalent cations, including Mg?" ions
and Ca®" jons will induce the formation of cation bridging, where the divalent cations will
connect the oil molecules with the negatively charged rock surface [32]. However, the cation
bridging has a weak connection, and thus, the monovalent ions in the fluid would replace the
divalent cations on the rock surface. As a result, the divalent cations will be released together
with the oil molecules from the rock surface and shift the wettability towards a desirable water-
wet state is achieved. The alkaline condition could turn the rock surface to be more negatively
charged [33]. Low salinity water injection would destabilize the equilibrium of the
brine/oil/rock system, incurring the substitution between H" ions, Ca*" ions, OH" ions and Na*
ions. The substitution is to re-establish the equilibrium of the brine/oil/rock system. Meanwhile,
the pH value will increase due to a large number of OH™ released and resulting in higher
repulsive force. The larger repulsive force promotes the detachment of the oil molecule and
leads to favorable wettability alteration. Therefore, the synthesized solution with the presence
of low salinity water further improved the performance of wettability alteration on the
sandstone rock surface.
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Figure 2: Effect of nano-silica on wettability alteration

Table 4: Lowest contact angle measurement with the presence of nano-silica

Nanofluid Contact Angle (°)
250 ppm MES + Alkaline + 250ppm CaCl, +25ppm nano-silica 21.7
500 ppm MES + Alkaline + 250ppm CaClz +25ppm nano-silica 20.4
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750 ppm MES + Alkaline + 250ppm CaCl, +25ppm nano-silica 18.0
1000 ppm MES + Alkaline + 250ppm CaCl, +25ppm nano-silica 20.8
1250 ppm MES + Alkaline + 250ppm CaCl, +25ppm nano-silica 22.5

2.4. Synergistic nanofluid adsorption study

Figure 3 shows the adsorption capacity of prepared solutions and nanofluids. The
nanofluid containing 750ppm MES, 250ppm CaClz, and 25ppm nano-silica in an alkaline
medium showed the lowest adsorption capacity. This shows that the presence of nano-silica,
which acts as a sacrificial agent, reduces the excess surfactant adsorption from 6.11 mg/g to
4.97 mg/g. Nano-silica plays the role of a sacrificial agent so that a competitive condition to
adsorb onto the rock surface is created between the anionic surfactant and the nano-silica.
Nano-silica is promptly attached to the sandstone rock surface because it has a lower negative
charge. This situation makes more surfactant available to interact with crude oil, thereby
reducing IFT and supporting wettability alteration. Higher MES concentration had higher
adsorption capacity despite reduction due to nano-silica. This is uneconomical as a substantial
amount of surfactant absorbs onto the rock.
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Figure 3: Adsorption capacity at ambient temperature

The adsorption behavior of the MES surfactant is further analyzed through the
Langmuir and Freundlich isotherm models, where the results of R? values are tabulated in Table
5. The overall results depicted that the R? values obtained from the Langmuir isotherm were
higher than the Freundlich isotherm. Therefore, the Langmuir isotherm model is a more
accurate fit for the analysis and validation of MES surfactant adsorption behavior on the rock
surface. The higher R? values obtained from Langmuir isotherm indicate the higher potential
for monolayer adsorption to occur. In comparison, the R? values obtained from Freundlich
isotherm are lower, indicating that the tendency for the formation of multilayer adsorption is
lower. Nevertheless, some cases might have multilayer adsorption due to the relatively high R2
values obtained from the Freundlich isotherm. The synthesized solution of 750ppm/1000ppm
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of MES surfactant with 250ppm of CaCl, under alkaline conditions showed relatively high R?
values, whether in Langmuir or Freundlich isotherm models. Thus, the multilayer adsorption
behavior could occur instead of monolayer adsorption. Meanwhile, the synergized solution of
750ppm MES + 250ppm CaCl, + Alkaline condition + 25ppm Nano-silica obtained a high R?
value in Langmuir isotherm and a low R? value in Freundlich isotherm, demonstrating the
occurrence of single-layer adsorption behavior.

Table 5: Adsorption capacity at ambient temperature

Synthesized solution Adsorption  Langmuir Freundlich
Capacity Model Model
(mg/g) R? R?
750ppm MES + Alkaline 6.11 0.9237 0.7344
750ppm MES + 250ppm CaCl, + Alkaline condition 5.86 0.9628 0.9338
750ppm MES + 250ppm CaCl; + Alkaline condition + 4.97 0.9753 0.6245
25ppm Nano-silica
1000ppm MES + Alkaline 6.51 0.9237 0.7344
1000ppm MES + 250ppm CaCl; + Alkaline condition 6.26 0.9628 0.9338
1000ppm MES + 250ppm CaCl, + Alkaline condition + 5.90 0.9753 0.6245

25ppm Nano-silica

Figure 4 presents the adsorption capacity results for Grey Berea at 70°C temperature
conditions. Compared to the ambient temperature of 25°C, the adsorption capacity reduction
under higher temperature conditions demonstrated a lower adsorption reduction. In the case of
(750ppm of MES surfactant + alkaline condition), the adsorption capacity obtained from
ambient and 70°C temperature conditions are correspondingly 5.86mg/g and 2.58mg/g.
Meanwhile, increasing the temperature from ambient to 70°C temperature significantly reduces
the adsorption capacity of the synergized solution (750ppm MES + 250ppm CaCl, + Alkaline
condition + 25ppm Nano-silica), where it reduces from 4.66 to 0.85mg/g as shown in Figure 4
below. This further shows that nano-silica and higher temperatures reduced surfactant
adsorption on the rock surface. The adsorption capacity reduction occurred at a higher
temperature which is attributed to the exothermic process and reduction of viscosity [34].
Therefore, the synergized nanofluid is feasible and suitable for the c-EOR process as the
reservoir temperatures are typically at high-temperature conditions. The present adsorption
study proved that the synergy of nanoparticles with surfactant could relatively reduce excessive
surfactant loss. Meanwhile, the results indicated that higher temperatures showed a better
reduction of excessive surfactant loss.
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Figure 4: Amount of surfactant adsorbed at reservoir temperature condition (70°C)
3. Conclusion

In this present study, the potential of methyl ester sulphonate/nano-silica nanofluid to
achieve wettability alteration toward a strong water-wet state was investigated. The results
proved that the combination of 750ppm MES surfactant + alkaline condition + 250ppm CaClz
+ 25ppm nano-silica led to the best results among different synthesized solutions in this study.
The contact angle was reduced from 91.7° to 18°. On the other hand, the adsorption study
showed the tendency of nano-silica to reduce the excessive surfactant adsorption on the rock
surface. It is notable that 750ppm MES surfactant + alkaline condition + 250ppm CaCl; +
25ppm nano-silica had the lowest adsorption capacity at 25°C and 70°C temperature conditions.
This study demonstrated the significant potential of nano-silica to achieve favorable wettability
alteration and mitigate surfactant adsorption losses. This shows that at reservoir conditions,
nanofluid of nano-silica and methyl ester sulphonate under alkaline conditions can be
economical as it saves on surfactant usage and support additional oil recovery.
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