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Preface

The pursuit of sustainable solutions to modern engineering challenges has never been more
urgent. As the world grapples with accelerating climate change, energy inefficiencies, and
environmental degradation, the need for environmentally responsible materials and technologies
has become paramount. This thesis is the result of a deep-seated commitment to advancing bio-
based alternatives to synthetic chemicals traditionally used in various industrial processes. More
specifically, it explores the extraction, characterization, and diverse applications of a natural
surfactant derived from Trigonella foenum-graecum (commonly known as fenugreek)—a plant
with a long history of traditional use, now reimagined as a key component in modern sustainable

engineering.

The inspiration for this work originated from the intersection of green chemistry principles
and indigenous knowledge systems. In many cultures, fenugreek seeds have been valued for their
medicinal and nutritional properties. However, their potential as a source of surface-active
biomolecules remains largely underexplored in the scientific literature. Recognizing this
opportunity, I embarked on a multidisciplinary research journey to investigate how such a natural,
biodegradable, and renewable resource could be harnessed to address pressing energy and
environmental problems. From the outset, this research aimed to transcend conventional laboratory
experimentation and address real-world challenges. Throughout the course of this work, emphasis
was placed on both scientific rigor and practical relevance. The thesis presents not only the
fundamental characterization of the natural surfactant but also its integration into complex systems,
such as salt-resistant solvents, stable thermal emulsions and carbon entrapment platforms utilizing
industrial waste. Each chapter builds upon the previous to form a coherent narrative that highlights
both the depth and breadth of the research.

XXiX



The early phases focused on developing an environmentally friendly method to extract
surfactants from fenugreek seeds, ensuring that the process itself adhered to sustainable practices.
This green extraction approach avoided toxic solvents and prioritized simplicity, scalability, and
cost-effectiveness. The successful isolation of a stable and effective natural surfactant laid the
foundation for further exploration into its functional capabilities. The subsequent stages of the
research involved rigorous physicochemical characterization. Advanced analytical techniques
were employed to evaluate the surfactant’s surface activity, thermal behavior and colloidal
stability. Special attention was given to understanding how this bio-surfactant behaves in varying
saline and alkaline environments, which are typical of many industrial systems. The ability of the
surfactant to maintain performance under such challenging conditions highlighted its potential for

practical deployment in fluid management and thermal regulation.

This thesis also delves into the integration of the natural surfactant with nanomaterials.
Specifically, hybrid nanofluids were developed by combining the surfactant with silica
nanoparticles. These formulations were systematically tested for their thermal conductivity,
dispersion stability, and rheological properties. Results demonstrated significant improvements in
stability and thermal performance, positioning the hybrid systems as strong candidates for use in
advanced heat transfer and energy storage technologies. In parallel, the surfactant’s role in
emulsion stabilization, particularly for phase change materials (PCMs) was investigated. The
ability to form stable thermal emulsions has critical implications for the design of energy-efficient
systems such as thermal batteries, heat exchangers, and building insulation materials. The findings
confirmed that the fenugreek-based surfactant could effectively stabilize PCM emulsions, thereby

enhancing their reliability and operational lifespan.
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Beyond engineering systems, this research also touches upon environmental remediation.
A novel aspect of the work involves combining the natural surfactant with industrial fly ash to
explore its utility in carbon dioxide entrapment. This dual-purpose application not only offers a
route for carbon capture but also contributes to circular economy models by repurposing industrial
waste. The outcomes support the feasibility of using bio-surfactant-assisted materials in mitigating

environmental pollution and reducing carbon footprints.

This thesis is dedicated not only to scientific advancement but also to a broader vision of
sustainable development. The research presented herein will contribute to ongoing efforts in
developing clean technologies, reducing environmental impact, and promoting the use of
renewable, bio-based resources in engineering applications. This work inspires further exploration
in the field of natural surfactants and encourages continued innovation toward a more sustainable

and resilient future.
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Thesis Organization

Chapter 1: This chapter outlines the global need for sustainable technological
transformation, emphasizing the integration of green chemistry with traditional knowledge to
develop bio-inspired, eco-friendly materials. It highlights the thesis’s focus on harnessing natural
surfactants for multifunctional performance in complex mechanical and energy systems. The
chapter also explores hybrid innovations combining surfactants with nanotechnology for enhanced
functionality, addresses environmental remediation through CO:2 entrapment and aligns the

research with SGD 7 for sustainable and reliable energy solutions.

Chapter 2: In this chapter, natural surfactant was extracted from fenugreek seeds via
Soxhlet extraction technique and characterized for mechanical and thermal fluid applications.
FTIR, UV-Vis, MBAS, FESEM and surface tension analyses confirmed anionic saponins with
strong surface activity, low adsorption, foamability and thermal stability, indicating suitability for

fluid transport systems.

Chapter 3: In this chapter, physicochemical performance of a natural surfactant derived
from fenugreek seeds was evaluated for its potential in mechanical and industrial systems.
Surfactant exhibited strong surface activity, reducing interfacial tension effectively at low
concentrations near its CMC (0.2 wt.%). Rheological analysis showed shear-thinning behavior,
suitable for flow-based applications. Contact angle measurements indicated enhanced wettability,
while stable foam formation under different conditions highlighted its applicability in foam-
assisted transport. Its biodegradable, low-toxicity nature supports sustainable use in thermal, fluid

and cleaning processes.
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Chapter 4: In this chapter, emulsification behavior of paraffinic compounds was examined
using a bio-derived surfactant synthesized from fenugreek seeds, targeting mechanical applications
involving multiphase flow. Surfactant effectively reduced interfacial tension and stabilized
paraffin—water emulsions, even under saline conditions. Optical microscopy revealed uniform
droplet distribution, while rheological analysis indicated shear-thinning behavior suitable for
dynamic flow environments. Micromodel experiments demonstrated improved phase
displacement and reduced trapping in porous structures. These results highlight the surfactant’s
potential for use in sustainable, salt-tolerant fluid systems relevant to thermal management and

flow control technologies.

Chapter S: In this chapter, use of fenugreek seed-based natural surfactants to enhance fluid
flow and displacement in porous microstructures was explored. Evaluations of interfacial tension,
emulsion stability, and rheology demonstrated improved phase mobilization and thermal stability.
Micromodel tests confirmed better sweep efficiency and reduced fluid trapping, underscoring the

potential of bio-based surfactants in multiphase flow systems.

Chapter 6: In this chapter, stability and performance of emulsions were enhanced by
combining a natural surfactant with single-step synthesized silica nanofluids. Two formulations:
surfactant-polymer (SP) and nanoparticle-surfactant-polymer (NSP) were compared. NSP
formulations outperformed SP, showing better interfacial tension reduction, thermal stability and
droplet uniformity. Rheology, zeta potential and wettability results confirmed improved structure

and stability, making NSP emulsions ideal for heat transfer and multiphase mechanical systems.

Chapter 7: In this chapter, use of natural surfactants in stabilizing n-PCM emulsions was
explored for thermal energy storage (TES) applications in mechanical systems. Silica nanofluid-

surfactant combination was developed to enhance emulsion stability and thermal efficiency of
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PCM. Techniques like DSC, interfacial tension, microscopy, and rheology confirmed improved
performance. Lower nanoparticle concentrations offered optimal thermal efficiency and long-term
stability, making the system suitable for TES applications in energy management and mechanical

heat exchange operations.

Chapter 8: In this chapter, a sustainable approach for CO2 entrapment was developed using
a natural surfactant derived from fenugreek seeds in combination with industrial fly ash. The
combination enabled efficient CO2 capture, as confirmed by pressure decay tests and microscopic
analysis showing stabilized gas bubbles. FTIR revealed carbonate formation, indicating chemical
interaction. This eco-friendly system offers a dual benefit of effective gas entrapment and

industrial waste utilization in mechanical applications.

Chapter 9: In this chapter, thesis concludes by presenting an integrated view of bio-derived
surfactants as multifunctional materials for mechanical and energy systems. Extracted from
fenugreek seeds, the surfactants showed strong surface activity, thermal stability and compatibility
with nanomaterials. Their use in stabilizing emulsions, managing multiphase flow, enhancing
thermal energy storage and entrapping CO: through fly ash composites was validated. This work
underscores the potential of green surfactants in fluid control, heat management and environmental
remediation within mechanical applications, aligning with sustainability and circular economy

frameworks.
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Chapter 1

Introduction

1.1 Background

Surfactants, or surface-active agents, are compounds that possess the unique ability to alter
surface and interfacial properties between different phases such as liquid-gas, liquid-liquid or
liquid-solid [1] . Structurally, a surfactant molecule consists of two distinct components: a
hydrophobic tail, typically composed of a hydrocarbon or fluorocarbon chain, and a hydrophilic
head group, which may be ionic or nonionic in nature [2]. This amphiphilic configuration enables
surfactants to adsorb at interfaces, resulting in a reduction of surface or interfacial tension and the
stabilization of otherwise immiscible phases [3]. The fundamental function of surfactants lies in
their ability to mediate interfacial interactions, which has led to their widespread adoption in
various scientific and industrial sectors. Their applications span a wide spectrum ranging from
detergency, emulsification and dispersion to wetting, foaming and solubilization [4]. In
engineering systems, surfactants are crucial for enhancing fluid transport properties, improving
heat and mass transfer and stabilizing multiphase systems [5]. Their utility is further evident in
areas such as pharmaceuticals (drug delivery) [6], agrochemicals (pesticide formulation) [7],
petroleum recovery (chemical flooding) [8], cosmetics [9], and environmental remediation (oil

spill treatment, soil washing) [10].

Surfactants are commonly categorized based on the charge of their hydrophilic head group:

anionic (negatively charged), cationic (positively charged), nonionic (no net charge), and



zwitterionic (carrying both positive and negative charges) as shown in Figure 1.1 [11]. Each type
exhibits distinct physicochemical behavior, solubility profiles, and performance characteristics,

allowing for tailored usage in specific applications.

\_//—O Non ionic
Hydrophilic
_Hydrophobic Anionic
tail
Amphoteric

Figure 1.1: Classification of surfactants based on charge present on head group.

The surface activity of these molecules arises from their tendency to align at interfaces,
thereby disrupting the cohesive interactions of molecules in one phase and facilitating interactions
with another [12]. This results in reduced energy at the interface, promoting processes such as
emulsification, micellization, and foam formation [13]. The ability of surfactants to form micelles
in solution further extends their relevance in nanotechnology, colloidal science and advanced
materials engineering [3,14,15]. Despite their widespread functionality, increasing attention is
being directed toward the environmental sustainability and biocompatibility of surfactants issues
that have sparked significant interest in alternative surfactant systems derived from natural or

renewable sources. As such, understanding the fundamental role and mechanistic behavior of



surfactants is essential in advancing their application in green technologies, sustainable product

design and novel functional materials.

1.2 Need of Natural Surfactants

The global transition toward sustainable technologies has intensified the search for
materials that are not only functionally effective but also environmentally benign. Surfactants
widely used across industries such as energy, pharmaceuticals and environmental management;
are essential due to their amphiphilic structure, which enables them to reduce interfacial tension,
stabilize emulsions and enhance phase interactions [16,17]. Traditionally, synthetic surfactants
derived from petrochemicals have dominated the market due to their strong surface activity and
broad utility. However, their environmental persistence, poor biodegradability and potential
toxicity have raised significant ecological and health concerns [18]. Many synthetic surfactants
tend to accumulate in soil and aquatic environments, posing risks to aquatic life and disrupting
microbial ecosystems [19]. Their production often involves hazardous precursors and energy-
intensive processes, further contributing to environmental degradation and carbon emissions.
Residual traces of these compounds in water, personal care products and packaging materials have
also been linked to allergenic and endocrine-disrupting effects [20]. As environmental awareness
and regulatory scrutiny increase, the drawbacks of synthetic surfactants have become more

apparent.

In response, natural surfactants derived from renewable sources such as plants, microbes,
or agricultural residues are emerging as safer and more sustainable alternatives. These surfactants
are typically biodegradable, less toxic and capable of performing a wide range of interfacial
functions [21]. Their chemical structures, based on lipids, polysaccharides, proteins, or glycosides,

offer flexibility and adaptability for diverse applications [22-24]. In addition to environmental
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benefits, they enable the value-added utilization of bio-waste and support circular economy
models. Given the urgent need to reduce dependence on fossil-based chemicals while meeting
modern performance requirements, the development of natural surfactants represents a critical
advancement. Their adoption supports global sustainability goals and opens new opportunities for
innovation in green engineering, resource-efficient processes and environmentally responsible

material design.

1.3 Status of Natural Surfactant

In recent years, natural surfactants have garnered increasing attention as viable and
sustainable alternatives to synthetic, petroleum-derived surfactants. Their eco-friendly origin,
inherent biodegradability and reduced toxicity make them highly suitable for a broad range of
applications where environmental compatibility is essential [19]. Natural surfactants are broadly
classified into two categories, that is, plant-based surfactants and bio surfactants. Plant based
surfactants are the surfactants which are derived from plants whereas biosurfactants are the natural
surfactants that are prepared by fermenting the natural substrate, for instance, alkane, sugar, oil
and other waste in presence of microbes like yeast or bacteria [25,26]. With the recent
advancement in the field of biotechnology, researchers have developed a new alternative to the
chemical based synthetic surfactants by giving rise to biosurfactants that is prepared from
microorganisms. Biosurfactants has a wide variety of applications in food processing industry,
cosmetics industry, microbial enhanced oil recovery [27]. Apart from this biosurfactants have the
applications in medicinal field which is due to its anti-microbial, anti-cancer, anti-viral activity

and anti-adhesive agents [28].

In subsurface applications, surfactants play a major role by reducing interfacial tension at

oil water interface and recover more oil in order to meet the rising demands. In drilling mud,
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application of surfactants are quite popular as the surfactants are quite good at emulsifying and
wetting [29]. In order to avoid various concerns of hazardous environmental impact associated
with synthetic surfactants, natural surfactants are gaining enormous attention in the field of
subsurface system and it is due to its economic feasibility and a viable option [30]. Rigano and
Lionetti [31] reported the synthesis of a natural surfactant derived from Quillaja saponaria Molina,
extracted from the Chilean soap bark tree. Since then, various natural surfactants have been
explored for their potential in modifying interfacial properties. These compounds have
demonstrated the ability to lower interfacial tension, reduce contact angles, and alter surface
wettability making them valuable in a wide range of interfacial and colloidal systems. Chhetri et
al. [32] prepared a natural surfactant derived from Soapnut pericarp which is further used for
reducing interfacial tension (IFT) at oil-water interface from 19 mN/m to 2.5 mN/m. Ahmadi et
al. [33] developed a novel surfactant derived from the leaves of Glycyrrhiza Glabra and reported
that IFT reduction was around 69% in presence of surfactant solution and kerosene oil. Shahri et
al. [34] formulated a natural surfactant from the leaves of the tree named Zyziphus Spina Christi
and reported the reduction of IFT from 48 dyne/cm to 9 dyne/cm with kerosene oil. Ghahfaroki et
al. [35] synthesized the natural surfactants from three new plant that are cationic in nature, derived
from leaves of olives, spistan and prosopis. He reported the IFT reduction from 36.5 to 14 mN/m
for Olives leaf surfactant, 36.5 to 20.5 mN/m for spistan leaf surfactant and 36.5 to 15.11 mN/m
for prosopis leaf surfactant at distilled water and kerosene oil interface. Zhang et al. [36]
highlighted the novel zwitterionic surfactant derived from castor oil which helps in reducing
interfacial tension to a very low value of 5.4 x 10> mN/m at crude oil and water interface. Rahmati
et al. [37] introduces two new class of cationic surfactants that are derived from leaves of mulberry

and henna. Both the natural surfactant showed great results in reducing IFT, that is, mulberry



leaves surfactant helps to lower from 43.9 - 4.01 mN/m while henna leaves surfactants help to
reduce 43.9 — 3.05 mN/m at distilled water and kerosene oil interface. Saxena et al. [38] developed
a new anionic surfactant derived from palm oil which results in decreases the IFT to the ultra-low
value of 1x10~ mN/m at crude oil and distilled water interface at optimal salinity of 2 wt.% of
NaCl. Isari et al [39] extracted a non-ionic surfactant derived from eucalyptus leaves which has
shown results by reducing the value of IFT from 35.2 — 10.5 mN/m at oil water interface and
contact angle reduction from 140.6° —60.2°. Saxena et al. [40] synthesized a new anionic surfactant
derived from mahua oil and has resulted in lowering the value of IFT to 10> mN/m at crude oil —
water interface with a optimal salinity of 2% of NaCl. Machale et al.[41] explores a plant-derived
surfactant extracted from Eichhornia crassipes for its interfacial performance and surfactant
achieved a 37-41% reduction in IFT. As the surfactant concentration increased from 0 to 1 wt%, a
notable reduction in contact angle was observed, decreasing from 65.74° to 37.5°, indicating
effective surface wettability alteration. Magham et al.[42] used Passiflora plant extract as a natural
surfactant for subsurface application. At 4 wt% CMC, it reduced IFT to 13 mN/m and contact

angle to 55°, enhancing water-wetness.

Despite these encouraging laboratory-scale results, the translation of natural surfactants to
industrial-scale processes remains limited. Several factors contribute to this gap, including
inconsistent composition due to raw material variability, lack of standardized extraction and
purification methods and challenges in maintaining performance uniformity across batches. In
addition, cost-effective large-scale production and regulatory standardization are yet to be fully
established, hindering their widespread commercial deployment. Moreover, the application of
natural surfactants beyond subsurface systems is still underexplored. Their potential roles in fields

such as thermal energy storage, colloidal stability engineering, carbon entrapment and industrial



waste treatment have not been fully realized. A comprehensive understanding of their structure-
function relationship, performance in different media and synergistic behavior with other
functional additives is essential to broaden their scope. This goal of this research focuses on the
synthesis and application of a natural surfactant derived from fenugreek seeds. The study
encompasses detailed physicochemical and interfacial characterization, followed by the evaluation
of its performance across multiple engineering systems. Key areas include its salt tolerance,
emulsification behavior, interaction with nanoparticles in colloidal systems, enhancement of phase
change materials for thermal energy storage and its role in industrial waste utilization for CO-
entrapment. The work aims to establish the surfactant’s multifunctionality, environmental
compatibility and potential for integration into sustainable material and fluid systems. Finally, the

objectives of this PhD work are presented.

1.4 Surfactant based Emulsions

Emulsions are thermodynamically unstable systems composed of two immiscible liquids,
typically oil and water, where one phase is dispersed in the other in the form of droplets [43]. The
stability and formation of emulsions depend largely on the presence of surfactants, which are
amphiphilic molecules containing both hydrophobic and hydrophilic groups. These molecules
adsorb at the oil-water interface, significantly reducing IFT and facilitating the formation of
smaller, more stable droplets as shown in Figure 1.2 [44]. Surfactants play a critical role in droplet
size distribution within emulsions. By lowering the interfacial free energy, they reduce the
tendency of dispersed droplets to coalesce. Additionally, the formation of a surfactant layer around
droplets provides a physical and, in some cases, electrostatic barrier that further resists aggregation

and phase separation.
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Figure 1.2: Schematic representation of surfactant’s role in stabilizing oil droplets by reducing

interfacial tension and preventing coalescence.

The type and concentration of surfactant, along with system parameters such as pH, salinity
and temperature, strongly influence the emulsion characteristics. Several studies have examined
the effectiveness of surfactants in stabilizing emulsions [45-49]. Figure 1.3 shows a schematic
overview of primary mechanisms responsible for emulsion destabilization, including coalescence,
creaming, flocculation, and Ostwald ripening. These processes collectively influence the stability
and lifespan of emulsified systems. For instance, Golemanov et al.[50] investigated the formation
of paraffin-in-water emulsions using a mixture containing 15 mL of oil and 35 mL of surfactant
solution under mechanical stirring. Their findings highlighted that nonionic surfactants, such as

Tween-20 and Tween-60, significantly enhanced the stability of hexadecane emulsions.
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Figure 1.3: Schematic illustration of emulsion destabilization mechanisms.

In engineered systems, emulsions stabilized by surfactants are widely used in areas such as
food processing, pharmaceuticals, cosmetics and materials engineering [16,51]. More recently,
natural surfactants have gained attention due to their biodegradable and eco-friendly nature,
offering a sustainable alternative to conventional synthetic emulsifiers. Kumar and Mahto [52]
investigated a natural surfactant derived from sunflower oil for stabilizing heavy crude oil
emulsions. A formulation containing 60% heavy crude oil and 2 wt% surfactant remained stable
at 25 °C. Nafisifar et al.[53] extracted a natural surfactant from linseeds, referred to as PELS, and
evaluated its ability to stabilize crude oil emulsions. The emulsion was prepared at the critical
micelle concentration (CMC) of PELS using ultrasonication. Initial stability was maintained for

approximately two weeks, after which phase separation began, leading to complete separation of



oil and water within six weeks. A natural surfactant obtained from the bark of the Quillaja
saponaria Molina tree was utilized to stabilize medium chain triglyceride (MCT) oil-in-water
emulsions. The resulting emulsion demonstrated droplet sizes below 200 nm and maintained
excellent physical stability for over a month [54]. Pal et al.[55] studied a Gemini surfactant from
sunflower oil (CMC: 0.1496 mM at 303 K) for stabilizing n-heptane-in-water emulsions. Initial
droplet sizes ranged from 0.25-3.1 um, which increased to 0.64—6.2 um after 15 days, indicating
moderate stability. These studies collectively highlight the promising potential of natural
surfactants in stabilizing emulsions across various systems. Their ability to form and stabilize
emulsions, especially under varying environmental conditions, opens avenues for applications in

energy storage systems, waste treatment, and controlled delivery technologies.

1.5 Surfactants in Salt Environment

Surfactants in saline environments face unique challenges due to the presence of high
concentrations of dissolved salts, which can significantly influence their interfacial behavior,
solubility, and overall effectiveness. Elevated ionic strength can lead to compression of the
electrical double layer around surfactant molecules, promoting micelle formation at lower
concentrations but also increasing the risk of precipitation or phase separation, particularly for
ionic surfactants as shown in Figure 1.4. In such conditions, surfactant performance including
interfacial tension reduction, foam stability and emulsification may be compromised. Therefore,
the selection of surfactants with high salt tolerance, or the development of formulations using
zwitterionic, nonionic, or natural surfactants, is critical for maintaining stability and functionality.
Understanding surfactant behavior in saline media is especially important for applications such as
subsurface fluid displacement, wastewater treatment, and marine-based processes where salt levels

are inherently high.
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Figure 1.4: Schematic representation of effect of salt concentration on a surfactant-stabilized

system.

SDS surfactant improved silica nanofluid stability in saline conditions, extending
dispersion from ~4 to ~7 weeks and maintaining rheological performance up to 3 wt% NaCl. Oil
recovery increased from 48% to 55% OOIP at 3 wt% salinity, showing strong potential for saline
reservoir applications [56]. A study evaluated SDS-based micellar flooding for crude oil
emulsification under high salinity (0-4 wt% NaCl/CaClz) and temperature (40-98 °C). Emulsion
stability declined with rising salt concentration more so with CaClz and at elevated temperatures
due to droplet coalescence [57]. AGES surfactants exhibited ultralow interfacial tension and strong
oil solubilization near optimal salinities (ranging from <1% to >20% NaCl) at 85-120 °C.
However, phase separation (cloud point) occurred at 120 °C. Blending AGES with IOS surfactants
resolved this, producing stable, single-phase solutions even in synthetic seawater, making them

suitable for subsurface system in high-temperature, high-salinity reservoirs [58].
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In contrast, natural surfactants, derived from plant or microbial sources, have emerged as
promising alternatives to synthetic agents due to their biocompatibility, biodegradability and
structural adaptability. These surfactants often contain functional groups such as hydroxyl,
carboxyl, or glycosidic linkages, which contribute to their surface activity and enable them to form
stable emulsions even under high salinity. Their amphiphilic nature allows them to adsorb at oil—
water interfaces, reduce interfacial tension, and prevent droplet coalescence. A polymeric
surfactant (PMES) synthesized from castor oil showed strong IFT reduction at 5000 ppm
concentration, reaching 5.42 x 10° mN/m at 4 wt% NaCl. This was due to enhanced interfacial
adsorption at higher salinity. Natural surfactants further improved performance, with 4 wt% NaCl
identified as optimal for the 1:0.5 surfactant-to-acrylamide ratio [59]. Natural surfactant
synthesized from palm oil via transesterification, demonstrated strong salt tolerance. At its critical
micelle concentration (8000 ppm), no precipitation was observed between 1% and 7% NaCl.
However, surfactant precipitation began at 8% NaCl, indicating stability up to 7% (70,000 mg/L)
salinity [38]. Although reported studies demonstrate the potential of natural surfactants in saline
environments, further investigation is essential to fully understand their performance, stability and
applicability under diverse and extreme salinity conditions relevant to real-world industrial
systems. In saline media, natural surfactants offer enhanced stability through steric and
electrostatic mechanisms, making them suitable for applications such as enhanced oil recovery,
emulsification and CO:z entrapment where salt concentrations are high and chemical compatibility

1s essential.
1.6 Nanofluid and their interaction with Surfactant

Nanofluids are engineered colloidal suspensions consisting of nanoparticles dispersed in a

base fluid, developed to enhance thermal, rheological or interfacial properties beyond those of
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conventional fluids [60]. Due to their high surface area and tunable physicochemical
characteristics, nanoparticles in nanofluids significantly improve heat transfer, stability, and
transport behavior, making them attractive for industrial applications [61,62]. The interaction
between surfactants and nanomaterials presents a synergistic mechanism that enhances the

functional performance of both components as shown in Figure 1.5.
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Figure 1.5: Representation of surfactant-nanoparticle interaction enhancing colloidal stability.

Surfactants, when combined with nanoparticles, can significantly improve dispersion
stability by reducing interparticle attractions and preventing agglomeration. This stabilization is
achieved through electrostatic repulsion, steric hindrance, or a combination of both, depending on
the surfactant type and surface chemistry of the nanoparticles [63]. In turn, nanoparticles can
influence the interfacial behavior of surfactants by modifying micelle formation, surface
adsorption characteristics, and interfacial film strength. Such synergy can result in improved

rheological properties, enhanced interfacial activity and more robust emulsion or foam
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stabilization. These combined systems are particularly effective in complex environments,
including high-salinity or high-temperature conditions, where conventional surfactant or
nanoparticle systems may fail independently. Rezvani et al.[64] formulated a surfactant—
nanoparticle blend using epoxysilane-modified silica and zwitterionic/nonionic surfactants to
enhance oil recovery in calcite-rich reservoirs. The system showed pH-responsive behavior and
improved interfacial performance. Oil recovery increased by 36 + 1% OOIP with surfactant alone
and by an additional 14 + 0.5% OOIP with 0.01 wt% nanoparticles. Farhadi et al.[65] studied CO:
foam stabilized by silica nanoparticles and a cationic surfactant. Using a novel adsorption index,
it was found that foam stability depended on both surfactant and nanoparticle concentrations. The
foam showed a peak viscosity of 6.03 cP, about 9 times higher than COz/water, linked to maximum
adsorption and hydrophobicity. Also, SDS-silica nanoparticle formulation was tested at 20 MPa
and 70 °C, showing effective wettability alteration of oil-wet carbonate to water-wet. Contact
angle and imbibition tests confirmed its potential for subsurface applications under varying salinity
and rock conditions [66]. Recent trends have explored the use of natural surfactants in nanofluid
systems to improve sustainability, offering environmentally friendly alternatives without
compromising performance. Saponin from natural surfactant (Glycyrrhiza glabra)
and hydrophilic silica nanoparticles were used to reduce IFT and enhance oil mobility. Adsorption
on carbonate rock showed rapid initial uptake followed by slower adsorption, with results fitting
kinetic and equilibrium models [67]. Another study evaluated a natural surfactant (Reetha)
combined with xanthan gum and silica nanoparticles to enhance heavy crude oil recovery. Core
flooding tests showed 18.5% oil recovery with the surfactant—polymer system, which increased to
27.3% with the addition of nanoparticles, confirming the effectiveness of the nanofluid approach

[68]. A separate study used a natural surfactant from Cyclamen persicum (CP) in combination with
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ZnO/MMT nanocomposites to enhance interfacial properties. At optimal surfactant concentration,
IFT and contact angle were reduced by 57.78% and 61.58%, respectively. The CP-ZnO/MMT
hybrid nanofluid improved wettability and IFT performance, especially in the presence of NaCl.
Core flooding tests showed oil recovery factor improvements of 8.2% (CP), 6% (ZnO/MMT), and
13% (hybrid), demonstrating strong synergistic potential [69]. The cooperative behavior between
natural surfactants and nanomaterials opens new pathways for developing advanced formulations
used in applications such as controlled release systems, enhanced fluid mobility and thermal
energy storage. Recent attention has turned toward natural surfactant nanoparticle systems,
offering not only performance benefits but also improved environmental compatibility and

sustainability.

1.7 Surfactant in Thermal Energy Storage

Thermal energy storage (TES) systems play a vital role in enhancing energy efficiency and
enabling the integration of renewable energy sources. Among various TES technologies, latent
heat storage using phase change materials (PCMs) has gained significant attention due to its high
energy storage density and ability to operate at nearly constant temperatures during the phase
transition process [70]. PCMs store and release thermal energy through solid-liquid transitions,
making them suitable for applications such as solar thermal systems, waste heat recovery, building
energy management and thermal regulation in electronic devices. Despite their advantages, many
PCMs suffer from challenges such as low thermal conductivity, phase segregation, subcooling and
leakage during the liquid phase, which limit their practical applicability [71]. To address these
issues, researchers have explored various approaches including the use of encapsulation,
composite systems, and functional additives. One promising strategy involves the use of

surfactants, which improve the stability and uniformity of PCM-based systems, especially in
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emulsified or nano-enhanced formulations. Surfactants, due to their amphiphilic nature, can reduce
interfacial tension and promote the dispersion of immiscible components, thus enabling the
formation of stable PCM emulsions or micro/nano-encapsulated systems as shown in Figure 1.6.
In water-in-oil or oil-in-water PCM emulsions, surfactants help maintain droplet integrity and
prevent coalescence during repeated melting and solidification cycles. Additionally, in nano-PCM
systems, surfactants aid in dispersing thermally conductive nanoparticles, enhancing heat transfer

and maintaining system homogeneity over time.
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Figure 1.6: Role of surfactant in stabilizing n-PCM (nano-phase change material) emulsions,

enhancing thermal performance and dispersion for sustainable energy storage applications.

Chen et al. [72] developed a phase change emulsion using the phase incursion technique,
incorporating tetradecane microparticles dispersed in water. The emulsion featured a melting point

of 277.7 K and a latent heat of fusion of 73.47 kJ/kg. Zhang et al. [73] formulated a water-based
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phase change emulsion for solar thermal applications using n-octacosane as the PCM, which melts
at 60 °C. A binary blend of synthetic surfactants (Span and Tween in a 1:1 mass ratio) was
employed for emulsification, while SiO2 nanoparticles (7-40 nm) served as nucleating agents to
enhance phase transition performance. Reported studies on PCMs rely on synthetic surfactants for
emulsion stabilization and performance enhancement. However, the potential of natural
surfactants in PCM systems remains largely unexplored. Exploring bio-based surfactants could
offer a sustainable alternative with reduced environmental impact, making it a relevant and timely
area for further research. Thus, the incorporation of natural surfactants into PCM-based TES
systems not only improves thermal performance but also contributes to long-term material stability

and scalability in real-world applications.

1.8 CO; utilization with Natural Surfactant

The rising concentration of atmospheric carbon dioxide (COz) due to industrial emissions
is a major contributor to global climate change. To mitigate its environmental impact, carbon
capture, utilization, and storage (CCUS) technologies have emerged as critical strategies. Among
various approaches, CO2 entrapment the process of capturing and immobilizing CO2 within solid
or semi-solid matrices offers a promising route for long-term carbon sequestration, particularly in
geologic formations, porous media, and reactive materials [74]. However, the effectiveness of CO2
entrapment is often limited by poor fluid-solid interaction, insufficient dispersion and low contact
area between CO:2 and trapping media. In this context, surfactants play a crucial role by enhancing
interfacial interactions, improving COz solubilization and promoting better distribution within the
trapping matrix. Their amphiphilic nature enables them to reduce interfacial tension and stabilize
emulsions or foams that can improve CO2 mobility control and retention in porous structures.

Furthermore, surfactants can facilitate CO2 capture when combined with mineral or industrial
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waste materials such as fly ash, allowing the formation of stable CO:z-containing phases like
carbonates. A wide range of waste products were explored in literature, for instance, steel slag
[75], basic oxygen furnace slag [76], blast furnace slag [77], concrete [78], fly ash [79], Sugarcane
bagasse fly ash [80]. Reddy et al.[81] were among the first to explore the enhancement of fly ash
mineralization through aqueous carbonation methods. Sun et al.[82] utilized brown coal fly ash
from Latrobe Valley, Australia, for CO2 sequestration via indirect mineralization under relatively
mild conditions. Their study reported a maximum COz capture capacity of 264 kg per tonne of fly
ash. Qian et al.[83] modified municipal solid waste (MSW) fly ash using anionic chelating
surfactants specifically ethylenediaminetriacetic acid lauryl and monolauryl phosphate. The results
showed that fly ash treated with ethylenediaminetriacetic acid lauryl exhibited a higher activation
efficiency, achieving an active ratio greater than 95%, compared to the performance of monolauryl

phosphate.

COe Utilization
| L

Figure 1.7: Potential of natural surfactant in enhancing CO:z entrapment through interaction with

——

industrial waste matrix, promoting sustainable carbon storage.
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The presence of surfactants can also enhance the wettability of solid surfaces, supporting
stronger interactions between COz-rich phases and the host matrix. While above mentioned studies
have examined the role of synthetic surfactants in enhancing CO: entrapment processes, the
application of natural surfactants in this area remains largely unexplored. The use of natural
surfactants in this process introduces additional benefits, offering biodegradable and non-toxic
alternatives to synthetic agents, thus aligning the CO2 entrapment process with broader goals of
sustainability and green chemistry as shown in Figure 1.7. Therefore, this study explores the
integration of a plant-derived surfactant with reactive solid waste (fly ash) to evaluate its potential
in capturing and stabilizing COz, thereby contributing to environmentally responsible carbon

management.

1.9 Motivation

The increasing demand for sustainable and eco-friendly alternatives to conventional
chemical agents has driven the exploration of natural surfactants. Their potential in enhancing
interfacial phenomena, stability under saline conditions and multifunctionality across energy and
environmental applications remains underutilized. This research is motivated by the need to
synthesize, characterize and use a plant-derived surfactant for advanced applications such as
emulsification, nanoparticle stabilization, thermal energy storage and CO2 entrapment addressing

both performance and environmental concerns.

1.10 Objective

The objective of the study includes synthesis, characterization and study the performance
evaluation of bio derived surfactants for emulsification, carbon entrapment and thermal energy

storage.
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1.11 Scope

This study focuses on the synthesis of a natural surfactant from fenugreek seeds and its
comprehensive physicochemical characterization. The research explores its application in
stabilizing paraffinic emulsions under saline conditions, enhancing multiphase fluid mobility
through pore-scale analysis and investigating synergistic interactions with nanoparticles in
colloidal systems. Additionally, role of surfactant in improving thermal performance of phase
change materials and facilitating CO2 entrapment via industrial waste utilization is examined. The
work aims to establish the surfactant’s multifunctionality across energy and environmental

domains, offering a sustainable alternative to synthetic agents.

1.12 Novelty of Research

This research presents a novel natural surfactant derived from fenugreek seeds with
multifunctional applications. Its effectiveness is demonstrated in stabilizing emulsions under
saline conditions, enhancing nanoparticle dispersion and improving thermal properties of phase
change materials. Additionally, the integration of the surfactant with industrial fly ash for CO2
entrapment presents a unique approach to waste valorization. The study offers a sustainable,
biodegradable alternative to synthetic surfactants for advanced energy and environmental

applications.
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Chapter 2

Natural Surfactant for Sustainable Carbon Utilization in Cleaner Production of

Fossil Fuels: Extraction, Characterization and Application Studies

Abstract

In this study, the extraction, characterization, and performance evaluation of a green
surfactant, derived from bio-resource (Fenugreek seeds), is reported for effective carbon utilization
in subsurface applications. Several characterization tools such as Fourier-transform infrared
spectroscope, ultraviolet—visible spectroscope, methylene blue active substance test, surface
tension tests, and scanning electron microscope were used to confirm saponin (surface activity) in
synthesized surfactant and suitably compared with the properties of conventional surfactants in
literature. The prepared green surfactant exhibited anionic behavior as validated by elemental
analysis and adsorption studies. The critical micellar concentration of surfactant was determined
by surface tension and electrical conductivity and its value was found to be around 0.2 wt%.
Carbon dioxide absorption potential of green surfactant was envisaged by molality tests which
confirmed that carbon dioxide absorption rate of surfactant was 7-18% higher than pure water. As
a result, the surfactant showed high foam volume (> 40 ml) and foaming stability (8-10 h). The
high temperature performance was also better. At 90 °C, carbon dioxide bubbles of larger size
were present in sufficient quantity which indicated that foaming potential of surfactant was not
severely affected by temperature. During adsorption studies, the green surfactant solution showed
a mass-loss of 48-60% on a sandstone surface, which is better than the one of a conventional

surfactant. It also showed superior property than conventional surfactants in adsorption isotherm
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investigations. Thus, the use of these green surfactants in subsurface scenario for carbon utilization
and oil recovery from a porous media is recommended.

2.1 Introduction

Every research, involving use of surface active agents, is usually dominated by surfactants
and as a result, they have received wide attention in areas such as pharmaceuticals, cosmetics,
detergents, bioremediation, emulsions, and enhanced oil recovery (EOR) [84—87] Among other
applications, EOR is currently in greater demand to meet surplus requirements of energy. Thus, it
is important to improve the efficacy of current chemical-EOR processes and design a surfactant
that not only forms greater o/w emulsion through interfacial tension (IFT) reduction of crude oil
but also reduces environmental impact of these chemicals in oilfield [88]. These surfactants are
good at emulsification, foaming, and thickening functions which are highly preferred in oil
recovery mechanism. However, the design of most of these surfactants is based on the utilization
of toxic chemicals which not only lead to hazardous environmental issues but also show greater
adsorption on surface of reservoir rocks which is a kind of formation damage [89]. In addition,
they are hazardous to aquatic life and human health resulting their non-biodegradable nature makes
them environmentally a non-viable option. Thus, due to greater demands of energy and necessity
to reduce environmental impact of synthetic surfactants, researchers seek alternate solutions for
effective utilization of surface-active agents in EOR.

Green extraction of surfactant is gaining enormous attention of researchers, since it is cost
effective, abundantly available, eco-friendly, and can be extracted using simple methods than
chemically synthesized surfactants [90]. Depending upon the method of preparation, surfactants
are broadly categorized as synthetic and natural surfactants [91]. In coming era, natural surfactants

can be proven a great alternative to non-biodegradable and toxic chemical-based surfactants in
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chemical EOR [92]. Jensen used Soxhlet apparatus to extract natural surfactant from plant material
that could be dried in sunlight before obtaining it in powdered form [93]. During extraction
process, the temperature was kept same as that of boiling point of solvent. Soxhlet apparatus has
been the most commonly used method in surfactant extraction from different plant-based sources.

On the basis of origin, natural surfactants are categorized as plant-based surfactant and bio-
surfactant. Plant-based surfactants are naturally driven from plants whereas bio-surfactants are
produced by fermentation process in presence of microbes [94]. Saponin is a major content present
in natural plant-based surfactants. Saponin originates from the word “sapo” which means soap or
natural detergent [95]. As a result, natural surfactants exhibit unique foaming and emulsifying
properties as reported by researchers for soap nut shells [32], zyziphus spina Christi [34], prosopis
[35], Chamomilla [25], and Eucalyptus [39]. Natural surfactant extracted from natural oil, i.e.,
castor oil, palm oil, jatropha oil, and other vegetable-based resources have also shown potential in
lowering IFT at oil-water interface and in altering wettability of rocks from oil-wet to water-wet
[96]. Natural surfactants can also be titled as green surfactants due to their less toxicity and non-
hazardous nature to environment resulting these surfactants exhibit various advantages over
chemically extracted surfactants. The trends have shown a rise in accelerating the use of natural
surfactants in EOR studies. Chhetri et al. extracted a natural surfactant from Soapnut fruit pericarp
which shows remarkable performance in reducing IFT between crude oil and water interface from
19 to 2.5 dyne/cm with surfactant concentration from 0 to 12 w/w% [32]. Ahmadi et al. used spray
drying technique to develop a natural surfactant, called Glycyrrhiza Glabra, which helped in
reducing IFT between kerosene and water from 33 to 9 mN/m (~70% reduction than 52% with
alkyl poly glycosides and 41% with alkyl sulfate) [97]. Zhang et al. prepared a natural surfactant

from castor oil and it was quite efficient in oil recovery process due to significant lower value of
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IFT at crude oil - water interface, i.e., 5.4 x 10> mN/m with just the concentration of 0.010 g/L of
aqueous solution without any extra alkali [36]. Muntaha and Khan conducted comparative analysis
between natural surfactant (Soapnut fruit pericarp) and chemical based surfactants [Sodium
Dodecyl Sulphate (SDS)] using surface tension measurements, where natural surfactant was
recommended over synthetic surfactant due to its environmentally friendly nature and cost
effectiveness [98]. Isari et al. introduced a novel natural surfactant of Eucalyptus and during
measurements, its capability to reduce oil-water IFT from 35.2 to 10.5 mN/m and contact angle
from 140.6°-60.2° was regarded remarkable for oil recovery applications [39]. Saha et al. focused
on studying interaction of natural surfactant (from reetha) with polymer and silica nanoparticles
and examined its role on improved oil recovery [68]. It was found that 18.5% additional oil
recovery was achievable with surfactant-polymer combination, which further increased to 27.3%
in presence of silica nanoparticles. Despite vital importance for natural surfactants in oilfield
applications, previous studies focused on plant-based natural surfactants and no literature reported
extraction, characterization, and performance evaluation of green surfactant from trigonella
foenum-graecum as far as we are aware.

Thus, in this study, we report the extraction of a new surfactant from natural source, i.e.,
trigonella foenum-graecum followed by its characterization by different techniques such as Fourier
Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS) to confirm
the presence of functional groups. To confirm the purity of synthesized surfactant, techniques such
as Field Emission Scanning Electron Microscope (FESEM) and Energy Dispersive X-ray Analysis
(EDX) mapping were used. Critical micelle concentration (CMC) of surfactant was determined by
electrical conductivity measurements at ambient conditions. It was expected that synthesized

surfactant will work as good surface-active agent and its performance will be comparable with
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conventional surfactants in literature. for subsurface applications will be comparable with
conventional surfactants in literature. The application of green surfactant was tested through
foaming potential on the development of CO: foams for carbon capturing in subsurface
environment, since CO2 foam followed by its injection in depleted oil and gas reservoir is the best
method to reduce the carbon foot prints from environment [99]. CO2 foams will not only lead to
capturing of carbon in surfactant networks but also minimize greenhouse emissions, and the use
of a natural surfactant will further make the process more sustainable and environmentally
friendly.
2.2. Materials and Methods
2.2.1. Materials

For this study, fenugreek seeds were collected from local commercial outlet in Amethi,
India. The solvent methanol was purchased from SD Fine Chemicals, India. The aqueous solutions
of synthesized surfactant were prepared using deionized water (DI), which was obtained from a
Millipore® Elix-10 water purification apparatus. Soxhlet apparatus and hot air oven were
purchased from Jain Scientific Glassworks, India. The sand was obtained from a commercial
vendor and it was washed using a saline solution of 4wt% NaCl followed by drying and sieving
(ASTM, Nunes Instruments, India) to attain uniform sand size of 200-380 um before use [100].
COz, of purity 99.95%, was obtained from Sigma Gases, India and used as received.
2.2.2. Extraction of surfactant from fenugreek seeds

The surfactant was extracted by fenugreek seeds using procedure outlined as follows. First,
fenugreek seeds were dried in sunlight (for 10 days) to remove excess moisture content followed
by drying in hot air oven for 0.5 h at 50°C. This process removed most of the moisture from the

seeds and the dried seeds were grinded in an industrial grinder (Oster, India). The obtained powder
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was carefully sieved using a standard sieve to remove any coarse grains and only the fine powder
of 100-240 um seeds was used in extraction process. The extraction process was performed using
a laboratory grade Soxhlet apparatus [93]. During extraction process, 50 g of sample was wrapped
in a muslin cloth (a pouch, made to completely encapsulate powder) and the pouch was placed
inside extraction chamber that contained vapor and siphon tubes. Before its use in synthesis,
Muslin cloth was hand washed in cold water (with any detergent) and dried under the sun. Then,
muslin cloth was dipped in methanol and left undisturbed for 48 h to ensure that any adsorbed
surface-active agent had been removed. The entire arrangement was mounted on a heating mantle
at 65°C. Methanol is preferred because not only does it has a lower boiling point (64.7°C), as
compared to other conventional solvents. Methanol also takes very less time to evaporate at
temperature > 65°C. Thus, it is used as solvent for this study. As the temperature of solvent reached
to boiling point, the vapor proceeds to condenser where it gets condensed and returned to the
extraction chamber. In extraction chamber, the extracted solutes (surfactant) move downward
towards round bottom flask. The entire process was repeated for at least 48 h to complete the
extraction process of surfactant.

The extracted liquid (a highly concentrated solution of surfactant) was removed from the round
bottom flask and heated in an oven at 70°C for 24-48 h to remove any excess solvent that might
be present in the system. The dried residue was grinded manually using a mortar and pestle and
the grinded extract was referred as green surfactant in powder form, which was dissolved in DI
water for the development of surfactant solution in various characterization and experimental
studies. The surfactant yield was determined as 12.76 + 11% gm using raw material of 100 gm of
fenugreek seeds. The cost of fenugreek seeds is Rs 88 for 500 gm and extraction was done by

using methanol (Rs 920 for 500 ml) as a solvent. Whereas the commercial surfactants like SDS

26



(sodium dodecyl sulphate) cost for Rs. 620 for 500gm, CTAB (Cetyltrimethylammonium
Bromide) cost for Rs 2440 for 500 gm. The prices are approximate and can vary depending on the
supplier, quantity purchased, and purity of the product. Natural surfactants derived from
agricultural products like fenugreek seeds may be more expensive due to the extraction processes
and raw materials used, but they offer advantages such as biodegradability and reduced
environmental impact, making them valuable in various applications.
2.2.3. Characterization of green surfactant

After the extraction of green surfactant, its characterization was performed by Fourier
Transform Infrared (FTIR) to confirm the presence of functional groups in final product. FTIR
was performed by in-built spectrometer (PerkinElmer®, USA). An attenuated total reflectance
(ATR) was used to obtain FTIR spectra of surfactant as this enables surfactant analysis to be
performed in liquid state. This IR spectra was collected at 4 cm? spectral resolution by utilizing
data collection time of 1 min [101]. Elemental composition and chemical bonding states of the
synthesized natural surfactant was determined by XPS analysis. The dried sample was mounted
on a conductive holder using carbon tape and analyzed using a monochromatic Al Ka source.
FESEM analysis was performed to visualize the morphology of synthesized surfactant and for that,
Nova NanoSEM with range of 0.2-30 kV was used. In addition, gold coating was performed on
sample for 30 s using gold sputter coating unit (JEC 3000: JEOL). The elemental composition of
synthesized surfactant was also analyzed by Energy Dispersive X-Ray Analysis (EDX) (Model:
Carl Zeiss Evo 50, attached to SEM unit).

To determine the charge of surfactant, the commonly used methylene blue analytical

method was used [20]. For this, methylene blue reagent was prepared as per the method in literature
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and other steps were followed accordingly [20]. A spectrophotometer (UV 3200, Lab India) with
an optical cell path length of 10 mm was used for this investigation.
2.2.4. CMC determination of green surfactant

Critical micelle concentration (CMC) of natural surfactant was determined by surface
tension (SFT) measurements using the Wilhelmy plate method [102]. For this, synthesized
surfactant was added to DI water in small increments of 0.04 wt% and the value of SFT measured
until no significant change in SFT was evident. The value of CMC was also confirmed by electrical
conductivity method [103]. Conventionally, at low concentration (of surfactant), electrical
conductivity of solution is governed by monomers while beyond CMC, it is dominated by micelles
and only few monomers contribute in it. This yields a change in the slope of electrical conductivity

at CMC value of surfactant.

2.2.5. Molality and foaming potential of natural surfactant

CO2 absorption studies were performed using a custom designed setup manufactured by
D-CAM Engineering, India. The similar setup has been also used in our previous studies
[104,105], based on CO2 absorption in different aqueous solvents. The setup comprised of a
stirring pot of capacity 100 ml, a thermocouple, and a pressure gauge (DiGi Gauge TX-430; range
0-350 bar; accuracy = + 0.25%) mounted on one end of cylinder near the inlet. Temperature inside
the pot was maintained by an electrical heating jacket (Swastik Electrical, India) and before use,
the entire pot was vacuumed using a vacuum pump. The stirring pot exhibited maximum pressure
and temperature rating of 350 bar and 250°C, respectively. The pot was carefully cleaned,
vacuumed, and purged by COz repeatedly to remove any traces of gas impurities. Then, surfactant
solution of 25 ml was carefully introduced in the pot. The pot was sealed and vacuumed again.

Following this, CO2 was carefully introduced in pot till the pressure reached to desired level.
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Agitation in pot was provided through an impeller (at 600 rpm). The drop in pressure was carefully
recorded using a pressure transducer while temperature was kept constant throughout the
experiment. CO2 absorption in surfactant solutions was performed by well-established pressure
decay method [106,107]. The gas molality was determined through the plot of decrease in pressure

(as gas continues to solvate in fluid) vs. time.

After molality experiments, CO2-laden surfactant solution was extracted via a sample port
into a graduated glass cylinder and analyzed visually to determine foam stability and foaming
potential of surfactant solution. The images of glass cylinders, containing foams, were obtained
using a camera (Samsung M21). The foaming potential of surfactant solution was determined by
changes in total volume of foam over the period of elapsed time. For this, the synthesized foams
were carefully analyzed at regular intervals and the residual foam volume (at corresponding
interval of time) was simultaneously determined. The foam stability was measured till the entire

foam volume had disappeared.

2.2.6. Microscopic analysis of CO: foams

After foam preparation, a small volume (2-2.5 ml) of foam was extracted from the glass
cylinder using a standard laboratory pipette (Tarsons, United States) and released on a glass slide.
The glass slide was observed under an optical microscope (Motic, Hong Kong) and foam images
were obtained at regular intervals of time using an inbuilt imaging tool (Moticam-10). Separately,
the thermal stability of foam was also investigated using microscopic, equipped with an electric
thermal stage (Novel Industries, India) with thermocouple. Once desired temperature reached, the

drop of foam was dropped on thermal stage for analysis and image extraction.
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2.2.7. Assessment of contact angle between surfactant solution and CO:

Following foam stability studies, the contact angle between green surfactant solution and
CO2 was measured using a stainless steel pressure cell with glass viewing ports. This assembly
was manufactured by D-CAM Engineering, India and its application for the determination of SFT
via pendent drop method has been reported in our previous study [107]. A small drop of solution
was dropped on glass slide and pressure cell was pressurized to desired pressure (12 bar) using a
syringe pump (Teledyne ISCO, United States), CO:2 cylinder, and pressure regulator. Images of
drop on glass slide in presence of CO2 were captured using a camera (Phantom VCC, United

States) to establish any change in the spreading of droplet on glass slide.
2.2.8. Surface adsorption studies in porous media

Finally, the natural surfactant was tested for its adsorption strength in sandstone media
[108]. For this, surfactant solutions of two concentrations (CMC: FS1 and 2CMC: FS2) were
chosen and 25 ml of each was put in glass vials containing 10 g sand already. The glass vials were
agitated using an orbital shaker (Tarsons®, India) at regular intervals. Equal amount (2 ml) of
surfactant solutions was extracted from glass vials at regular interval of 0, 2, 4, 6, and 8 days
followed by their analysis in UV-vis spectrophotometer (UV-vis 3200, Lab India®). These
observations were performed at room temperature with wavelength range of 200-500 nm and scan
rate of 1 nm/s. The actual amount of surfactant loss was determined by a calibration curve,
prepared by peak absorbance data of surfactant samples of varying concentration (0-0.4 wt%).
This method, of determining mass-loss owing to adsorption on solid surface, has been also reported
in previous literature [ 109]. The value of surfactant loss was reported in wt% which was obtained
by the difference between initial wt% (from absorbance value on calibration curve) and actual wt%

of surfactant sample.
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2.2.9. Adsorption isotherms for green surfactants

Finally, the adsorption isotherms were determined for green surfactant. 8 g of sand was
uniformly agitated (for 24 h) in 50 ml surfactant solution using a commercial horizontal shaker
(IKA HS 501) at room temperature. After adsorption, surfactant solutions were centrifuged at 500
rpm (using a Droplet Medical Laboratory Centrifuge) for 10 min to separate any sand particles

from surfactant solution. Amount of surfactant adsorbed, I' (mg/g), can be calculated using Eq. 1.
4
r=(,—-=¢C, — 1

Here, Co and C. are surfactant concentration of initial and equilibrium conditions. V
represents the volume of surfactant (L) and m represents weight (g) of sand particles, i.e., absorbent
used in study. The surfactant concentration at equilibrium was determined via chemical oxygen

demand of the solution [110].
2.3. Results and discussion

First, the characterization of green surfactant has been reported via FTIR, XPS and UV-vis
analysis followed by the discussion on SEM and EDX results to establish the morphological and
elemental composition of formulated surfactant. The determination of critical micellar
concentration (CMC) for surfactant was discussed. For CO2 foams, molality, foaming potential,
and foam stability were reported and discussed. Finally, the results of contact angle measurements

(between surfactant solution and CO2) and rock surface adsorption were presented.
2.3.1. FTIR Analysis of green surfactant

Previous studies have relied on FTIR data to establish the presence of saponin in

formulated surfactants [111]. Hence, in this study, FTIR analysis of synthesized green surfactant
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has been performed in order to confirm the presence of known saponin functional groups. The
result of FTIR spectra has been shown in Figure 2.1. FTIR spectrum was plotted in the band range
of 400-4000 cm™'. From FTIR data, the peak at 3284 cm! indicates the presence of -OH stretching
which validates the presence of phenolics compound in synthesized surfactant [22]. The peak
observed at 2923 cm™! indicates the presence of -CH stretching to validate the existence of saponin
glucosides [112]. The spectra band range from 1600-1200 cm™ confirms the presence of C=0
stretching, CH2, and CH3 associated with the existence of aromatic rings, carboxyl phenols,
saponin glycoside, and amino acids in surfactant, consistent with the research findings on
surfactant characterization in literature [112,113]. The existence of glycosidic bonds is the result
of C=C stretching at 600 cm™ and C-O-C stretching at 1034 cm™!, which is responsible for the
chain of sugar that belongs to saponins [111]. Hence, from the results, it can be established that

the extraction method yielded a green surfactant from fenugreek powder.
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Figure 2.1: FTIR spectra of green surfactant obtained as a function of wave number.
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2.3.2. XPS Analysis of green surfactant

XPS was employed to analyze the surface chemical composition and electronic state of the
synthesized natural surfactant [114]. A wide survey scan was initially performed to identify the
elements present on the surface of the surfactant. This scan typically covered a binding energy
range from 0 to 1400 eV. High-resolution spectra were subsequently acquired for the core-levels
of elements of interest, such as carbon (C 1s), oxygen (O 1s), phosphorus (P 2p), nitrogen (N 1s)
and sodium (Na 1s) in the surfactant (Figure 2.2). The pass energy for high-resolution scans was
set at 0.10 eV to ensure adequate resolution. The survey scan revealed the presence of [elements
detected, e.g., C, O, P, N, Na], confirming the expected elemental composition of the natural
surfactant as shown in Figure 2.2 a. The high-resolution C 1s spectrum exhibited peaks 284.8 eV
corresponding to various carbon environments, such as C-C, C-O, and C-H bonds (Figure 2.2 b),
indicating the presence of both aliphatic carbon, alcohols and ethers [115,116]. The O 1s spectrum
showed peaks 286.5 eV that could be attributed to alcohols and ethers (Figure 2.2 ¢) [117]. The P
2p spectrum displayed peaks indicative of phosphate species, further corroborating the presence
of the phosphate group in the surfactant structure [118]. The N Is spectrum displayed peaks
associated with the protonated amines [119] whereas the Na 1s spectrum displayed peaks at
1071.32 eV attributed to presence of sodium phosphate [120,121]. The XPS analysis provided a
detailed insight into the surface chemistry of the natural surfactant, revealing its elemental
composition and the chemical states of the constituent elements. These findings are crucial for
understanding the surface interactions and the synthesized surfactant was found to be phosphate

anionic surfactant.
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Figure 2.2: X-ray Photoelectron Spectroscopy (XPS) Analysis of the Natural Surfactant (a)

Survey scan showing the overall elemental composition of the surface (b) High-resolution C 1s

spectrum, highlighting the various carbon peaks (c) High-resolution O 1s spectrum, illustrating the

different oxygen species present and table below shows the elemental composition and atomic

percentages along with associated functional groups.

2.3.3 UV-vis analysis of green surfactant

UV-vis analysis was performed to visualize the amount of light that has been absorbed by

a chemical substance. Hence, UV-vis analysis of aqueous solution of 0.2 wt% surfactant was

34



conducted and the result is shown in Figure 2.3. It was observed that an absorbance peak of 3
occurred at wavelength of 230 nm. In previous studies [122,123], the peak of saponin has been
obtained in between 210-220 nm. This peak value was determined after the repetition of analysis
for 5 times on same surfactant solution and an average value was reported in Figure 2.3. UV-vis
analysis was also performed at temperature of 70 °C and the results are provided in Figure 2.3.
The presented values indicate that a small decrease in peak absorbance value took place (2.85 vs.

3) at 70°C, indicating that the material did not lose much functionality even at elevated temperature

i.e. 70°C.
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Figure 2.3: UV-vis analysis of green surfactant as a function of wavelength at ambient conditions.

The green surfactant of 0.2 wt% was used and suspended in DI water.

When UV-vis analysis was repeated after 2 days, no significant change (deviation < 5%)
was noticed in absorbance value, indicating that green surfactant retained its stability till the

storage period of 2 days. UV-vis and FTIR analysis of each batch was performed immediately
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after preparation. Each of these batches were prepared from Fenugreek seed, obtained from
different stores within the district to ensure that the surfactant synthesized was not dependent on a

single batch or location.

2.3.4. FESEM and EDX analysis of green surfactant

For FESEM, a drop of surfactant solution was dried on aluminum foil and gold coated for
30 s before observation in the instrument. The image obtained from FESEM analysis is shown in
Figure 2.4. Conventionally, FESEM is performed to study the surface morphology of a chemical
substance. From Figure 2.4a, it can be clearly seen that surfactant accumulations were visible on
the surface of aluminum foil. These accumulations were evenly scattered and did not form any
cluster. Interestingly, the surfactant accumulations resemble like crushed stones and have no
regular shape. The irregularity in surfactant accumulations might occur during extraction process
wherein, the fluid extract from Soxhlet was dried and manually grinded to obtain surfactant
powder. The effect of extraction process on shape of green surfactant is random as shapes such as

rod-like and irregularity has also been observed in previous studies [124].

With FESEM, EDX analysis (a method for elemental composition of substance) of
surfactant is also provided in Figure 2.4. During this analysis, five different elements were
observed; carbon (C), oxygen (O), phosphorous (P), sodium (Na), and nitrogen (N). All these five
elements were the inherent components of synthesized surfactant, consistent with research findings
in literature [124]. The dominating element in surfactant was carbon (83.4%), which was probably
due to the biological origin of surfactant from a carbon based flora. Other elements, i.e., oxygen
(O), phosphorous (P), sodium (Na), and nitrogen (N) were present in lower amounts (15.3, 1, 0.3,

and 0.01%, respectively). The presence of Na indicates the anionic nature of the surfactant which
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may be attributed to sodium salts [ 124]. Apart from these elements, no other element was observed
during analysis, which further validates that synthesized surfactant was pure and exhibited no

contamination by other impurities.

Figure 2.4: SEM and elemental composition mapping of green surfactant, obtained after drop-
casting method. The dotted white circles indicate the presence of elements in elemental mapping

results.

2.3.5. Charge validation of green surfactant

To establish charge on green surfactant, a methylene blue active substances assay (MBAS)
test was performed. MBAS assay test is a simple method and most commonly used to validate the
presence of anionic surfactant in a liquid media [125]. Initially, pH of the sample reduced by
acidizing it (in this case by 0.1M diluted HCIl) followed by the inclusion of chloroform and

methylene blue in system. Since methylene blue is a cationic dye and with agitation, it formed pair
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with anionic surfactant which is then extracted in an organic solvent [126]. When MBAS test was
performed with green surfactant, ion exchange took place between cationic methylene blue dye
and anionic green surfactant which was also validated by visual and spectrophotometric analysis.

This validates the anionic nature of green surfactant.

2.3.6. CMC determination by SFT measurements

At liquid—air interface, SFT results from greater attraction of liquid molecules (called
cohesion) to each other than to the molecules in air (called adhesion). Due to high attraction of
water molecules (result of strong hydrogen bonds), water exhibited high SFT value of 72.8 mN/m
at 20°C, consistent with SFT value of water in literature [127]. SFT value of water reduced with
the inclusion of surfactant in the system as shown in Figure 2.5, plotted to show SFT variation of
water/air interface as a function of increasing surfactant concentration (wt%). When surfactant is
dissolved in water, it gets adsorbed at the interface of air-water with hydrophobic part in air and
hydrophilic part in water (Figure 2.5). Consequently, the population of water molecules, at air-
water interface, will reduce and this has caused decrease in attraction between water molecules
and thereby, SFT. From Figure 2.5, it is clear that SFT value decreased with increasing surfactant
concentration in system as more surfactant molecules were available to get adsorbed at air-water
interface. At 0.05 wt%, the value of SFT was measured as 44 mN/m which further reduced to 26
mN/m at 0.15 wt%. These values are significantly lower than SFT value of pure water. Thus, this
information can be used to determine CMC value of surfactant. Conventionally, CMC is the point
where decrement in SFT value almost ceased and a plateau will exist with further increase in
surfactant concentration. With the increase in surfactant concentration from 0-0.4 wt%, SFT trend
followed almost a constant horizontal line after 0.2 wt%. This represents the existence of CMC in

surfactant. At CMC, surfactant molecules will participate in the formation of micelles, which is of
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key importance in the design of surfactant solution for CO2 foaming and IFT reduction of crude

oil in practical applications. Thus, the obtained CMC value of 0.2 wt% at SFT of 22 mN/m was

used in all experimental tests of this study.
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Figure 2.5: Surface tension measurements of surfactant solutions of varying concentration (wt%).

The dotted red line denotes the presence of critical micellar concentration (CMC) in system.

2.3.7. CMC confirmation by electrical conductivity measurements

To verify CMC value of SFT method, electrical conductivity measurements were

conducted and a curve was obtained between electrical conductivity and surfactant concentration

as shown in Figure 2.6. The concentration of aqueous surfactant solution varied from 0-1.6 wt%

and the electrical conductivity measurements showed increase up to the concentration of 0.2 wt%.

It was observed that the increase in surfactant concentration was directly proportional to increase

in electrical conductivity of surfactant solution. Beyond 0.2 wt%, the slope of the curve changed

as evident from Figure 2.6. This sudden change in slope at 0.2 wt% confirms the existence of CMC
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in aqueous surfactant solutions of varying composition. At low concentration (< 0.2 wt%), the
surfactant monomers were responsible for the adequate conduction of electricity in solution.
However, at CMC and beyond, the electrical conductivity was the function of surfactant micelles
which showed different nature than monomers in electricity conduction hence, a change in slope
occurred. Thus, from these results, the value of CMC as 0.2 wt% was confirmed which is consistent
with the value obtained during SFT measurements. From these two methods, it is clear that CMC
value of synthesized surfactant should be chosen as 0.2 wt%. Previous studies have also relied on
a combination of methods to confirm CMC of surfactants, both green and commercial. Pal et al.
reported the use of IFT and conductivity methods to obtain CMC value of several quaternary
Gemini surfactants with different spacer lengths [128]. Saxena et al. utilized SFT and electrical
conductivity methods to establish CMC value of anionic green surfactant, derived from Sapindus
laurifolius [124]. Thus, SFT and electrical conductivity methods are well-practiced approaches to

establish and validate CMC value of surfactants.
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Figure 2.6: The determination of critical micellar concentration (CMC) of green surfactant by

electrical conductivity method at ambient conditions.
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2.3.8. CO: molality results for surfactant

CO2 molality results were conducted to compare CO2 absorption potential of water and
surfactant solution. For molality study, a widely practiced pressure decay approach was utilized
[129]. In this method, COz2 at high pressure comes in contact with solvent and gets entrapped in
the interstitial voids of solvent. As a result, the pressure continuously decreased with gas
entrapment and reached to a level at which no further drop in pressure was witnessed. This value
of pressure is called equilibrium pressure of system. Using pressure values of initial and
equilibrium condition, CO2 molality (number of gas moles trapped in 1 kg of solvent) was obtained
by ideal gas equation. Each investigation was performed five times and the average value of CO2
molality as a function of confining pressure (4-12 bar) and temperature (303-353 K) has been

provided in Figure 2.7.
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Figure 2.7: CO2 molality (moles absorbed in kg. of solvent) data for green surfactant as a function
of varying pressure (4-12 bar) and temperature (303-353 K). FS1 indicates surfactant concentration

of 0.2 wt% while FS2 involves 0.4 wt% of surfactant.
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For water, the value of CO2 molality was determined as 0.184 mol/kg of solvent at 4 bar,
which increased to 0.363 and 0.456 mol/kg of solvent at 8§ and 12 bar, respectively. Hence,
increasing confining pressure offered positive increment on the molality of solvent as more gas
gets absorbed into the solution [130]. With surfactant, CO2 molality increased due to the rapid
formation and deformation of small COz bubbles. It can be expected that CO2 entrapment in cages
of foam resulted into greater COz retention inside the body of fluid. In addition, it is likely that
surfactant monomers acted as carrier and transferred the gas phase from liquid-gas interface to
bulk body of surfactant. Consequently, CO2 loading was reported higher for FS1 (0.507 mol/kg of
solvent) and FS2 (0.524 mol/kg of solvent) at 303 K and 12 bar. However, CO2 molality for
surfactant solutions decreased with increasing temperature. CO2 molality for FS1 and FS2
decreased to 0.172 and 0.183 mol/kg of solvent, respectively, at 353 K and 4 bar. With surfactant,
CO2 molality increased significantly. This can be attributed to the rapid formation and deformation
of small CO:z bubbles in solvent. The effect of temperature on can be correlated with increase in
kinetic movement of gas molecules and micelles, making the entire system more chaotic and
reducing the stability of entrapped CO2 bubbles [101,131]. From the results, it can be established
that increase in pressure is beneficial, while increase in temperature bears inverse relation.

A comparative assessment of quantum of increase in CO2 molality by surfactant over water
was also conducted. For FS1 and FS2, % change in CO2 molality was determined at various
experimental conditions and these results are provided in Figure 2.8. To obtain % change, CO2
molality in water has been chosen as base case for comparison with CO2 molality in FS1 and FS2
solutions. From Figure 2.8, it can be observed that FS1 yielded an increase of 7.5-11% in CO2
molality, while FS2 showed 14-18% increase in CO2 molality (for pressure increase from 4 to 8

and then to 12 bar). Thus, a higher value of CO2 molality was observed for FS2 than FS1, which
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might be due to higher surfactant concentration in the system. Increasing temperature reduced the
absorption efficacy of both FS1 and FS2 solutions which is attributed to the degradation of micelles
at high temperature, a behavior which has also been reported for other surfactant laden solution
[102]. Hence, from the results, the application of synthesized surfactant is recommended for CO2

absorption applications. It can be used for post-combustion capture of CO:2 from flue gas streams.
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Figure 2.8: The effect of varying pressure (4-12 bar) and temperature (303-353 K) on CO2

absorption value (% change) of FS1 and FS2 surfactant solutions.

2.3.9. Foaming and foam stability results

CO:2 foaming potential of surfactant was assessed from the volume of foam generated by
its different concentration. A varying concentration (0-0.5 wt%) of surfactant was added to DI
water and the entire solution agitated in a stirring pot at 350 rpm under a pressure of 4 bar for 15
min. The process resulted into the development of aqueous foam in which CO2 bubbles were
enclosed by the film of continuous surfactant solution. For each composition, the amount of foam

volume is plotted as a function of surfactant concentration and the results are shown in Figure 2.9.
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From Figure 2.9, it can be established that foaming behavior of surfactant depends on its
concentration and as the number of monomers increase in solution, so does the volume of foam
generated. For example, with 0.1 wt% surfactant, the volume of foam generated was 18 ml which
increased to 46 ml at 0.2 wt%. However, with further increase in surfactant concentration, the
quantum of increase in foaming was negligible (Figure 2.9). This indicates, that beyond CMC, an
increase in foaming was hardly possible. The similar has been reported for conventional surfactant
such as SDS and therefore, surfactant concentration, i.e., CMC was regarded as the most desirable

concentration for various industrial applications [92].
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Figure 2.9: Verification of surfactant CMC by foaming method (volume of foam generated) as a
function of surfactant concentration (wt%). Above CMC, little increase (> 10%) was observed in

generated foam volume.

44



Next, the results of foam stability of FS1 (CMC) and FS2 (2CMC) were reported as a
function of time. For this, the changes in the height of foam in glass cylinder was monitored and
normalized foam height (i.e., foam height at time t/initial foam height) was plotted in Figure 2.10.
Initially, in both FS1 and FS2, the volume of generated foam was ~ 45-49 ml with some amount
of surfactant solution beneath foam. With time, liquid from the foam lamella drained under gravity
(phenomena referred to as liquid drainage) and volume of underlying surfactant solution increased
over time which correspondingly decreased the foam volume (Figure 2.10). Within 6 h, more than
half of foam volume disappeared and the normalized foam height reached to ~0.5 for both the
surfactant solutions (Figure 2.10). After 12 h, almost entire volume of foam disappeared for both
the surfactant solutions resulting foams exhibited stability of ~10 h. In previous study performed
with conventional chemical surfactant (SDS), CO2 foams yielded a foam volume of 60 ml but a
half-life of less than 30 min at ambient condition [132]. However, compared to FS1, FS2 displayed
slightly higher foam stability which can be attributed to the presence of more surfactant in solution.
Since that increase was not significant, the quantity of surfactant inclusion must be carefully
optimized to obtain the most effective technical and economic performance. In FS2, the
availability of more surfactant monomers probably resulted into greater absorption on the surface

of CO2 bubbles and provided higher resistance to bubble coalescence [92].
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Figure 2.10: Visual appearance images and foam height of surfactant solutions (FS1 and FS2) as

a function of time. The observations were performed at ambient conditions.

2.3.10. Microscopic analysis of CO:2 foams

For microscopic analysis, CO2 foam was taken on a glass slide and visualized under
microscope. Foam images as a function of time and temperature are shown in Figure 2.11 and
2.12, respectively. From Figure 2.11, it can be seen that foam bubbles were initially small with
average bubble size ~150-180 um. However, these CO2 bubbles coalesced to minimize their
surface energy with time and converted into large size bubbles. The increase in bubble coalescence
was confirmed from the increase in average bubble size and as a result, bubble size for FSI
increased to ~240 pm after 4 h and 470 um after 8 h. Similarly, FS2 exhibited increase in bubble
size from 160 um (at 0 h) to 270 um (at 4 h) followed by 400 um after 8 h. It is to be noted here
that the rate of coalescence (size increase) in FS2 was lower than FS1 and therefore, the foam size
in FS2 (after 8 h) was found lower (400 um) than the one (470 um) of FS1. Thus, it can be stated

that the presence of high surfactant concentration (in FS2) is believed to provide slight
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improvement in the stability of CO2 foams. In FS2, the availability of more surfactant monomers

probably resulted into greater absorption on the surface of CO2 bubbles [102].
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Figure 2.11: Microscopic images of CO2 foams of surfactant solutions (FS1 and FS2) on different
time (0, 4, and 8 h). With time, foams were found to coalesce (increase in size) and undergo phase

separation, reducing their population.

Figure 2.12 shows the effect of increasing temperature on average bubble size. It was
observed that increasing temperature showed significant increase in bubble coalescence and
thereby, average foam bubble size increases. The average bubble size in FS1 was 120 pm at 313
K which increased to 380 um at 333 K and 500 um at 363 K. Similarly, in FS2, the average bubble
size of 160 pm increased to 340 um, and 450 um at 313, 333, and 363 K, respectively. This effect

of increasing temperature on coalescence and bubble size can be attributed to rise in kinetic energy
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of trapped gas molecules which causes them to interact and coalesce with other bubbles. The
thermal stability of CO2 foams was tested for 4 h, and the presence of enough number of CO2

bubbles at 90 °C suggested that surfactant provided reasonable stability to foam systems.

FSI1

FS2

Figure 2.12: Effect of increasing temperature (40, 60, and 90°C) on microscopic characterization
of CO2 foams. Compared to FS1, FS2 exhibited slightly better stability at high temperature due to

the presence of higher surfactant concentration in solution.

Furthermore, the interfacial interaction between CO:z and surfactant solution that leads to
CO2 entrapment is also proposed through a schematic in Figure 2.13. Initially, both surfactant
solution and COz exist as separate phases inside the stirring pot and no intermingling between
them takes place resulting a contact angle higher than 90°C develops. The initiation of mechanical
agitation (provided by impeller) induces rapid intermingling between both the phases (CO2 and
surfactant solution) which enables entrapment of CO2 bubbles by the surrounding layer of
surfactant solution. Higher the entrapment, higher the drop in contact angle. At contact angle <

90°, the surfactant monomers start to adsorb on the surface of COz2 as a result, the interface shifts
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to other direction and offers progressive coverage of CO:2 to form a bubble. Contact angle 90°
indicates neutral condition. At this point, CO2 and surfactant solution are in equilibrium and have
no intention to interact. The results indicate that the application of green surfactant in CO2 foaming

and retention is recommended even at high temperature such as 363 K.
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Figure 2.13: Proposed mechanism of surfactant role into the development of curvature around
COz2 bubble. The contact angle between liquid and CO2 determines the surfactant role in foam

formulation.

2.3.11. Contact angle study b/w CO: and green surfactant

It has been well established that water potential to make foam with a gas is negligible unless
a surface-active agent or mechanical agitation is introduced in the system. In water, this lack of
foaming can be credited to the presence of high surface tension (Figure 2.5, Section 2.3.5). While
SFT determination is one way to identify this property, contact angle measurements can be further

used to visualize alteration in COz2-liquid interface for the promotion of better foaming attributes.
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The proposed changes on the interface between liquid (surfactant solution) and gas (CO2) can be
understood with the help of schematic provided in Figure 2.13. Correspondingly, the values of
contact angle as a function of time for the same system has been reported in Figure 2.14. Initially,
given strong adherence between water-water molecules at the interface, the droplet would try to
minimize spreading and show least amount of surface area, available to interact with gas molecules
[133]. This results in a high contact angle as evident from Figure 2.14; a value of 74-78° was
observed over the entire test interval of 20 min due to no change in surface activity of water droplet.
The inclusion of surface active agent (green surfactant) increased the surface activity as surfactant
monomers substitute the water molecules at COz-liquid interface. Consequently, the droplet
exhibited spreading and offered more surface area to interact with CO2 molecules. This caused a
significant drop in the contact angle of CO2-FS1 solution as evident from Figure 2.14. For FS1
and FS2, the contact angle of system reduced from 62-65° (at 0 min) to 44-47° (at 20 min),
indicating significant change in interfacial behavior of CO2 and surfactant solution. This change
can be attributed to the presence of absorbed surfactant monomers on gas-liquid interface, which
altered the contact angle and made liquid film to exhibit more contact/interaction with CO2. Thus,
change in contact angle between COz and FS1 indicates that CO2 pushed the surfactant droplet and
tried to entrap inside it, as observed in previous study for oil foams [134]. This surfactant role on
the entrapment of CO2 seems favorable for the development of CO:2 bubble (foaming) surrounded

by continuous layer of surfactant solution, also stated in past study [135].
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Figure 2.14: Time dependent contact angle measurements between CO2 and water/surfactant
solution (FS1). These experiments were performed at ambient temperature and under 12 bar

pressure.

2.3.12. Rock surface adsorption of surfactant

The adsorption behavior of synthesized surfactant was investigated for a sandstone media,
a typical reservoir rock of subsurface environment. One of the primary challenges with surfactant
application in subsurface is associated with its tendency to get adsorbed on the surface of rock,
which typically affects the rate of surfactant adsorption on interface of crude oil for IFT reduction.
For all surfactant-based EOR methods, one of the most important requirements is the development
of a surfactant system that has minimal chemical adsorption and low mechanical entrapment onto
the reservoir rock [110,128,136]. Generally, adsorption of a surfactant on solid surface is due to
the complex interaction between surfactant species and the species on or near the solid surface
[128]. Factors that affect surfactant adsorption include solution pH, temperature, type of surfactant

and its concentration, morphological and mineralogical characteristics of rock, type of electrolytes
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present in solution, and concentration of co-surfactants present. Since injected surfactant solution
moves forward in the reservoir (see Figure 2.15), its adsorption will reduce concentration required
to create sufficient IFT reduction of oil (for recovery) or CO2 (for viscous foaming). This may
render them ineffective in practical applications of EOR and CO: sequestration. Thus, an
understanding of the adsorption behavior of surfactant will be helpful for the development of

surfactant methods in such applications.
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Figure 2.15: Schematic showing the mechanism of surfactant adsorption on rock surface with
time. The lighter solution of lower surfactant monomers correspondingly gives low peak during

UV-vis absorbance study.

For this, a constant volume of surfactant solution (FS1 and FS2) was taken in a glass vial
with sand followed by the intense mixing to allow surfactant contact with sand grains. The effluent
extracted, at regular intervals of time (day 0-8), was analyzed by UV-vis method to establish any

change in absorbance. These results are provided in Figure 2.16.
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Figure 2.16: UV-vis analysis of effluent of surfactant solutions (FS1 and FS2) on different days
(0, 4, and 8). The green surfactant solution was put in a glass vial containing sand and the effluent

was extracted at regular intervals to establish surfactant loss due to rock surface adsorption.

The peak absorbance value in FS1 solution dropped from 3 (on day 0) to 2.45 on
measurement day 4 and 2.08 on measurement day 8. Similarly, in FS2, the peak absorbance value
dropped from 3.12 (on day 0) to 2.58 (on day 4) and 2.28 (on day 8). To compute actual mass loss
of surfactant on sand-surface, calibration curves were prepared by UV-vis analysis on surfactant
solutions of varying composition (0 to 0.4 wt%) (see Figure 2.17). It was observed that increasing
surfactant wt% increased the opacity in solution as a result, a higher value of peak absorbance
obtained for samples of higher wt% (Figure 2.17). Comparing previous absorbance value (for FS1
and FS2 in presence of sand) with calibration curve, the surfactant loss in FS1 was 0.07 wt% on
day 4 followed by total loss of 0.12 wt% in porous media on measurement day 8. On the other
hand, surfactant loss for FS2 was found 0.13 wt% and 0.19 wt% by measurement day of 4 and 8§,

respectively. This represents a total mass-loss of 60% (FS1) and 47.5 wt% (FS2) for green
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surfactant. However, from the results, it can be established that the quantum of surfactant
adsorption on rock surface was not severe (see Table 2.1), as reported in the case of conventional
surfactant in previous studies [137] Hence, the synthesized surfactant has potential to utilize in

subsurface applications such as EOR, COz2 sequestration, and CO2 foaming.

Table 2.1: UV-peak absorbance values and surfactant loss as a function of time on rock surface.

S.No. Study Sample Peak absorbance values Surfactant lost Total
(wt%) loss (%)
Day0 Day4 Day 8 Day 4 Day 8
1 This study FS-1 3 2.45 2.08 0.07 0.12 60%
2 FS-2 3.12 2.58 2.28 0.13 0.19 47.5%
3.5
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Figure 2.17: Calibration curve prepared by UV-vis analysis of surfactant solutions of varying
concentration (0-0.4 wt%). Increasing surfactant concentration increased the opacity and peak

absorbance value in solution.
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2.3.13. Adsorption isotherms of green surfactant

The most commonly used adsorption isotherms are Langmuir and Freundlich isotherms.
These isotherms are used to quantify sand adsorption on a rock surface, which is essentially
important during surfactant use in EOR and foam injection operations. Adsorption isotherm
indicates relationship between adsorbate (i.e. surfactant) suspended in liquid phase and adsorbate
already adsorbed on surface of absorbent [138]. First, Langmuir isotherms were obtained using a
reported methodology in literature [110]. Next, the value of surfactant adsorption determined as a
function of equilibrium concentration and Langmuir parameters were established by a close fit of
the curve in Figure 2.18. R? value of 0.987 indicates good curve fitting. Langmuir adsorption
isotherm is usually applicable to conditions, involving monolayer adsorption on a homogenous
surface (in this case, sand). The adsorption data for green surfactant as a function of adsorbent
dose (concentration) has been shown in Figure 2.18. The initial value of adsorption was 0.42 mg/g
for 100 mg/L. equilibrium concentration. It increased to 0.61 mg/g for 400 mg/L solution,
indicating increasing surfactant concentration suggested increase in surfactant loss. However,
beyond (400 mg/L), it can be understood that increasing concentration did not further cause an
increase in surfactant adsorption. From the data, it can be established that I'max (maximum
adsorption) value was 0.6223 mg/g (Figure 2.18). This value is comparatively lower than
adsorption value of anionic surfactant (SDS: 0.771 mg/g), cationic surfactant (CTAB: 0.867 mg/g),
and non-ionic surfactant (Tergitol: 0.816 mg/g) reported in literature [110]. Since the formulated
surfactant is anionic, it will show lower adsorption on sand surface than cationic and non-ionic
surfactants. Also, given negative charge of sand, only weak interactions took place between
anionic surfactant (like SDS and proposed green surfactant) and sand since the adsorption for them

was lower. This indicates that formulated green surfactant can show better performance than
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conventional oilfield synthetic surfactants. Also, along with I', RL (a non-dimensional separation

factor) is an important parameter [139]. To estimate Ri, the following Eq. 2 was used.

R 1 2

T 1+ K¢,

Here, Co, indicates initial concentration of adsorbate (green surfactant) in mg/L while K¢
indicates Langmuir’s constant. For RL value between 0 and 1, a favorable nature of adsorption is
achieved while value greater than 1 indicates unfavorable adsorption. For RL = 0, it indicates that
adsorption is irreversible and surfactant has now been lost forever on the surface. In this study, the
values of RL varied in between 0.0324 to 0.31, consistent with research findings of surfactant

adsorption on sand surface [89,140].

Alternatively, Freundlich’s isotherms were also determined for green surfactant.
Freundlich’s isotherms are used to indicate surfactant adsorption on a heterogeneous surface,
involving multi-layer sorption obtained by curve fitting in Figure 2.18 [141]. The value of R2 was
0.983 for Freundlich’s fit, indicating a close fit for the variables of this study. Kr (mg/g) indicates
Freundlich sorption capacity. In this study, Kr value of green surfactant was ~ 0.221 mg/g which
is comparable with the value of anionic surfactant (SDS, 0.225 mg/g) (Figure 2.18). Also,
Freundlich constant (1/n) denotes adsorption intensity of sand surface. For 1/n, a value between
0.1 and 0.5 indicates favorable adsorption while values 0.5-1 and greater than 1 indicate easy
adsorption and difficult adsorption, respectively [142]. For green surfactant, Freundlich constant
value of 0.182 was obtained which indicates favorable adsorption and moreover, its value was
consistent with the value reported for SDS (0.177) in literature (Figure 2.18). Hence, from the data,
it can be established that the performance of formulated green surfactant was similar to the

performance of commercial alternatives in terms of adsorption nature (indicated by Langmuir and
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Freundlich’s isotherms). The primary objective of this study was to explore the role of natural
surfactant for enhanced carbon storage in oil and gas reservoirs, and compare its performance with
a surfactant typically used for these applications. SDS is a commonly used oilfield surfactant and
it covers several applications in enhanced oil recovery, foam flooding, and mobility control of
injected gas [9,35,50]. Hence, the natural surfactant was only compared with SDS to establish its

application in areas where availability and use of synthetic surfactants is limited.

Modelling of adsorptionisotherms and comparative performance with
conventional surfactants

Surfactant
0.7 N
- FS SDS = Tergitol
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06 F “_._...'..‘-_Q ..... (This (28] G (35)
1 o study) 3]
g 0.5 E ..‘_‘.7:,-.3
~ - y
'g P ‘Ew‘ lax (Mg.g*) 0.6223 0.771 0.867 0.816
i |
% 03 'S
E T e Fsl Langmuir  y +10n7
2 r (Lmg™) 1.889 2.212 1.851 2.152
<02F L Fit (Freundlich) sl
0.1 F Fit (Langmuir) R? 0.987 0.975 0.968 0.958
0 A 2 i
100 200 300 100 S00 K (mg.g?) 0.221 0.225 0.302 0.256
Equilibrivm concentration (mg/1.) Freundlich
1/n 0.182 0.177 0.149 0.177
R’ 0.983 0.957 0.812 0.908

Figure 2.18: Langmuir and Freundlich isotherms to establish adsorption data of green surfactant

for varying equilibrium concentration (100-400 mg/L).

2.4. Conclusion

In this study, a green surfactant of bio-resource (fenugreek seeds) was synthesized by
Soxhlet method and its performance was evaluated for industrial applications such as CO2 foaming
and surfactant adsorption on sandstone surface. The surfactant nature was confirmed by the

characterization results of different techniques such as FT-IR, XPS, UV-vis, and surface tension,
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and compared with the properties of conventional surfactants in literature. The presence of
irregularly shaped surfactant monomers was established by SEM/EDX methods, which also helped
to identify carbon (= 84%), oxygen (= 15%), and traces of sodium, nitrogen, and phosphorus in
surfactant. Surface tension measurements were conducted to determine CMC value (0.2 wt%) of
surfactant, consistent with CMC values of commercial surfactants. CMC value of 0.2 wt% was
also validated by electrical conductivity measurements. For foaming, CO2 absorption in surfactant
solution was understood through molality results, which demonstrated increased CO2 absorption
by 7-18% over water. The maximum COz absorption (0.524 mol/kg of solvent) was obtained with
surfactant solution FS2 at 12 bar and 30 °C. The green surfactant showed significant foaming
potential as evident from foam volume (> 40 ml) and foam stability (10 h) results. In addition, CO2
foams showed significant thermal stability with increasing temperature and COz2 bubbles showed
progressive increase in bubble coalescence. At 90 °C, significant CO2 bubbles were present and
foam maintained bubble coherence for a time period of ~ 8 h. Thus, the green surfactant can be
used in CO2 foaming for CO2 based EOR and sequestration applications at elevated temperature.
The green surfactant also showed superior foaming nature by altering the fluid-gas interfacial
behavior as established by contact angle measurements. For water, contact angle value remained
~ 78° over the entire test duration however, its value for green surfactant was significantly lower
(44-48°). Thus, surfactant inclusion made gas-liquid interface more suitable for the development
of CO2 bubble/foam. The surfactant adsorption tests on sandstone surface were performed where
green surfactant solution yielded a mass-loss of 60%, which was better than the reported mass-loss
of conventional surfactants. Green surfactant also showed favorable adsorption characteristics as
it exhibited comparatively lower I'max than commercial surfactants in literature. The synthesized

surfactant showed comparable adsorption behavior of an anionic surfactant as demonstrated by

58



both Langmuir and Freundlich isotherms. Hence, the use of green surfactant is proposed for CO2

foaming and transport applications for effective CO: utilization in porous media.
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Chapter 3

Physiochemical Characterization of Natural Surfactant

Abstract

Surfactants play a crucial role in diverse interfacial and multiphase systems due to their
unique amphiphilic structure, enabling them to alter surface and interfacial phenomena effectively.
Natural surfactants, derived from renewable sources, have garnered significant attention due to
their environmental compatibility, biodegradability, and functional versatility in interfacial
systems. Thus, this study insight a physiochemical characterization of saponin derived from
Fenugreek seed as a natural surfactant. Natural surfactant was found to be effective at low
concentrations based on its IFT value (10 mN/m at CMC 0.2 wt.%). The natural surfactant solution
profile exhibited shear-thinning behavior at ambient and high temperature conditions. This study
also reports the synthesis of alkali-surfactant-polymer (ASP) slug with the use a natural surfactant
and natural polymer as an alternate for foaming in saline environment in practical applications.
The natural surfactant (used at CMC level) derived from fenugreek seeds and guar gum (4000
ppm) was used as natural polymer, while the concentration of NaHCOs3 (alkali) was tuned to curtail
the impact of salt-ions on foam-ability of ASP slug for practical applications. The desired ASP
slug (nomenclature: 0.5ASP1) of 0.5 wt% alkali, 0.2 wt% surfactant (CMC), and 4000 ppm guar
gum was developed after significant tuning in alkali concentration as per the variation in NaCl
concentration (1-8 wt%). The desired slug 0.5ASP1 showed significant foaming potential till NaCl
concentration of 2 wt% as demonstrated by superior foam height of 139.8 mm at span of 60

seconds which was only 113.4 mm for ASP slug (at salinity 2wt%). Microscopic investigations
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were also conducted to visualize packing and coverage of foam bubbles stabilized by 0.5ASP1 and
ASP slugs. 0.5ASP1 slug sustained bubbles for longer duration than ASP slug. The results
concluded that inclusion of natural derivative in form of surfactant and polymer along with
inexpensive alkali makes ASP slug a green alternative for practical applications such as oil

recovery, crude emulsification, CO2 foams, and IFT reduction.

3.1 Introduction

Globally, a significant portion of energy processes depends on efficient extraction and
transport of fluids from porous and permeable geological formations [143]. While alternative
energy technologies are emerging, conventional fluid-based systems still contribute substantially
to the global energy portfolio [144]. With increasing population and improved living standards,
the demand for efficient resource utilization from subsurface environments continues to rise [145].
Notably, a large fraction of the accessible subsurface fluids remains unrecovered, highlighting the
need for advanced methods to enhance fluid displacement efficiency [146,147]. To improve the
recovery rate, various enhanced fluid transport techniques have been developed. Among these,
chemically-assisted displacement methods are receiving growing interest due to their improved
performance and adaptability across a wide range of subsurface conditions [59,148]. These
methods typically involve the injection of specially formulated slugs designed to alter the
physicochemical environment and improve the mobility of trapped fluids [149,150]. Chemical
approaches generally include the use of alkalis, surfactants, polymers, or combinations thereof.
Among them, surfactant-based methods are particularly noteworthy, as they significantly reduce
interfacial tension (IFT) between immiscible phases [151]. This reduction in IFT increases the
capillary number and facilitates wettability alteration, enabling more effective fluid mobilization

within porous networks and contributing to enhanced displacement efficiency [152]. Addition of
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surfactants seems highly effective in reducing IFT in oil-water system and the charge on the
surfactant has to play a major role in reduction of IFT as the molecules of ionic surfactant possess
some charge and these charge form a monolayer at the interface of the system [3]. Additionally,
surfactants have favorable impacts on emulsion formation and rock wettability [153,154]. Bigger
droplets of oil are transformed into fine droplets which may easily travel through the porous and
permeable reservoir rock matrix [155]. However, chemical based surfactants are toxic and non-
biodegradable, causing environmental concerns before their application [32]. In addition, the high

cost of synthetic surfactants is making a huge impact on the economy [68].

Surfactant extraction from green origin is gaining enormous attention from the relevant
scientific community, due to various value addition as compared to synthetic surfactants,
economical, widely available, environmentally friendly, non-toxic, and the simplest extraction
process [90]. Soxhlet apparatus has been used to extract natural surfactant from various biomass
derived sources [23,30]. Table 3.1 presents a summary of previous studies on synthesized natural
surfactants, highlighting their potential in reducing interfacial tension and contact angle for
improved interfacial behavior in fluid transport systems. Chhetri et al. [32] developed a natural
surfactant from Soapnut pericarp and used it in reducing [FT between oil-water. Moreover, it was
established that natural surfactant was environmentally friendly as well as economical compared
to synthetic surfactant [98]. Rehmati et al. [26] introduced natural surfactants from two leaves of
mulberry and henna. Surfactant derived from mulberry exhibited IFT reduction from 43.9 to 4.01
mN/m. Natural zwitterionic extracted from castor oil was developed by Zhang et al. [36] and it
showed potential in IFT reduction of oil-water to the value of 5.4 x 10> mN/m. Saxena et al. [38]

also synthesized a biodegradable surfactant from palm oil. A natural non-ionic surfactant was
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derived from eucalyptus leaves, which showed potential in IFT reduction from 35.2 to 10.5 mN/m

at a CMC of 3.5 wt.% [39].

Table 3.1: Natural surfactants and their potential in reducing interfacial tension and contact angle

as reported in the literature.

IFT range | Contact angle
References Surfactant (mN/m) Reduction

[32] Soapnut 19-2.5

pericarp | |7
[33] Glycyrrhiza |33-9

Glabra | |77
[34] Zyziphus 48 -9

Spina Christi | |
[35] Leaves of 36.5-14

Olives | |7

Leaves of 36.5-15.11

Prosopis | |77

Leaves of 36.5-20.15

Spistan | |
[36] Castor Oil 54 %1073
[26] Mulberry

leaves 43.9-4.01 62.5°- 48.5°

Henna leaves

43.9-3.05 66° —37°
[38] Palm oil
1x10° | -

[39] Leaves of

Eucalyptus 352-10.5 | 140.6°—60.2°
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Moreover, the inclusion of surfactants is not only limited to IFT reduction but also exhibits
effective wettability shifts, that is, from oil-wet to water- wet and typically assessed via contact
angles of the rock/fluids systems [156,157]. For instance, the contact angle before natural
surfactant on a carbonate surface was 140.6° which reduced to 60.2° [39]. Pal et al. [158] extracted
a novel Gemini surfactant from sunflower seeds and it exhibited a significant shift in wettability.
Pure saponin surfactant can lower the IFT values of kerosene/water system by 66.98-77.31%
[159]. Alsabagh et al. [160] developed a non-ionic surfactant and used it to achieve ultra-low IFT
of 0.06 mN/m.

In all studies, natural surfactants have shown to be a better alternative (economical and
eco-friendly) to synthetic surfactants of chemical origin. Also, some study has also reported that
foaming potential as well as foam stability is higher in case of ionic surfactants as compared to
nonionic surfactants [161]. Despite their relevance in various fluid transport and interfacial
engineering applications, the potential of green anionic surfactants derived from fenugreek
remains largely unexplored in the context of advanced subsurface displacement or flow
enhancement processes; which is noteworthy. Therefore, the novelty of this work lies in the
development of a newly synthesized surfactant derived from an agricultural source (fenugreek
seeds) offering a sustainable and biodegradable alternative for interfacial engineering.
Additionally, the integration of this biosurfactant with natural polymers and alkali presents a novel
formulation aimed at enhancing fluid displacement, wettability control and interfacial
modification in thermofluid and porous media systems.

Thus, this study presents the synthesis and development of green surfactant extracted from
fenugreek seeds using the Soxhlet extraction technique. Interfacial tension of green surfactant was

determined and surfactant solutions of different concentrations ranging from 0 to 0.5 wt% was
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explored. Rheological and contact angle measurements were performed to evaluate the flow
behavior and surface wettability characteristics of the natural surfactant. The foamability of the
natural surfactant was assessed in combination with a natural polymer and alkali to investigate its
potential for stable foam generation under varying conditions. This was followed by analysis
showing impact of salinity (1-8 wt% NaCl) on suppression/promotion of foam prepared by ASP
slug. Thereafter, the concentration of alkali was tuned to envisage any improvement in foam-
ability of ASP slug and a slug of optimum foaming was conceived for saline conditions where
initial ASP slugs failed to exhibit foaming. The help of several experiments such as surface tension,
IFT, microscopic analysis, and contact angle measurements was taken for foaming studies of ASP
slugs. The findings suggest that ASP formulations based on natural derivatives hold potential as
alternative chemical strategies for improving fluid displacement in subsurface systems that (1)

contain a significant fraction of immobile fluid and (2) experience dynamic changes in salinity.

3.2 Materials and Methods

3.2.1 Materials

For this study, the agro-product fenugreek seeds were procured from a retail outlet in
Amethi (Uttar Pradesh), India. The solvent methanol was used as purchased from the supplier (SD
Fine Chemicals, India). The aqueous solution of natural surfactant was prepared using deionized
(DI) water, which was procured from Millipore® Elix-10 water purification apparatus. The Soxhlet
apparatus and hot air oven were used and were provided by Jain Scientific Glassworks, India for
surfactant extraction and drying of samples, respectively. The sand properties have been provided
in detail in our previous work.[57] The crude oil properties are provided in our previous
works.[57,162] The alkali Sodium bicarbonate (NaHCO3; purity > 99%), polymer (guar gum;

purity 99%), and salt (NaCl; purity 99.5%) were purchased from SD Fine Chemicals, India. All
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the aqueous solutions were properly mixed using magnetic stirrer (Model: IKA-C-MAG-HS7).
The electrical conductivity of DI water was 0.0054 mS.cm™ and it has no total dissolved solids
(TDS) content. Foaming potential of ASP slugs was checked by a dynamic foam analyzer (DFA,

Model: KRUSS DFA100).
3.2.2 Interfacial tension measurements

To understand the surfactant potential, the determination of CMC is an essential governing
parameter that optimally reduces IFT between aqueous solution and organic compound (crude oil).
Moreover, IFT reduction is a major trait for surfactant performance in various industrial
applications. Thus, CMC was determined using Wilhelmy plate method (model: K12 Kruss®
Germany). These investigations were performed at least 5 times and averaged a value with

deviation have been reported.
3.2.3. Rheological behavior of green surfactant

Rheological studies of biomass derived green surfactant was performed to investigate the
flow behavior using a modular compact rheometer (MCR-52, Anton Paar, Austria). Surfactant
solution was poured into cup and double gap system of rheometer followed by measurement of

viscosity over a wide range of shear rate (1-1600 s™) [163].
3.2.4. Contact angle measurements

Contact angle measurements were conducted in a stainless-steel pressure cell, equipped
with glass viewing ports to visually observe the droplet of surfactant solution. The entire set up

was manufactured by D-C
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AM Engineering, India. This setup was used for surface tension measurements by the help
of pendant drop method [164], under the environment of high pressure (12 bar) maintained by the
help of a syringe pump (Teledyne ISCO, USA). A high-resolution camera (Phantom VCC, USA)
was used to record the images of droplet of surfactant solution on a glass slide in the presence of

pressurized air [165].

3.2.5. Method of foam preparation and its analysis

First, the natural polymer solution of 4000 parts per million (PPM) was prepared by mixing
natural polymer guar gum (4 gm) in 1000 ml of DI water. Next, 60 ml of polymer solution was
taken into a beaker and 1 wt% of alkali (NaHCOs3) added while mixing was kept on, followed by
surfactant addition at critical micelle concentration (CMC, 0.2 wt%) using magnetic stirrer in order
to obtain ASP formulation. The concentration of the chemicals were chosen from literature,
considering an optimal performance and economics [166,167]. Surfactant was used at CMC as
beyond CMC, surfactant monomers are highly dominated by micelles and reverse impact on IFT
and wettability alteration can be observed [30,42]. To prepare and analyze foaming potential of
prepared slugs, dynamic foam analyzer (DFA) was used. DFA is quite easy to use and analyze
liquid foams via precise measurements of volume and its degradation (e.g., foam stability/height)
over a period of time. To prepare foam, 50 ml of each slug was taken in test column of DFA and
software-controlled air purged at flow rate of 0.3 L/min. In general, there are various methods of
generating foams, which includes stirring, shaking, and sparging. A comparative study of various
methods of foam generation was conducted in previous literature [168]. According to this, foam
generation by sparing method was comparatively better than three methods (i.e., stirring, shaking,
and sparging). DFA also helps in the determination of total height along with foam and liquid

heights. Moreover, it is helpful in quick and precise measurement of foam stability as it accurately
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measures the content of liquid in foam, which thereby saves the time of manual calculations.
Furthermore, to examine foaming potential of ASP slug in saline environment, NaCl concentration
was varied from 1-8 wt% similar to the ones prepared during forming tests of AP slug in saline
conditions. To study the role of alkali, NaHCO3 concentration was varied from 1-5 wt% while the
concentration of polymer (60 ml), surfactant (CMC, 0.2 wt%), and NaCl (8 wt%) was kept
constant. These tests help to tune the composition of ASP slug so that its foaming potential can be
revived at severe condition (8 wt%) of saline environment. Therefore, concentration of NaHCO3
was checked both ways (increased/decreased) to optimize the amount of alkali in ASP slug. ASP
slug of reduced NaHCOs3 concentration was prepared with 60 ml of polymer solution, 0.2 wt%
surfactant, 0.5 wt% NaHCOs3, and examine its foaming potential in NaCl concentration ranges
from 1-8 wt%. The compositional details and nomenclature of prepared slugs have been provided
in Table 3.2. Lastly, the concentrations of alkali and salt were tuned to achieve an optimum ASP

slug in saline environment.

3.2.6 Microscopic analysis

After the preparation of foam, small quantity (1.5-2.5 ml) was extracted by standard
laboratory pipette (Tarsons, United States) and carefully released on clean glass slide. The glass
slide was taken under an optical microscope (Motic, Hong Kong) and the images of foam recorded

at regular time interval using an inbuilt imaging tool (Moticam-10).

3.3 Results and Discussion

In this section, initially discussion on IFT results between crude oil and surfactant solution,
rheological behavior of extracted surfactant solution and contact angle measurements was done.

Next, a discussion on foaming potential of synthesized different slugs (see Table 3.2) was
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examined by the help of DFA followed by discussion on role of alkali and surfactant in ASP slugs.
Next, the role of salt in suppressing/improving foams was investigated. Among tested slugs, the
desired formulation has been identified on the grounds of foaming and better stability in saline

environment. Last, the results of microscopic analysis were presented and discussed accordingly.

Table 3.2: Summary of nomenclature, compositional details, and description of different samples

prepared.
Serial Slug Sample Sample description
number Nomenclature (for 60 ml solution)
1 ASP 1 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%)
5 ASPI 1 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 1 wt% NaCl
3 Alkali- ASP? 1 wt% alkali + 4000 ppm guar gum +
surfactant- surfactant at CMC (0.2 wt%) + 2 wt% NaCl
4 polymer ASP3 1 wt% alkali + 4000 ppm guar gum +
(ASP) slug surfactant at CMC (0.2 wt%) + 4 wt% NaCl
5 ASP4 1 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 6 wt% NaCl
6 ASP5 1 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 8 wt% NaCl
7 HASP 2 wt% alkali + 4000 ppm guar gum +
ASP slug with surfactant at. CMC (0.2 wt%) + 8 wt% NaCl
g higher alkali 3ASP 3 wt% alkali + 4000ppm guar gum + surfactant
concentrations at CMC (0.2 wt%) + 8wt% NaCl
9 AASP 4 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 8 wt% NaCl
10 0.5ASP 0.5 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 8 wt% NaCl
. 0.5 wt% alkali + 4000 ppm guar gum +
i Alifvi“i o ﬁh 0-3ASPL | iHfactant at CMC (0.2 wt%) +2 wt% NaCl
12 concentrations 0.5ASP? 0.5 wt% alkali + 4000 ppm guar gum +
surfactant at CMC (0.2 wt%) + 4 wt% NaCl
0.5 wt% alkali + 4000 ppm guar gum +
13 0-5ASP3 surfactant at CMC (0.2 wt%) +6 wt% NaCl
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3.3.1. Interfacial tension measurements

The injection of surfactant slug within porous media tends to enhance the mobility of
residual oil by decreasing IFT at oil and water interface resulting in a corresponding improvement
in capillary number thus lower residual oil. When surfactant comes into contact with immiscible
fluids (e.g., water and crude oil), the hydrophobic portion of surfactant micelles position itself
towards crude oil whereas hydrophilic portion align itself towards water. This orientation of
surfactant micelles leads to reduction in surface free energy [12]. Figure 3.1 shows a graph plotted

between IFT (mN/m) and surfactant concentration (wt.%) at ambient conditions.
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Figure 3.1: IFT measurements between crude oil and natural surfactant in varying concentration

for determination of CMC (0.2 wt%) and surfactant interaction profile with crude oil.

It was observed that the value of IFT at crude oil and DI water interface was around 27
mN/m, which is in line with the reported study [165,169]. Similarly, in other observation
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[32,39,170,171], the value of IFT between crude oil and DI water was found to vary in the range
of 19-36 mN/m. This confirms that [FT value of 27 mN/m, observed in the study, is fairly aligned
in the range of reported literature. With increasing surfactant concentration, IFT initially decreased
which might be due to the fact that surfactant molecules at lower concentration tends to adsorb at
oil-water interface [102,165,172]. At 0.1 wt.% surfactant, IFT was measured to be around 20
mN/m and with 0.2 wt.%, this value was further reduced to ~10 mN/m. IFT value of 10 mN/m at
0.2 wt.% was found to be the minimum as thereafter, IFT exhibited a constant trend and barely
showed any variation till the concentration of surfactant was explored (0.5 wt.%). The trend of
reducing IFT with increase in surfactant concentration has been also reported in the literature and
in Table 3.1 [68,173]. The point, where IFT curve showed a constant trend despite of increasing
surfactant concentration, is said to be CMC value of surfactant, consistent with research findings
in the literature [39]. It is expected that oil-water interface is saturated by surfactant micelles at
CMC and above CMC, these micelles prefer to stay in bulk liquid phase [98]. This indicates the
impact of largest change in IFT value of crude oil is possible at CMC and concentration more than
that will hardly produce any effect on crude oil mobilization. Thus, surfactant use at CMC level is

recommended for field applications.

3.3.2 Rheological measurements of surfactant solution

Rheological measurements were performed to elaborate the effect of shear deformation
and temperature on flow characteristics of natural surfactant (SS: fenugreek surfactant) during
injection operations [174]. Whenever stress is applied, it leads to some changes in the flow
behavior of matter which is very important for effectiveness of formulation, as its performance
remains stable as long as it maintains sufficient viscosity to ensure proper interaction with the

target medium and reduce interfacial tension. To quantify the impact of shear deformation,
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viscosity measurements were performed over a wide range of shear rate (1-4000 s') and the result
is provided in Figure 3.2a. It is clear from Figure 3.2a that viscosity of FS was around 0.6 Pa.s at
shear rate of 6 s™.. Next, with increasing shear rate, viscosity tends to decrease and reached to the
minimum level of 0.006 Pa.s at 100 s™'. With further increase in shear rate to 4000 s, viscosity

did not decrease much and was sustained at the level of 0.0016 Pa.s.
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Figure 3.2: Plots showing viscosity of natural surfactant solution at 0.2 wt% (CMC) as a function
of varying shear rate at (a) constant temperature ~30°C (b) at varying temperature ranges from 30-

90°C.

Similar rheological behavior of a natural surfactant has been also explained in previous
literature [41,175]. In addition, it can be stated that surfactant exhibited non-Newtonian shear
thinning behavior because viscosity decreased with an increase in shear rate. It is a classical shear
thinning profile, as observed in various other oilfield suspensions like polymers, surfactants, and
nanofluids [102]. Later, the rheological analysis was performed for viscosity (zero-shear) vs.
temperature where viscosity was initially recorded to be 0.6 Pa.s at 30 °C (see Figure 3.2b). With

an increase in temperature, viscosity followed decreasing trend till it reached to the level of 0.009
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Pa.s at 80 °C. This can be attributed to the effect of temperature as natural surfactants tend to
degrade at higher temperatures [98]. However, the viscosity results of FS are in line with research
findings in the literature [41,102], where other surfactant solutions also showed similar behavior

as a function of shear rate and temperature.

3.3.3. Contact angle measurements

Contact angle study helps to analyze the wetting property of a liquid through alteration in
air-liquid interface [176]. Wettability term here refers to the increase in wetting tendency of fluid,
which was understood through contact angle measurements in the presence of air [165,177,178].
The wetting tendency of a fluid on solid surface can be measured by contact angle [179]. Contact
angle is always measured from denser to lighter phase and increase in contact angle indicates
increase in wetting property of fluid however, decrease in contact angle is related to more wetting
by non-wetting (air) phase on surface or decrease in wetting tendency of fluid. These
measurements were conducted for FS in presence of air at ambient conditions and compared with
the ones of DI water in Figure 3.3. It was observed that contact angle results of FS were better than
the results of DI water as lower the contact angle, higher the wetting on surface. It is evident from
Figure 3.3 that FS exhibited lower contact angle values than DI water over the entire range of
period (min) explored. For FS, the initial (0 min) contact angle was measured as 74° as shown in
Figure 3.3. It is also clear that the maximum change in contact angle occurred during initial 8-10
min and after that, contact angle almost exhibited a plateau. Contact angle value of 48° was
recorded after 8 min, which indicates a good wetting characteristic of FS over DI water. DI water
showed contact value of 70° after 8 min. A similar study was reported in the literature where
reduction in contact angle from 62.5° to 48.5° was observed for mulberry leaf extract and 66° to

37° for Heena leaf extract [26].
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Figure 3.3: Schematic showing instrumental details of contact angle measurement. The real image
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the measured contact angle and their variation with time for DI water and 0.2 wt% (CMC) natural

surfactant solution at ambient conditions.

A lower contact angle value (in presence of FS) indicates that the surface is highly wetted
by that liquid. It indicates that the liquid droplet spreads more extensively across the surface,
suggesting improved displacement of the existing fluid from that surface. Therefore, the use of
natural FS is encouraged for enhancing the displacement efficiency of trapped fluids within narrow

channels.

3.3.4. Foaming of surfactant with alkali and polymer

It is well-known that the presence of alkali tends to reduce the adsorption of surfactant on
rock surface [180]. As a result, the combined use of alkali, surfactant, and polymer has received
significant attention as a highly effective formulation strategy, owing to the synergistic benefits

offered by each component [181]. Figure 3.4 presents a schematic to show the role of surfactant
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in IFT reduction and emulsification of ASP slug. Surfactant plays a significant role in IFT

reduction.

—_—

N

LowIFT

Figure 3.4: Role of surfactant on IFT reduction and emulsification.

The presence of alkali facilitates the formation of surface-active agents in situ through
chemical interactions with native organic compounds. When combined with externally introduced
surfactants, this synergy significantly reduces interfacial tension [182]. Surfactant micelles assist
in dispersing trapped hydrophobic substances into finer droplets, enabling their mobilization
within the medium as stable emulsions (oil-in-water)[183,184]. Thus, surfactants play a crucial
role in such chemical systems, as supported in literature[ 185—188]. In a foam mixture, water film
between bubbles is thinning constantly while liquid is flowing. Surfactants are added to form and
stabilize the foam and prevent it from coalescing [189,190]. The water drainage between bubbles
is reduced due to added surfactants at the bubble surface due to Marangoni effect, thereby

controlling the foam behavior [43,191,192].
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Figure 3.5: Schematic showing formulation details of ASP solution using alkali- polymer solution

and natural surfactant along with its foam height as a function of time at ambient conditions.

Figure 3.5 shows the results of time dependent foam height for ASP slug prepared by 60
ml of gaur gum solution (4000 ppm), 1 wt% alkali, and 0.2 wt% surfactant. With ASP slug, foam
height of 157 mm was achieved at 40 s. In ASP slug, foam was found to be much more stable as
foam height reduced only to the level of 99 mm after 180 sec and ~ 72 mm after 300 sec (Figure
3.5). This clearly indicates the role of surfactant in producing stable foams and thus, the use of
fenugreek-based surfactant can be promising, eco-friendly and great green alternative over

synthetic and toxic harmful surfactants in industrial and environmental applications.

3.3.5. ASP slug performance in saline environment
Foaming potential of ASP slug in saline environment has been analyzed and reported

in form of foam height in Figure 3.6 where, salinity was varied from 1-8 wt%. From the Figure
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3.6, it can be seen that foam tends to degrade with increasing NaCl concentration except in the

case of 1 wt% NaCl (ASP1 slug).
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Figure 3.6: Salt tolerance potential of ASP slug on different periods of measurement. ASP1
exhibited minimal degradation in foam height.

For example, with 1 wt% NaCl, the initial foam height of ASP1 slug was lower than
the foam height of ASP slug without NaCl. But, its performance was better as it exhibited only
4.68% loss in foam height after 200 sec, which was higher (38.72%) in ASP slug after 200 sec
(Figure 3.6). It has been studied that salt increases the foam stability owing to enhanced
adsorption however, this is valid below or near to CMC value of surfactant in solution [193].
With concentration above CMC, structural forces tend to appear which are likely to rupture
film [194]. With further increase in NaCl concentration, the foaming potential of ASP slug
gets significantly affected as resulting foam height reached to minimum level of 32 mm
approximately in ASP2, ASP3, ASP4, and ASPS for 2, 4, 6, and 8 wt% NaCl, respectively.

Thus, maximum reduction (70.67%) in foam height was measured for ASP3 slug of 4 wt%
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NaCl. It might be credited to the fact that salt tends to improve durability in foam systems
stabilized by ionic surfactants [195,196]. However, dubious effect may also work after a
certain concentration of salt [197], which mechanistically signifies salt as foam destructor or
stabilizer in foam systems. Thus, salt behavior on foaming should be related to concentration
added and presence of other ingredients in system [198,199]. From results, it may be concluded
that ASP based air foams can only be stable around salinity of 1 wt% NaCl, whereas foams of
other ASP slugs (ASP2, ASP3, ASP4 and ASP5) showed unstable foaming behavior.

The role of salt in micellization of an anionic surfactant in bulk phase is shown by
schematic in Figure 3.7. At higher salinity, surfactant molecules precipitate or tend to form
crystals which ultimately results in lowering foam-ability [200,201]. It is to be noted here that

surfactant micelles develop only when surfactant amount in bulk phase is near to CMC level.
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Figure 3.7: Schematic to show impact of increasing salt concentration on surfactant
micelles involved in the formation air foam.
With the increase in salt concentration, rod-shaped micelles are expected to form as
shown in Figure 3.7. It might be credited to the fact that salt usually alters CMC value due to
electrostatic repulsion that occurs among head groups of surfactant [202]. In addition, it is to

be noted here that the concentration of other chemicals (polymer and alkali) was constant
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throughout the variation of NaCl in ASP slug. Moreover, surfactant was added only at CMC
level (0.2 wt%). Thus, it is interesting to vary the concentration of other ingredients and check
the possibility of reviving foaming in surfactant-based air foams at high levels of NaCl

concentration.

3.3.6. Tuned alkali concentration on foaming potential of ASP slug

Foam height results of ASP slug concluded that it was performing better at 1 wt% NaCl
and afterwards (NaCl concentration > 1 wt%), foams progressively failed to show enough foaming.
Though ASP5 exhibited foaming even at 5 wt% NaCl but this foam was not enough stable due to
excessive coalescence between large sized bubbles. To revive foaming in ASP5 slug, alkali
concentration was tuned to 0.5 wt% (decrement) as well as 2-4 wt% (increment). The effect of
tuned NaHCOs3 concentration on foam height of ASP slug in saline environment of 8 wt% is shown

in Figure 3.8.
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Figure 3.8: Effect of different alkali concentration on foaming and foam height results of ASP

slug in high saline environment (8 wt% NacCl).
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Here, concentration of surfactant and polymer was kept constant e.g., 0.2 wt% (CMC) and
4000 ppm, respectively. It was observed that the quality of foam slightly deteriorated with
increasing NaHCO3 concertation from 1 to 2 wt%. As a result, foam height decreased from 52 mm
to 37.6 mm. With further increase in NaHCO3 concentration (3 wt%), foaming significantly
reduced (foam height 42.7 mm only) as large size bubbles formed followed by eventual
disappearing from the test column of DFA. Moreover, at NaHCO3 concentration of 4 wt%, a very
thin layer of foam developed on the surface of aqueous solution which can be evident from actual
images in Figure 3.8 as well as foam height (peak value = 65.1 mm at 20 sec). Thus, it can be
concluded that increasing alkali concentration could not curtail the adverse effect of salinity and
produce foaming in ASP slug. An accepted hypothesis concludes that the presence of alkali leads
to the reduction of surfactant adsorption [180]. On the other hand, 4 wt% alkali promoted more
unstable behavior and hardly produced any foaming in ASP slug under saline conditions of 8 wt%
NaCl with an average foam height of ~54 mm. When the concentration of alkali is quite high, the
oppositely charged ions tend to enter from diffusion layer to adsorption layer [186]. As a result,
the electrostatic repulsion between surfactant and rock surface becomes weaker. This facilitates
the adsorption of surfactant on rock surface [203]. Further, polymer hydrolysis is increased with

increasing alkaline concentration in ASP system.

In most of the practical applications, salinity is much higher than alkaline concentration
which is likely to be around 1-2% [204]. In this study, lower concentration of NaHCO3 (0.5 wt%)
was also chosen to analyze its effect on foaming in adverse condition of 8 wt% NaCl. Interestingly,
it was found that the inclusion of lower alkali concentration (0.5 wt% NaHCO3) significantly
improved foaming in 0.5ASP slug as compared to ASP slug with NaHCO3 concentration > 1 wt%.

Though foaming revived at lower NaHCO3 concentration but foam was not stable as desired for
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practical applications. Initially, the foam height was observed to be 75.9 mm at 10 sec thereafter,
it increased to 110.2 mm at 60 sec followed by peak value of 158.3 mm at 40 sec. Further, the high
salinity witnessed deterioration in foam resulting foam height reduced to minimum level of 50.5
mm in 100 sec. For this purpose, the concentration of salt reduced this time so that NaCl
concentration, that resulted into superior foaming in 0.5ASP slug, is identified. Figure 3.9 shows
results of foam height in 0.5ASP slug as a function of decreasing NaCl concentration such as 8
wt% (Figure 3.9a), 6 wt% (Figure 3.9b), 4 wt% (Figure 3.9¢), and 2 wt% (Figure 3.9d). With
higher salinity (8 wt% NaCl), foaming was observed at its peak only in initial 30 sec with a value
~128 mm after which foam height decreased and reached to the value of ~37 mm in span of 150
sec (Figure 3.9a). Similarly, at 6 wt% NaCl, foam height was at its peak (129.2 mm) at 60 sec and
thereafter, a sudden drop recorded with a value of 58.4 mm at 90 sec followed by 40 mm at 120
sec. Finally, it reached to lowest level of 36.1 mm at 150 sec (Figure 3.9b). At 4 wt% NaCl, the
foam height was found to be 135.7 mm at 30 sec before it reaches to the level of 105.8 mm at 90
sec (Figure 3.9¢). After 120 sec, the foam significantly deformed and reached to the level of 52.9
mm which further continued to decline to 38.4 mm at 150 sec. Moreover, it was observed that 2
wt% NaCl yielded stable foam with peak value of 139.8 mm at 60 sec (Figure 3.9d). Foam height
gradually decreased but foam exhibited its significant value (110.1 mm) after a span of 150 sec.
Thus, among all formulations, 0.5ASP1 has shown greater potential in foam-ability which
witnessed only 20.8% reduction (Figure 3.9d) in foam height as compared to 71% reduction in

foam height of 0.5ASP (Figure 3.9a).
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Figure 3.9: ASP slug of tuned alkali concentration (0.5 wt% NaHCO3) for optimum foaming in

saline environment (a - 8 wt%: b - 6 wt%: c - 4 wt%, and d - 2 wt% NaCl).

Figure 3.10 shows the rate of liquid drainage from foam stabilized by 0.5ASP1 slug. The
actual images of foam, generated by column of DFA, are also shown. Initially, the liquid drainage
was found to decrease from 32.7 (0 sec) to 4.75 mm (30 sec). Its value reached to minimum level
of 2.5 mm at 60 sec, which directly confirmed the attainment of maximum foam height at this

period (139.8 mm, Figure 3.10).
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With the decrease in foam height, the increase in liquid drainage is evident from Figure
3.10b: the liquid drainage value of 3.32 mm (at 90 sec) increased to 5 mm (at 120 sec) followed
by 6.94 mm (at 150 sec) and 8.58 mm (at 180 sec). This ensures that the foam height of 0.5ASP1
was more stable than the one of 0.5ASP as shown in Figure 3.9d and Figure 3.9a, respectively. For
0.5ASP, the liquid drainage was minimum (2.4 mm) at 30 sec (Figure 3.10b). Its value
significantly increased over the time span and as a result, 0.5ASP exhibited 4.54 mm at 60 sec,
16.7 mm at 90 sec, 20.76 mm at 120 sec, 23.24 mm at 150 sec followed by final value of 25.14
mm at 180 sec. These values are significantly higher than the values measured for 0.5ASP1. Thus,
the rate of liquid drainage was greater in 0.5ASP than 0.5ASP1 as evident from Figure 3.10b. A
slight tuning (0.5 wt% NaHCO3) of alkali led to improved performance of 0.5ASP slug in saline
conditions (2-4 wt% NaCl), whereas ASP slug of 1 wt% NaHCOs3 showed limitations. The alkali

(NaHCO23), used in this study, is quite inexpensive as compared to sodium hydroxide (NaOH),
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which is being widely used [180,182,205,206]. Also, NaHCOs3 has lower pH than NaOH which is
a trait for chemical-EOR to deal with the emulsion and scale related issues. The additional
advantage of using NaHCO3 is associated with its favorable impact on precipitation that can occur
in carbonate reservoir [207] and therefore, 0.5ASP1 is proposed to be tested for carbonate reservoir

enriched with saline environment.

3.3.7. Microscopic investigations

Microscopic analysis was conducted for 0.5ASP1 (slug of superior foaming, 2 wt% NaCl)
and 0.5ASP2 (4 wt% NaCl), and compared their performance to visualize the impact of salinity
on size distribution and bubble coverage. Figure 3.11 shows microscopic images of 0.5ASP1 and
0.5 ASP2 as a function of elapsed time. For 0.5ASP1, it can be seen that initially bubbles were
smaller in size and they were uniformly packed with varying size distribution (Figure 3.11a). With
the increase in time, the coalescence occurred which led to the formation of large-sized bubbles.
After 8 h, 0.5ASP1 hardly exhibited bubbles as evident from Figure 3.11a. Thus, bubble coverage
of 80% reduced to almost 0 after total elapsed time of 8 h. On the other hand, foam stabilized by
0.5ASP2 was more unstable and it exhibited lower bubble packing and coverage (only 60%),
which reduced to 0 only after 6 h (Figure 3.11b). The bubbles were also relatively large in with
non-uniform packing. Also, with increase in time, this foam exhibited greater coalescence resulting
bubbles disappeared and no bubble was present after 6 h. From results, it can be concluded that
0.5ASP1 exhibited better stability and foam durability than 0.5ASP2 of higher salinity, consistent

with foam height results of these foams (Figure 3.9d and Figure 3.9¢).
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Figure 3.11: Microscopic analysis to visualize impact of salinity on bubble density (coverage) as a

function of time in 0.5ASP1 and 0.5ASP2 slugs.

Thus, ASP formulation, of 0.5 wt% NaHCO3, CMC of natural surfactant, and 4000 ppm of natural
polymer, suggested a cost-effective green approach in chemical-EOR of moderate salinity (2-4 wt% NaCl),
where conventional synthetic polymer/surfactant may show significant challenges due to toxicity and
health issues.

3.4. Conclusion

This research presents a provides valuable insights into the development and performance
of environmentally friendly and cost-effective natural surfactant. The findings highlight
significance of combining natural materials to achieve desirable physicochemical properties,
making the formulation suitable for a range of industrial and mechanical processes. Outcomes not

only validate effectiveness of the approach but also contribute to the growing body of research
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focused on sustainable material solutions. The key conclusions possessing notable findings are as

follows: -

The natural surfactant significantly contributed to IFT reduction using fenugreek-derived bio-
surfactant showed great ability in IFT reduction and a lower IFT value of 10 mN/m was
obtained at CMC (0.2 wt%).

Based on the IFT value, the natural surfactant was found effective at low concentrations of 0.2
wt%

The developed biosurfactant showed a shear thinning profile and was comparatively less
effective at the higher temperature explored in this study (90 °C).

The developed biosurfactant effectively reduces the contact angle from 74° to 48°, enhancing
surface wettability and thereby improving fluid displacement efficiency within the medium.
In this study, an effective formulation of alkali-surfactant-polymer was prepared and tested its
performance for foam-ability. Surfactant played a crucial role in formulation of ASP system.
Incorporation of a natural polymer enhanced the overall compatibility of system, making it
environmentally friendly and non-toxic. Furthermore, use of a cost-effective alkali component
contributes to reducing the overall material and processing expenses, which is advantageous
for large-scale mechanical or industrial operations.

Increasing alkali concentration led to decay in foams whereas lower concentration of alkali
preferentially generated stable foams.

Salt may promote both foam formation or foam decay in ASP systems depending upon the

nature of salt, surfactant, alkali, and their concentrations used.
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e The performance of desired formulation (0.5ASP1) has been evaluated by measuring its foam-
ability and stability as a function of foam height. Moreover, the microscopic behavior of

0.5ASP1 also confirmed superior stability in foam as compared to other foam systems.

This study successfully demonstrated the effectiveness of a natural surfactant derived from
fenugreek in reducing interfacial tension and contact angle, thereby enhancing interfacial
interactions and surface wettability in fluid transport systems. The biosurfactant exhibited shear-
thinning behavior and maintained functional stability at moderate temperatures, highlighting its
suitability for thermomechanical applications. Future work may focus on improving its thermal
tolerance for high-temperature operations and assessing compatibility with a wider range of natural
and synthetic polymers. Moreover, scaling the optimized formulation (0.5ASP1) for pilot-scale
implementation and evaluating its long-term performance under dynamic flow conditions will
further support its applicability in various industrial systems. The use of biomass-derived
surfactant and natural polymer components makes the formulation environmentally benign and
non-toxic, while the incorporation of an economical alkali enhances its cost-efficiency. Overall,
this green and sustainable formulation shows promise for advanced emulsion stabilization and

foam generation in engineered porous media, as well as in systems requiring pH buffering.
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Chapter 4

Investigation on Rheological Characterization and Salt Tolerance Potential of Paraffinic

O/W Emulsions of Natural Surfactant for Crude Emulsification and Mobilization

Abstract

While the presence of long chain paraffinic compound in crude oil seriously impacts oil
production, they tend to form emulsions during flow through restricted pores. In turn, these
emulsions help mobilize additional oil due to pore throat plugging, reducing interfacial tension,
altering the wettability, and flow redistribution. The inclusion of a surfactant, especially of a
natural biodegradable origin, can not only help promote emulsion formation to boost oil recovery
but also lower the chemical footprint of the oil recovery process, making the entire process more
sustainable. Therefore, in this study, a natural surfactant obtained from Fenugreek seeds has been
explored to produce oil-in-water emulsions in conjunction with oil phases: n-pentane (EP-1), n-
hexane (EP-2), n-heptane (EP-3) and n-dodecane (EP-4). Using visual observation and interfacial
tension measurements over a range of 0.05-0.3 wt%, the optimum emulsifying surfactant
concentration was identified to be 0.2wt%. The emulsions were observed to be creamed by
separating aqueous phase over span of 10 days which was observed under a microscope. All
emulsions tend to exhibit a shear thinning profile at ambient conditions and the best fit was
observed with Power law with R? values of 0.93, 0.91, 0.94 and 0.97 for solutions EP1, EP2, EP3
and EP4 respectively. Furthermore, the effect of monovalent (NaCl) and divalent (CaCl2) salts was

explored with EP4 found to be comparatively more stable than other emulsions. To understand the
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effect of heterogeneity of reservoir, contact angle measurements were performed on sand-base
prepared with different sizes and pore size was found to be a critical factor influencing wettability
alteration. Finally, the potential of natural surfactant in displacing the oil was visualized using a
microfluidic setup wherein the injected surfactant solution was able to mobilize oil, paving a

potential pathway for future field implementation for enhanced oil recovery operations.

4.1 Introduction

Crude oil 1s a mixture of various heavy to lighter hydrocarbons and elements such as sulfur,
nitrogen, and oxygen etc. in liquid state. Mechanistically, three types of crude oil e.g., paraffin,
naphthenes, and aromatics play predominate role in meeting global energy demands [208,209]. In
paraffinic crude oil, hydrocarbons are characterized by single bond between carbon atoms whereas
other bond between hydrogen atoms are saturated with carbon atoms (CnH2n+2) for instance n
pentane, n hexane, and n heptane, etc. Globally, majority of trapped crude oil is in the form of
paraffin base (around 80%) [210] and the rate of conventional oil recovery methods has sustained
at 50-60% of original oil in place (OOIP) [33,211,212]. Moreover, the rate of paraffin recovery in
crude oil not only impacts the transportation of crude oil but also affects the global demands of
hydrocarbon energy. A considerable amount of oil still remains trapped within reservoir [213—
217] and the recovery of this oil depends on the type of applied recovery method and its synergy
with paraffin of crude oil. Over the past few decades, chemical-EOR has shown tremendous results
in oil recovery projects which includes the application of surfactant [218], alkali [219] and polymer
[220]. Surfactants are often used as they have the ability to reduce interfacial tension (IFT)of
paraffinic oil and affect the rock properties [221]. Several research works have established that the
application of different surfactants offer varying oil recovery rates and it may be due to the fact

that each paraffin has different synergy with injected surfactant [89,145,222-224]. For example,
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each paraffin has its own role in defining the physical properties of crude oil and previous study
entails that the stable emulsion leads to improved oil recovery [225,226]. Thus, it is imperative to
understand and analyze the synergetic effect of surfactants with different paraffins of crude oil.
This is important to investigate as surfactant, exhibiting superior emulsification with one paraffin,
may mislay emulsifying capacity in the presence of other paraffin, and this might be the possible
reason of unsuccessful recovery rate of surfactant flooding from a reservoir. Thus, the investigation
may help to choose right surfactant for a right paraffinic crude oil, which will not only save dollars

of industry but also may improve the recovery of particular paraffin.

Therefore, various researchers investigated the role of surfactant in stabilizing paraffin-
based emulsions. For example, Golemanov et al. [50] studied the stabilization of paraffin in water
emulsion using 15 ml oil and 35 ml surfactant solution by means of stirring and concluded that a
nonionic surfactant i.e., Tween-20/Tween-60 showed positive impact in stabilizing hexadecane.
Baloch and Hameed [47] studied emulsification of various paraffins (n hexane, n heptane, n decane
and kerosene) in water by ultra-sonification where quantity and size of droplets was observed to
be in order, that is, n hexane < n heptane < n decane< kerosene and are found dependent on
parameters such as ultra-sonication time and composition of oil. The use of surfactant i.e., sodium
dodecyl sulfate (SDS) in stabilizing emulsion of dodecane-water was investigated by Llamas et al.
[45] who concluded that bubble coalesced when surfactant amount exceeded 10”7 M in the system.
Kichatov et al. [46] also used SDS (16 g/L) and prepared heptane in water emulsion, which
exhibited droplet size of 37 um and IFT value of 3.3 mN/m between heptane and surfactant
solution. Anano-emulsion of water in hexane was developed with the help of mixed surfactants
(Brij-30/Span-80) and low energy emulsification method [49]. For this emulsion, average particle

size ranges between 39 to 204 nm and IFT was found to be 11 mN/m between hexane and
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surfactant solution of 10 M. A series of surfactants of different combinations (Tween-80/Span-
80, Tween-80/Span-85, OP-10/Span-80 and OP-10/Span-80) were used to envisage emulsification
between octane and water [48]. It was found that the emulsion, stabilized by combination Tween-
80/Span-80, was highly stable as compared to the ones of other combinations, and no phase
separation was seen till storage period of 26 d. Though surfactants have global importance in
sstabilizing paraffin-based emulsions, previous research works only focused on the use of synthetic
surfactants and no research highlighted the application of natural derivatives in stabilizing paraffin
emulsions for oilfield applications. The surfactants of natural derivatives have no harmful issues
on health and land and moreover, their use will directly benefit the agricultural sector that can also

be cost effective for surfactant manufacturing industries.

In addition, for sustainable hydrocarbon energy, there is an urgent need of utilizing natural
derivatives in oilfield applications. Natural surfactants are now a days gaining tremendous
attention of researchers as they offer various advantages such as biodegradability, non-toxicity,
natural availability, and environmental friendly, etc [98,227]. Various natural surfactants, derived
from plants viz., soapnut, mulberry leaves, heena leaves, eucalyptus leaves, quinoa, fenugreek
seeds, have found significant industrial application [23,26,30,32,39]. All these surfactants have
shown remarkable and comparable results in oilfield applications which include IFT reduction,
wettability alteration, and enhanced oil recovery (EOR). Nafisifar et al. [53] extracted natural
surfactant from linseeds (PELS) and analyzed its performance for crude emulsification. Here,
emulsion was stabilized by surfactant PELS at CMC via ultra-sonication method and the separation
in emulsion was seen after two weeks followed by clear separation between oil and water in six
weeks. A natural surfactant was extracted from bark of tree, named Quillaja Saponaria Molina tree

[54]. Extracted surfactant was used to stabilize MCT (medium chain triglyceride) oil in water, and
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the resultant emulsion exhibited droplet size < 200 nm with superior physical stability over one
month. Ogino and Onishi [228] also investigated the emulsification of dodecane and water in
presence of few natural surfactants (lecithin, oleic acid cholesterol) however, the results did not
confirm the development of any emulsification between paraffin and oil and hence, no emulsion
was reported. Separately, Pal et al. [55] investigated the performance of natural Gemini surfactant,
extracted from sunflower oil, in stabilizing (CMC: 0.1496 mM at 303 K) oil (n-heptane) in water
emulsion, where emulsion showed droplet size in between 0.25-3.1 pm at day 1 which further
increased to 0.64-6.2um afterl5 days of storage. The performance evaluation of natural green
surfactant, extracted from quinoa, in emulsifying crude oil was tested by Norouzpour et al., [23]
who reported that stable and dense emulsion was observed with HLB (hydrophilic-lipophilic
balance) value of 12.8. Although few researchers have explored the application of natural
surfactants in emulsification of crude oil and n-paraffins but still the work showing use of other
natural surfactants and their test for emulsification with lighter components of crude oil (n-alkanes)
is limited in literature as far as we are aware. Thus, the novelty of this work lies in exploring the
role of natural surfactant, extracted from fenugreek seeds, in emulsification of paraffins (n-
pentane, n-hexane, n-heptane and n-dodecane) for its possible implementation in improved

recovery of crude oil.

Thus, in this study, oil (paraffin)-in-water emulsions were prepared using 1000 ppm
polymer PAM (polyacrylamide) and natural surfactant extracted from Fenugreek seeds. Four
different paraffins was used in the study: n-pentane, n-hexane, n-heptane and n-dodecane. The
emulsions were prepared at varying surfactant concentrations (0.05-0.3 wt%) and visual
observations were made to predict the range of CMC. This was followed by the IFT measurements

to validate the CMC value for each paraffin. All further investigations were performed using the
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CMC value. To further validate the role of surfactant in emulsification, microscopic investigations
were performed. Next, the rheological behavior of the prepared emulsions was analyzed by
viscosity and G measurements. Following this, the stability of all emulsions was observed in
presence of both monovalent and divalent salt. To understand the impact of grain size in wettability
alteration, contact angle studies were conducted on normal, small, and high sand size. Finally, pore
scale analysis was done to visualize the flow pattern of surfactant and its potential in displacing

oil from pore channels by means of microscopic results.
4.2 Materials and Methods

4.2.1 Materials

In this study, the application of agricultural based natural surfactant from Fenugreek seeds
was explored [30]. This surfactant was extracted by means of a Soxhlet Apparatus, provided by
Jain Scientific Glassworks, India. Polymer (PAM) exhibiting molecular weight of 107 g/mol (98
% purity) was procured from SNF Floerger. Salts, sodium chloride (NaCl) and calcium chloride
(CaCla) in granular form with 99.5% purity were used after procurement from Sisco Research
Laboratory (SRL) India. Fine measurements of PAM, surfactants and salts was done by digital
weighing balance (Mettler Toledo, ME204/A04; repeatability approximately 0.1 mg). For
preparation of PAM solution, deionized (DI) water was used. Aqueous PAM solution was prepared
on the magnetic stirrer (IKA-C-MAG-HS7) with stirring speed of 600 rpm for about 7 hrs. The
paraffins used in study are n-pentane (>99 mol%), n-hexane (99 mol%), n-heptane (>99 mol%)
are obtained from Sisco Research Laboratory (SRL) India and n-dodecane (>95% purity) procured
from S D Fine Chemicals, India. The sand used for contact angle measurements was obtained from
commercial vendor and impurities within sand was removed by washing using toluene and oven

drying.
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4.2.2 Emulsion Preparation by using natural surfactant

In this study, emulsion was stabilized in presence of natural surfactant and polymer PAM.
Four different paraffins are used for the study, that is n-pentane, n-hexane, n-heptane and n-
dodecane. The emulsions were prepared by mixing paraffin and surfactant-polymer (SP) solution
on a Vortex shaker. Ratio of 60:40 was taken for preparing the emulsion system, where 60% of SP
solution and 40% of paraffin was used. Initially, n-pentane emulsion was prepared at increasing
surfactant concentration, that is, 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3wt% to analyze the
emulsification. Similarly, emulsions with increasing surfactant concentration were used to prepare
n-hexane emulsion, n-heptane emulsion and n-dodecane emulsions. All the prepared emulsions

were kept under observation for about 10 days to visualize the phase separation.
4.2.3 Interfacial studies for CMC determination

To determine the CMC, the IFT studies were conducted for the promising range of
surfactant concentration between SP solution and paraffin. Range of CMC was identified using
visual observation. A schematic representation of interfacial activity between paraffin and
surfactant solution is shown in Figure 4.1. As the surfactant concentration increases IFT tends to
become lower due to micelles formation above CMC value. Below the CMC, the monomers are
aligned within the dispersed phase, as no micelles formation takes place. When aqueous surfactant
solution comes in contact with the oleic phase, the hydrophilic head position towards the aqueous
phase whereas hydrophobic tail towards the oleic phase. These measurements were performed by
means of Wilhelmy plate method using dynamic tensiometer (Model: K12 Kruss® Germany) as
done in our previous study [229]. During the measurement, SP solution was filled in the measuring
cup and later filled with the paraffin in order to form a layer at the interface of paraffin and aqueous

phase. The Wilhelmy plate fixed at one end was allowed to pass through the measuring cup till it
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reaches the interface by means of command given in the measuring unit. As the Wilhelmy plate
reaches the interface of oil-fluid, IFT value are automatically recorded in the measuring system.
The whole procedure is repeated for each paraffin separately for the explored range of surfactant
concentration. The detailed composition for emulsion preparation at CMC and its nomenclature is

shown in Table 4.1.
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Figure 4.1: Schematic representation of the interfacial activity between oil phase (paraffin) and

aqueous phase (surfactant solution) against varying surfactant concentration.
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Table 4.1: Nomenclature and details of Emulsion formulation.

S. No. Emulsion Paraffin

SP formulation Emulsion Composition

Nomenclature Used
1 EP1 n-pentane
1000 ppm PAM +

2 EP2 n-hexane .

0.2 wt% natural (0/w: 40/60)
3 EP3 n-heptane

surfactant

4 EP4 n-dodecane

4.2.4 Microscopic Studies of emulsion system

For the microscopic characterization, an optical microscope (Motic, Hong Kong) was used.
After emulsion preparation, they were kept under observation till the phase separation occurs.
Microscopic investigations were done to visualize the difference in creaming layer and separated
aqueous phase. For this, drop of creamed layer from emulsion (EP1) was placed on clean glass
slide with the help of laboratory pipette (Tarsons, United States) and placed under microscope
where images were captured automatically using an inbuilt Moticam-10 tool. Later, a drop was
taken from separated aqueous phase from emulsion (EP1) and placed on glass slide to observe the
presence of oil droplet if any. Similar observation was done for all paraffin emulsions, that is, EP2,

EP3 and EP4.Glass slide was cleaned thoroughly after every observation.

4.2.5 Rheological investigations

To ascertain the flow dynamics of the prepared emulsions, rheological measurements were
done using Modular compact rheometer (MCR-52, Anton Paar, Austria). In rheometer, bob and
cup assembly was used as reported in previous studies [163,229]. For the measurements, freshly

prepared emulsion (EP1) approximately 20 ml was poured in the cup fixed at the base of rheometer
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and measurements were carried out. Rheological analysis was conducted in both shear and
dynamic modes. Shear rate was varied from 1-1000s™ for viscosity measurements whereas for
dynamic mode (G”) strain-sweep analysis was done where frequency was kept constant, that is, 10
rad s™! and strain amplitude was varied from 0.1-100%. Similar rheological findings were done for
all the emulsions, that is, EP2, EP3 and EP4. All sets of experiment were conducted thrice to get
reproducibility in results and uncertainty of +£0.6-7% of the recorded value was observed. After
every rheological examination, bob and cup was thoroughly cleaned with the help of toluene to

remove any leftover impurity followed by air drying with the help of air drier.
4.2.6 Effect of wettability on grain size via Contact angle measurement

To ascertain the wetting property of natural surfactant, contact angle studies were
performed between rock surface (sandstone saturated with n-dodecane on glass slide) and a drop
of SP solution at ambient conditions. Wettability is one of the property of the rock surface and
traditional method to characterize the spread ability of fluid over the rock surface can be
understood by means of contact angle studies [30,165]. For this, normal sand was sieved using 60
mesh size to get low sand size grains and high size sand grains. For measuring contact angle,
normal sand was saturated with n-dodecane and placed on clean glass slide to form uniform and
even smooth finished rock surface that can replicate reservoir conditions. Thereafter, the slide was
placed in a stainless-steel pressure vessel having a glass viewing port (assembled by D-CAM
Engineering, India) and a drop of SP solution was released by using syringe pump (provided by
Teledyne ISCO, United States) on the slide and image was captured at different time interval using
a high-resolution camera (Phantom VCC, United States). Same procedure was repeated for low
sand size and high sand size separately to analyze the effect of grain size on wetting property of

natural surfactant.
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4.2.7 Effect of salt on emulsion system

To analyze the stability of prepared emulsion systems in saline environment, microscopic
investigation was done to establish the role of salt. Both monovalent (NaCl) and divalent (CaClz)
salts were explored on all four-emulsion systems (EP1, EP2, EP3 and EP4). For this study, both
the salts (NaCl and CaClz) with concentration 1, 2, 3, and 4wt% were added simultaneously to the
emulsions and a drop of emulsion was placed on clean glass slide for microscopic observation. All
the tests were performed at ambient condition and glass slide was properly cleaned after each

observation.

4.2.8 Microfluidic investigation

A microfluidic flow investigation was conducted to observe the flow of fluid within a
microfluidic chip. Figure 4.2 shows detailed schematic for the setup of microfluidic investigations.
Microfluidic experimental setup was comprised of a syringe pump, an optical microscope,
accumulators for pumping oil and surfactant solution, valves and a microfluidic chip. The complete
set up was utilized for interpreting and visualizing the flow behavior and fluid mobilization studies.
All these tests were conducted at ambient conditions and natural surfactant has shown its potential
in mobilizing the oil from the pore channels of microfluidic chip. The microfluidic chip was
completely transparent, and the pattern of fluid flow was observed by using an optical microscope.
A syringe pump (100 DX, Teledyne ISCO, USA) was used for maintaining the uniform flow rate
of fluids to be injected. Initially brine solution was injected and the salinity was kept equivalent to
~17297 ppm (as that of Cambay basin). The brine injection was kept constant with a uniform flow
rate of 1 ml/min for about 15-20 min till the microfluidic chip was completely saturated restricting
presence of air bubbles as evident from microscopic studies. Further n-dodecane was injected with

a uniform flow rate of 0.5 ml/min for about 15-20 min. The other end of microfluidic chip was
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kept closed for sometimes (2-3 min) in order to ensure the flow of n-dodecane across the different
sections of microfluidic chip. The flow pattern of n-dodecane was captured and the complete image
of chip entails about the distribution, storage, and movement of n-dodecane. The microfluidic chip
was allowed to get saturated with n-dodecane for 24 h. Finally, the natural surfactant was injected
(flow rate ~ 0.5 ml/min) for 15-20 min, which lead to the displacement of n-dodecane from some
sections of the microfluidic chip. The image of complete chip was recorded carefully and
compared with the n-dodecane saturated chip to understand the role of natural surfactant in

displacing oil (n-dodecane) and its movement across the microfluidic chip.
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Figure 4.2: Schematic of the microfluidic experimental setup utilized for analysis of flow behavior

and fluid mobilization studies.

4.3 Results and Discussion

In this section, initially, the observations related to the expected range of CMC for all
emulsions has been reported by visual observation. This was followed by the IFT measurements
to obtain the CMC value for each paraffin explored in the study. As the emulsion tends to be

creamed over the course of time, its microscopic investigation was performed next and the results
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along its discussion have been provided. Later, the rheological studies were performed for all the
paraffin emulsions at CMC value. Then, the stability of emulsions was investigated in presence of
monovalent and divalent salt. Finally, the results and discussion related to the effect of sand size
on wettability alteration followed by the pore scale analysis to visualize the surfactant’s potential

in displacing oil has been provided.

4.3.1 CMC determination of emulsion system

The concentration of surfactant is of key importance in formation of emulsion as well as
the stability of emulsion [230]. Initially the prepared emulsions (n-pentane, n-hexane, n-heptane
and n-dodecane) of varying surfactant concentration (0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 wt%) (see
Figure 4.3a) were kept under observation to investigate the emulsion stability. After a span of 10
days, phase separation was observed in all emulsion system as shown in Figure 3b. The experiment
of determining emulsion stability, as a function of days, was regularly monitored till a clear and
distinct layer was evident on the surface of continuous phase. After 7 days (1 week), each emulsion
almost had no noticeable change in its appearance except few. Therefore, the emulsion stability
was determined after a time period when no noticeable change was seen in all emulsions. It was
observed that 10 days was the adequate time to achieve stabilization in emulsion phases and thus,

10 days was chosen for determining stability in emulsions.

The visual appearance of the oil in water emulsion systems freshly prepared using varying
concentration of (0.05-0.3 wt%) surfactant solution seems to be homogenous (Figure 4.3a) but
after a span of 10 d, phase separation was observed in all the prepared emulsions (Figure 4.3b).
The ratio of oil to SP solution was kept as 40:60. The expected range of CMC was found to be in
the range of 0.15-0.25 wt%. The emulsion stability is also demonstrated through additional

graphical element, that is, volume of emulsion/ water release (%) against varying surfactant
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concentration in Figure 4.3c. From Figure 4.3c, it can be observed that emulsion prepared with
lower concentration of surfactant (0.05 wt% and 0.1 wt%) possessed poor stability due to more
water release. As surfactant concentration increased to 0.15 wt%, the stability of emulsion
improved with ~ 20% reduction in water release from emulsion samples. With further increase in
surfactant concentration (0.2-0.3 wt%), prepared emulsions were found to be much more stable
(due to lower water release and better emulsion volume) than emulsions with lower surfactant
concentration (0.05-0.15 wt%). This may be credited to the formation of micelles and their role on

stabilization of oil droplets.

The amount of water release varied with the concentration of surfactant involved. At lower
surfactant concentrations (e.g., 0.05 and 0.1 wt%), the amount of water release was higher as no
emulsion formed and all the continuous water phase remains separated (Figure 4.3c). This might
be attributed to lower concentration of surfactant, where micelle formation could not take place
resulting oil droplets did not develop due to insignificant emulsification of paraffin. A better
emulsion stability was observed with surfactant concentration > 0.15 wt%, which indicates that
micelle formation took place beyond a certain concentration of surfactant. The emulsion system
comprises of a creamed layer (top, see white layer in Figure 4.3b) and separated aqueous phase
(bottom). At lower surfactant concentrations, more waster release was observed as evident from
Figure 4.3b. This may be attributed to the presence of surfactant monomers which restricts the
micelles formation till it reaches the CMC value [231]. To determine the CMC of emulsion system,
a range of surfactant concentration, i.e., 0.15, 0.2, and 0.25wt% were taken into consideration (as
observed from Figure 4.3b) to be stable. At higher surfactant concentrations (0.3wt%), the
emulsion was unstable and water release can be clearly observed in case of n-hexane and n-heptane

emulsions.
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Figure 4.3: Visual appearance of the oil in water emulsion systems (a) freshly prepared using
0.05-0.3 wt% surfactant solution, (b) emulsion after the span of 10 d and (c) represents the volume
of emulsion/ water release (%) against varying surfactant concentration. The oil to SP solution
ratio was kept as 40:60. The expected range of CMC was found to be in the range of 0.15-0.25
wt%.
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This may be due to the fact that use of surfactants above CMC contributes in formation of
micelles but failed to decrease the surface free energy of the system and therefore the use of
surfactant above CMC is not recommended for oilfield applications [232]. As the addition of right
amount of surfactant offers several advantages while reducing wastage [222,227,233], there is
need to determine the right value of CMC that enhances the potential of emulsions for EOR

applications.

Figure 4.4 shows the IFT measurements between paraffins and surfactant solution at
varying surfactant concentration (0.15, 0.2, and 0.25wt%), where the emulsions were found to be
stable as evident from visual observation. When surfactants are introduced into an oil-water
system, they migrate to the oil-water interface, where they orient themselves to minimize the
energy associated with the interface [23]. This reorientation of surfactant molecules effectively
reduces the IFT between the oil and water phases. CMC is the concentration of the surfactant at
which micelle formation takes places which further helps in reducing the IFT to the minimum
value [212]. From Figure 4.4a, it can be observed that IFT value between paraffin and surfactant
solution (0.15wt%) was observed to be 9.3, 16.23, 9.45, and 9.67 mN/m for n-pentane, n-hexane,
n-heptane and n-dodecane respectively. Larger IFT values may be attributed to the presence lesser
concentration of surfactant that are not sufficient for micelles formation. A significant reduction
in [FT was observed at surfactant concentration 0.2wt% as evident from Figure 4.4b. The reduction
in IFT values was observed to be from 9.3 to 6.25 mN/m for n-pentane, 16.23 to 12.39 mN/m for
n-hexane, 9.45 to 6.62 mN/m for n-heptane and 9.67 to 6.87mN/m for n-dodecane. Total IFT
reduction was found to be ~ 23-33% when surfactant concentration was increased from 0.15 to
0.2wt%. Furthermore, the increased surfactant concentration of 0.25wt% (Figure 4.4c) was used,

the IFT values (6.5, 12.45, 6.6, and 6.99 mN/m for n-pentane, n-hexane, n-heptane and n-

103



dodecane, respectively) were found to be almost same as that was recorded for IFT at surfactant
concentration 0.2 wt% in Figure 4b. As IFT value (at surfactant concentration = 0.15 wt%) are
comparatively higher than the IFT values at surfactant concentration of 0.2wt% and 0.25 wt%,
entails that CMC value is 0.2wt%. It is due to the fact that the lowest value of IFT are observed
when surfactant is added at CMC [55,163,234]. Thus, CMC determination plays a vital role as the
surfactant monomers tends to align themselves spherically and micelles formation takes places
[38]. Also, the use of surfactant beyond CMC value is not recommended as it reduces the economic
viability of the project [198,235]. All the further studies were conducted only for emulsions at the

CMC value determined, that is, EP1, EP2, EP3 and EP4 as shown in Table 4.1.
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Figure 4.4: Plot of Interfacial tension (IFT) values obtained for the various oil systems at (a) 0.15,

(b) 0.2, and (c) 0.25 wt% surfactant concentration (as determined from Figure 4.3).

4.3.2 Microscopic investigations

Next, the microscopic studies were conducted for EP1, EP2, EP3 and EP4 to investigate
the distribution of oil droplets after span of 10 d. Initially, the prepared emulsions were of cream

color (refer Figure 4.3a) but in span of 10 d phase separation occurs (refer Figure 4.3b), separating
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the creamed layer and aqueous phase. Figure 4.5 shows the appearance of emulsion systems under
a microscope after 10 d. A denser and uniform packing in the creamed layer and a loose packing
in the aqueous phase was observed. The distribution of oil droplets plays a crucial role in the
stability and properties of the emulsion. Emulsions can be classified based on the size of the
dispersed phase: macroemulsions contain droplets visible to the naked eye, while microemulsions
consist of much smaller droplets that require magnification to be observed. Within prepared
emulsions, the oil droplets tend to move towards the interface with passage of time and the height
of emulsion reduces. The creamed emulsion was taken into consideration for microscopic
investigations as shown in Figure 4.5. From this Figure 4.5, it can be observed that a dense and
tight packaging of oil droplets was observed in creamed layer for all emulsions EP1, EP2, EP3 and
EP4. The microscopic observations are aligned with the literature [45—47]. Oil droplets seem to be
smaller, uniformly distributed and varying in size, thereby densely packed. This may be due to the
surfactant’s adsorption on the oil droplet, that help in stabilizing the oil droplet by surfactant
micelles [41]. Stability of creaming can be defined as the rate of movement of oil droplet towards
the emulsion surface [236]. The reason for dense packaging of oil droplets can be attributed to the
presence of natural surfactants used at CMC [237] which further helps in micelle formation and
emulsify the paraffin oils. This may also be attributed to the chemical composition of surfactants,
which leads in emulsification of paraffins [4]. Furthermore, the microscopic investigations were
also done for the separated aqueous phase to visualize presence of oil droplet if any. On observing
these images (bottom panels of Figure 4.5), the loose packaging of oil droplet can be observed.
Comparatively the oil droplets were large in size, and this may be due to coalescence and the nature

of surfactant, which participate in stabilizing emulsion and tend to move toward the surface.
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Figure 4.5: The appearance of emulsion systems under a microscope after 10 d. A denser and

uniform packing in the creamed layer and a loose packing in the aqueous phase was observed.

4.3.3 Rheological Investigations

4.3.3.1 Shear Mode

Before proposing any emulsion system, its stability and flow pattern should be known for
its successful and potential application within porous media. While injecting emulsions within
porous media, various mechanism like surfactant adsorption, mechanical trapping, flow diversion
etc. take place that reduce the efficacy of the emulsions due to degradation of its fluid properties.
In general, the adsorption of surfactant occurs in monomer form, thus there is need to analyze the
rheological behavior of emulsions. Figure 4.6 shows the viscosity results for emulsions EP1
(Figure 4.6a), EP2 (Figure 4.6b), EP3 (Figure 4.6c) and EP4 (Figure 4.6d) against the varying
shear rate (1-1000 s™). All the emulsions showed non-Newtonian shear thinning profile as evident
from figure and align with literature [57,238] exhibiting pseudoplastic behavior. All the emulsion

system possesses higher viscosity at lower shear rate. For EP1, the viscosity was 1179.8 mPa.s at
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shear rate of 1s™! followed by a tremendous reduction in viscosity with a value of 26.961 mPa.s at
1000 s™'. Similarly, significant reduction in viscosity was observed for EP2 and EP3, that is, from
2872.1 mPa.s and 1489 mPa.s at 1s™! to 29.168 mPa.s and 24.204 mPa.s at 1000 s leading to
98.9% and 98.3% reduction respectively. Higher viscosity was recorded for EP4 of 2349.7 mPa.s
at 1 s followed by consistent reduction in viscosity with 431.75 mPa.s at 10.8 s”!, 77.821 mPa.s

at 100 s and finally with lowest value of 14.903 mPa.s at 1000 s
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Figure 4.6: Plots of viscosity results obtained for the emulsion systems using the bob and cup
setup. All sets of experiment were conducted thrice to get reproducibility in results and uncertainty

of £0.6-7% of the recorded value was observed.
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Natural surfactant solution reduces IFT between the oil and water phases, facilitating the
detachment of oil droplets from the microfluidic chip's surface and enhancing oil mobilization. It
further promotes emulsification by stabilizing oil droplets in the aqueous phase. Surfactant solution
has shown its potential in mobilizing the oil from the pore channel of the chip, as evident from

microscopic images of different sections.

Next, the Power Law model fitting was performed for the viscosity profiles of EP1, EP2,
EP3 and EP4 with the value of R? as 0.91, 0.91, 0.94 and 0.97, respectively as shown in Table 2.

Power law model [239] can be defined as the mathematical expression shown in equation 1.
n=Ky" (1)

where K = consistency index,

n = flow behavior index and

y = shear rate.

Table 4.2: Details of the parameters of model fitting for the prepared emulsions. Power Law model

was the best fit for the viscosity curve and all the measurements were conducted at 30°C.

S No. | Emulsion R? K n
EP1 0.93 4.45 0.74
EP2 0.91 4.58 0.77
EP3 0.94 5.00 0.82
EP4 0.97 5.58 0.86
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Power law model found to be best fit with highest R? value for EP4, along with better shear
thinning profile when compared to other emulsion system. Thus, it can be concluded that flow

behavior of EP4 is much stable and recommended for its potential application.
4.3.3.2 Dynamic mode

To investigate the dynamic rheological characterization of prepared emulsions, strain-
sweep analysis was conducted. This was done to analyze the viscoelastic properties of emulsion
system which entails the exact emulsion flow properties and their causes for any change in flow
pattern. Emulsions exhibit complex rheological behavior due to the presence of dispersed droplets
within a continuous phase. The strain-sweep investigations of EP1, EP2, EP3 and EP4 was
conducted at 30°C and frequency was kept constant at 10 rad s™! as per literature findings [163,240]
as shown in Figure 4.7. Dynamic rheology’s are analyzed in terms of storage modulus (G') and
loss modulus (G"). The storage modulus represents the elastic component of the emulsion,
reflecting its ability to store energy, while the loss modulus represents the viscous component,
indicating energy dissipation. For EP1, the recorded value of G was 960.245 Pa and reduced to
3.301 Pa over the explored range (0.01-100%). An increase of 26%, 15 % and 7.6 % was observed
in the value of G” (at 0.01%) for EP2, EP3 and EP4 respectively. Lowest value of G” was observed
for EP3 as evident from Figure 4.7. Also, the strain deformation seems to follow similar trend for
EP1, EP2 and EP3 whereas EP4 is observed to be least affected by strain deformation. EP4 has
more potential as compared to other prepared emulsions as evident from viscosity and strain
deformation results. Thus, the application of EP4 is recommended for the reservoir dominated by

n-dodecane paraftin oil.
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Figure 4.7: Dynamic rheological investigation of the emulsion systems. All sets of experiment

were conducted thrice to get reproducibility in results and uncertainty of +2.8-6.5% of the recorded

value was observed.

4.3.4 Effect of salt on Emulsion system

Salinity is one of the major parameters impacting emulsion stability. Salts can influence

emulsion stability by affecting the interfacial properties of the emulsion [53]. Specifically, salts

can alter the charges on emulsion droplets, impacting electrostatic repulsion or attraction between

them. This electrostatic modification can lead to changes in droplet size distribution and overall

stability. Additionally, salts may influence the viscosity of the continuous phase, affecting the

emulsion's rheological properties. For this purpose, the effect of both monovalent and divalent salt
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was studies by means of microscopic investigation. Figure 4.8 shows the effect of increasing
concentration of monovalent salt (NaCl: 1- 4wt%) on stability of emulsions EP1, EP2, EP3 and
EP4. The inclusion of NaCl to emulsions can have significant impacts on their stability and
properties. This can also alter the ionic strength of the aqueous phase, leading to changes in the
electrostatic interactions at the oil-water interface. From this figure, it can be observed that EP1
was less stable at 1-2 wt% of NaCl as larger size of oil droplet was observed (2wt%) through
microscopic results and this may be due to the presence of salt promoting coalescence of oil
droplet. At 3wt% of NaCl, the distribution of oil droplets seems to be less, and more coalescence
was observed and very limited oil droplets was observed at higher concentration of NaCl (4wt%)
due to increasing coalescence. Furthermore, the stability of EP1 was drastically impacted by the
presence of divalent salt (CaCl2) as shown in Figure 4.9. The impact of a divalent salt (CaCl2) in
varying concentration (1-4 wt%) on the emulsion systems (EP1, EP2, EP3 and EP4) was observed
via microscopic studies. Divalent salt drastically impacts the stability of emulsion due to presence
of calcium ions that interact with the emulsifiers and results in altering the properties of emulsion,
for instance, induce droplet coalescence, rheological parameters etc. It can be observed that very
limited oil droplets are present at concentration of 1wt% whereas at higher salt concentration (2-
4wt%), no oil droplets were observed (Figure 4.9). Thus, it can be concluded that the reservoir
dominated by n-pentane paraffin at higher salinity, mobilization of oil will be difficult as no
emulsification was observed at higher salinity as evident from Figures 4.8 & 4.9. The emulsion
EP2 seems to be stable till 2wt% of NaCl as a fine packet of oil droplets was observed from
microscopic results. At 3wt% of NaCl, lesser coalescence of oil droplet was observed due to
presence of loose packets of oil droplets whereas at 4wt% of NaCl, no oil droplets were observed

as evident from Figure 4.8. Whereas the stability of EP2 was adversely affected in presence of
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divalent salt (CaClz) as shown in Figure 4.9. A loose packaging of oil droplets smaller in size can
be seen from microscopic investigations at salt concentration of 1-2wt% of CaClz and emulsion
EP2 becomes completely unstable at higher concentration (3-4wt%). EP2 seems to possess better
stability than EP1lin presence of divalent salt. This may be attributed to the reduced efficacy of
natural surfactant micelles in presence of high saline environment in order to form emulsions,
thereby may reduce its potential in recovering oil from high saline reservoirs. From Figure 4.8, the
emulsion EP3 seems to be highly stable in presence of 1wt% NaCl as a dense and tight packet of
oil droplets was observed. Increasing salt concentration from 2-3wt% of NaCl tend to break the
emulsion as more coalescence of oil droplets was observed as evident from microscopic results
and EP3 becomes completely unstable at 4wt% of NaCl due to presence of limited and large-sized
oil droplets. Stability of EP3 has detrimental effect in presence of divalent salt as evident from
microscopic result (Figure 4.9). As the salt concentration was increasing from 1-4wt%, the large
sized oil droplets with loose packaging were observed. This may be due to one of the literature
finding stating that presence of salt beyond 1wt%tends to decrease the electrostatic repulsion and
further promotes the flocculation among the micelles of surfactant [241]. Due to flocculation, the
micelles of natural surfactant tend to disperse within the solution, as a result adsorption at oil-water
interface is reduced restricting emulsion formation. This may be the reason for the presence of few
and large sized oil droplets at increasing salt concentration. Finally, the stability of emulsion EP4
was studied in presence of salt and it was observed that EP4 was stable from 1-3wt% of NaCl as
a dense and very light packet of oil droplets was observed as evident from microscopic results
shown in Figure 4.8. At higher concentration of NaCl (4wt%), large-sized oil droplets were
observed, and this may be due to increased coalescence of oil droplet at higher salinity. Moreover,

EP4was observed to be stable in presence of 1-2wt% of CaClz and by increasing concentration of
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divalent salt, that is, at 3and 4wt%, large-sized oil droplets were observed due to coalescence.
Therefore, it can be concluded that EP4 possess higher stability when compared to EP1, EP2 and
EP3 in saline environment. In addition, the stability in presence of monovalent salt (NaCl) was
higher as compared to divalent salt (CaClz) and this may be attributed to nature of divalent salt as
it may segregate with increased number of ions that that of NaCl [57]. Thus, application of EP4 is

recommended for application in high saline reservoir dominated by n-dodecane.
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Figure 4.8: Microscopic investigation of the impact of monovalent salt (NaCl) in varying

concentration (1-4 wt%) on the emulsion systems (EP1, EP2, EP3 and EP4).
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Figures 4.9: Microscopic observations of the impact of a divalent salt (CaClz) in varying

concentration (1-4 wt%) on the emulsion systems (EP1, EP2, EP3 and EP4).
4.3.5 Effect of Grain size on wettability alteration

Wettability alteration is one of the important parameter affecting the reservoir condition
favorable for producing more oil [235]. In general, majority of reservoirs are oil wet in nature and
to recover oil from the reservoirs, rock surface needs to be water wet and this is where the
surfactant plays a crucial role. Surfactants has the huge potential in IFT reduction, altering the
wettability of rock surface and describes the wetting or non-wetting characteristic of fluid
[26,182,242]. The effect of surfactant on wettability alteration can be analyzed by contact angle

which is defined as the angle between liquid-solid/gas interface [178]. For analyzing the nature of
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rock surface if contact angle varies from 0°-75° is considered to be water-wet, from 76°-115°
intermediate-wet above 115° is considered to be oil-wet [243]. Contact angle studies were
conducted on the sandstone surface saturated with n-dodecane in presence of SP solution at
ambient conditions as shown on Figure 4.10. The sand grains used for study were untreated and
of varying sand size. All measurements were conducted thrice, and average value obtained was
plotted with uncertainty ~ 3%. SP solutions are designed to alter the interfacial properties between
different phases, such as oil and water [41]. The contact angle measurement provides valuable
insights into the wettability of the oil surface by the SP solution. By reducing the contact angle,
the SP solution can increase the spreading and penetration of the solution into the oil phase,
enhancing its effectiveness in various applications. Initially the contact angle was observed to be
76° at 0 min and significant reduction in contact angle was observed between 4-12 min where
~34% reduction was observed. After 12 min the contact angle was recorded as 43°, making it water
wet. This may be attributed to the potential of surfactant in displacing oil from rock surface at the
interface between n-dodecane and aqueous SP solution. The surfactant used at CMC offers
favorable results in making the surface more water-wet [38]. A consistent decrease in contact angle
was observed over a span of 20 min with a net reduction of ~ 69.7% with the minimum vale of 23°
(at 20 min). The decrease in contact angle may associated with the attraction of ion-pair between
the polar head of surfactant micelle, that is, anionic in nature and the oil component adsorbed on

sandstone having cationic charge [244].

Later to investigate the effect of grain size on wettability alteration, contact angle studies
were conducted on different grain size, that is, low sand size (less than 250 um) and high grain
size (more than 250 pum). Different sized sand grains have drastic effect on its properties, for

instance, compressibility, strength, void ratio, etc [245]. The size and roughness of the sand
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particles can influence the contact angle. Smaller particles may have a larger surface area per unit

volume, potentially leading to different wetting behaviors compared to larger particles.

90
1 ’ —— Dodecane (Normal sand size)
80 - 29
~ 70
)
o )
o 60
i)
g <
© 507
=4
< 40+
‘g 4
£ 307
8 Untreated {
oy Q. SNl Zrams
20 sogte s
- e
St els
25ee,
P e eo®,
1 1 L] 1 T L

Time (minutes)

Figure 4.10: Plot of the contact angle values against time. Contact angle was conducted between

sand saturated with n-dodecane and SP solution.

Additionally, surface roughness can affect the contact angle by providing more sites for
interaction between the liquid and solid phases. Larger sand particles have less overall surface
area, their surfaces can still exhibit significant roughness. This roughness can affect the contact
angle by providing more irregularities for the SP solution to interact with, potentially altering
wetting behavior. Figure 4.11 show the contact angle measurements for low sand size and high
sand size over a span of 20 min. Initially the contact angle was recorded to 74° (at 0 min) and start
decreasing to 54° at 4 min, 41° at 8 min, 32° at 12 min with a minimum value of 20° after 20 min
with a considerable reduction of ~ 73% which is lower than that of contact angle result obtained

for normal sand size (~ 69.7%). This may be due to reduced sand size causing increase in surface
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area of the sand grains and thus enhances the flow of SP fluid making the surface more water-wet
[246]. This results in achieving lower value of contact angle. Due to low grain size, compact and
smooth surface can be obtained with lesser porosity [247]. For high grain size, the contact angle
was recorded as 84° at 0 min higher than that of low grain size (74° at 0 min) as evident from
Figure 4.11. This may be due to increased porosity, due to uneven grain size. In addition, a sharp
reduction in contact angle was observed with a minimum value of 10° (at 20 min) with a total
reduction of ~ 88% over the range of time explored. This may be attributed to Gibbs-Marangoni
effect. Sand grains initially saturated with oil tends to become thinner with time due to synergetic
interaction surfactant micelles, which ultimately detaches the sand grains from oil [63]. Lower
value of contact angle (10°) may be due to the smaller area exposed to oil as well as the large

distance between oil and surface [190].
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Figure 4.11. Variation of contact angle with respect to time obtained for varying sand sizes.
Normal sand was sieved to obtain the low sand grain (size < 250 um) and high grain size (size

>250 pm).
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4.3.6 Pore Scale Analysis of Surfactant flooding

Microfluidics are gaining huge attention as it helps in visualizing the potential of surfactant
in displacing oil by means of pore scale analysis. Conventionally, surfactant flooding are
performed in core samples as well as sand pack for analyzing the potential of surfactant
[159,234,248,249]. The core samples and laboratory sand pack resemble quite similar with the
rock formation [250], but the visual observations in real time are challenging to perform. Thus,
there is a need for microfluidic chip that allows clear visualization and helps in understanding flow
of fluid. Various microfluidic studies have been reported in the literature which confirms the better
understanding of the mechanism possessed during surfactant flooding [251-253]. This study
delves into the microscopic analysis of displacement of oil (n-dodecane) by means of surfactant
flooding. Initially, the microfluidic chip was flooded with brine, which resembles the tradition
oilfield formation with salinity as that of Cambay basin. The chip was saturated with brine so that
the brine reaches at most of the pore channels. This was followed by capturing the microscopic
image of microfluidic chip from inlet to outlet as shown in Figure 4.12. Brine injection helps clean
and prepare the microfluidic chip, removing any residual fluids or contaminants. Brine injection
establishes the initial conditions for the experiment, replicating typical reservoir condition that
provides a realistic starting point for studying fluid displacement processes. From Figure 4.12, it
can be inferred that no air bubble was encapsulated within the pores. As the oil (n-dodecane) was
flooded, initially brine flush out and oil was observed to be encapsulated at various pore channels,

shown in Figure 4.13.
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Figure 4.12: Visual appearance of the microfluidic chip during brine pre-flush and injection. As
observed from the presented images, a uniform distribution of the injected fluid was observed and

no air bubble was encapsulated during brine injection.

Oil was encapsulated within the pore channels of microfluidic chip. Enlarged view of
encapsulated oil at some pore channels has been provided (and highlighted in yellow) for clear
visualization which shows the uneven distribution of the oil. The uneven distribution of oil may
be due to oil being unable to access some of the constricted pores in the microfluidic setup. Finally,
natural surfactant was flooded in the microfluidic chip (saturated with oil) and this was quite
imperative to analyze the surfactant’s potential in displacement of oil. Figure 4.14 shows the
microscopic images of the microfluidic chip after injection of surfactant from inlet to outlet. The
pore scale analysis was performed to envisage the potential of natural surfactant in mobilizing oil

from the micro channels.
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Figure 4.13: Visual appearance of microfluidic chip saturated with n-dodecane. With closer
observation, the presence of injected paraffin (highlighted in yellow) can be observed from an un-

even distribution in micro channels.

After the injection of oil at rate of 0.5 ml/min, the natural surfactant solution was flooded
with same flow rate of 0.5 ml/min. The flow rate was kept constant and oil started to mobilize
from the pore channels. Oil was collected in small beaker at the outlet of micromodel. The injection
of surfactant solution was kept on with 0.5 ml/min till no oil droplet was seen at the outlet of
micromodel. Natural surfactant has shown its great potential in displacing all the encapsulated oil
as evident from Figure 4.14. Natural surfactant solution reduces IFT between the oil and water
phases, facilitating the detachment of oil droplets from the microfluidic chip's surface and

enhancing oil mobilization. It further promotes emulsification by stabilizing oil droplets in the
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aqueous phase. Surfactant solution has shown its potential in mobilizing the oil from the pore

channel of the chip, as evident from microscopic images of different sections.
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Figure 4.14: Visual appearance of the microfluidic chip during surfactant flooding and oil
recovery. Surfactant solution was able to easily displace the oil in the chip, evident from

microscopic studies at different sections.

After displacement of oil (n-dodecane), surfactant solution has been distributed within the
microfluidic chip which can be clearly seen from the enlarged view of some pore channels
provided in Figure 4.14. This may be attributed to the various mechanism possessed by natural
surfactant within the pores, for instance, IFT reduction, altering wettability, emulsification, the

detailed explanation of which can be found in our previous studies [30,229,254].
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4.4 Conclusion

The present study delves in the application of natural surfactant for stabilizing the paraftin
emulsions. In addition, microscopic, wettability alteration and rheological findings are taken into
consideration for its successful subsurface application. This was followed by the pore scale
analysis of surfactant potential in displacing oil. Mobilizing additional encapsulated oil from
existing pores through enhanced oil recovery (EOR) process can be more economically viable than
drilling new wells as drilling new wells involves significant upfront costs including exploration,
drilling, and infrastructure development. EOR, on the other hand, utilizes existing wells and
infrastructure, reducing capital expenditures. EOR techniques can increase the percentage of oil
recovered from existing reservoirs, often extracting oil that was previously deemed economically
unviable to produce. This higher recovery rate means more revenue from existing assets. The key

points of the study are summarized below:

» Initially emulsion preparation was done with n-pentane, n-hexane, n-heptane and n-
dodecane at varying surfactant concentration to visualize the stable emulsion, which further
helps in determining the expected range of CMC. It was found that emulsion was stable in
the range of 0.15 - 0.25wt% of surfactant concentration.

» To determine the CMC value, IFT measurements were conducted for all paraffin explored
and found the surfactant concentration of 0.2wt% as CMC. Minimum IFT values were
obtained at 0.2wt%, that is, 6.25 mN/m, 12.39 mN/m, 6.62 mN/m and 6.87 mN/m for n-
pentane, n-hexane, n-heptane and n-dodecane, respectively.

» All emulsions were kept under observation for 10 days, and emulsion was observed to be

creamed. Microscopic investigation of creamed layer of emulsion was done which entails
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the dense and tight packets of oil droplet present whereas very loose packaging of oil
droplets was observed in separated aqueous phase.

» All the prepared emulsions exhibited shear thinning profile and viscoelastic behavior as
evident from rheological measurements.

» Among all prepared emulsions, n-dodecane emulsion was found to be stable in presence of
both monovalent (3wt%) and divalent (2wt%) salt.

» Minimum value of contact angle was obtained with the high sand size as compared to low
sand size due to surface irregularity.

» During pore scale analysis, natural surfactant was found potential in displacing

encapsulated oil in the pore channels.

The observations reported in this study provide a strong case for the application of natural
green formulations for emulsion formulation and application in oil reservoirs with high paraffin
content. EOR is crucial because it helps to extract more oil from existing reservoirs than traditional
methods can. As conventional extraction techniques become less effective, EOR becomes essential
for maintaining production levels and maximizing resource utilization. It also extends the life of
existing oil fields, which is vital for energy security and economic stability. Additionally, drilling
new wells can have environmental consequences, including habitat disruption, water
contamination, and greenhouse gas emissions. EOR can extend the productive life of an oil field,
providing a more prolonged revenue stream and allowing companies to defer high costs associated

with decommissioning and site restoration.
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Chapter 5

Effect of Natural Surfactant (fenugreek seeds) on Emulsification and Mobilization

of Paraffins via Pore-scale Micromodel Experiments

Abstract

The surface characteristics of minerals have been crucial in predicting the interactions
between chemicals, particularly in chemical flooding. Thus, this technical paper evaluates the
viability of natural surfactants derived from agricultural products for oil recovery studies from a
micromodel filled with paraffinic oil. The study investigates the interfacial tension, viscosity,
microscopic, dilution studies and oil mobilization characteristics of the natural surfactants. The
experimental setup involves conducting interfacial tension measurements between the surfactant
solution and paraffinic oil using the Wilhelmy plate method and was found to be 14.2mN/m,
10.92mN/m and 9.8mN/m. Additionally, viscosity measurements and frequency sweep analysis
were performed to assess the rheological properties of the prepared emulsion which was stabilized
using a natural surfactant. Microscopic evaluation depicts that amongst the prepared emulsions, n-
heptane emulsion seems more stable at both 30°C and 90°C. Moreover, dilution studies were
conducted for each emulsion system and dilution ratio was varied from 1:5 to 1:1 (emulsion: saline
solution). It was found that n-heptane emulsion possesses better stability at higher dilution (till 3:5
ratio). Oil mobilization studies are conducted using a glass micromodel to simulate reservoir
conditions and observe the displacement efficiency of the surfactant solutions. The results indicate
that natural surfactants exhibit competitive interfacial tension reduction and viscosity modification

properties compared to commercial surfactants. Furthermore, oil mobilization studies demonstrate
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the effectiveness of natural surfactants in enhancing oil recovery from paraffinic oil reservoirs.
These findings suggest the potential of natural surfactants derived from agricultural products as

sustainable alternatives for improving oil recovery efficiency in petroleum reservoirs.

5.1 Introduction

Paraffin is a type of hydrocarbon molecule found in crude oil. They are alkanes, and consist
solely of hydrogen and carbon atoms arranged in straight or branched chains [228]. Paraffins are
typically lighter hydrocarbons with low viscosity, which makes them flow more easily compared
to heavier compounds like asphaltene and resins. Conventionally, the presence of paraffin can
promote oil recovery, as compared to those reservoirs containing other heavier components as their
low viscosity enables them to flow more easily through porous rock formations, facilitating oil
extraction [212]. Paraffin can also be targeted in subsurface applications such as injection of water.
Injection of chemicals can help boost oil recovery by targeting paraffin to alter their properties,
making them more amenable to extraction. Surfactants and polymers can be used to modify the
interfacial tension (IFT) between oil and water, aiding in mobilizing paraffin and increasing oil
recovery [148,223,255,256]. Paraffin also tend to form stable emulsions with water, making it
difficult to separate oil from water during extraction processes [50]. However, during oil recovery,
it is essential to carefully optimize the chemicals used for emulsion formation as the paraffin may
deposit and accumulate in pore spaces within the reservoir, reducing permeability and hindering
oil flow. Thus, while paraffin can facilitate oil recovery through their low viscosity and response
to various extraction techniques, they also present challenges such as unstable emulsification and

deposition that must be addressed to maximize oil production from reservoirs.

Surfactants play a crucial role in enhancing oil recovery from reservoirs dominated by

paraffin by altering the IFT between oil, water, and rock surfaces [198,257]. The application of
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surfactants tends to lower the IFT between oil and water, making it easier for water to displace oil
from the rock pores [242]. In reservoirs dominated by paraffin, where oil-water IFT can be high,
surfactants help in breaking down this barrier, facilitating oil displacement and recovery. Using
ultra-sonication, Baloch and Hameed [47] investigated the emulsification of different paraftfins,
for say, n-hexane, n-heptane, n-decane, and kerosene in water. It was concluded that the quantity
and size of droplets were dependent on factors like the composition of the oil and the span of the
ultra-sonication process, with n-hexane < n-heptane < n-decane< kerosene. Golemanov et al. [50]
examined various commercial surfactants, including anionic, nonionic, and polymeric ones.
hexadecane or tetradecane was used as a dispersed phase. It was reported that except for the
nonionic Tween 40 and Tween 60, most of the investigated individual surfactants are found to be
ineffective stabilizers. On the other hand, the addition of suitable cosurfactants, like hexadecanol,
Brij 52, or cocoamidopropyl betaine, considerably improves the dispersion stability. A study
involved in preparation of water in hexane nano emulsion stabilized by Brij 30 or Span 80 by
means of low energy method reports Ostwald ripening as a primary destabilization mechanism of
the systems [49]. Another study reports that lower value IFT (14.46 mN/m) and primarily water-
wettable rock surface, with a diluted salinity of 25 percent of the initial quantity (that is, TDS
~8500 ppm). It was also concluded that TDS of about 8500 ppm may be the ideal salinity for low
salinity water flooding in light oil reservoirs [243]. Surfactants can help in the formation of stable
emulsions from paraffin by reducing the IFT between the oil and water phases. This allows for
better mixing of the two immiscible phases, leading to the formation of stable emulsions. In the
context of oil recovery, stable emulsions can help by improving the mobility of oil in the reservoir,
reducing its viscosity, and enhancing its displacement from porous rocks. Additionally, surfactants

can alter the wettability of the rock surface, promoting better contact between the oil and the
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injected fluids, thus increasing oil recovery efficiency [160]. This enhances the mobility of oil
within the reservoir, allowing for better sweep efficiency and increased oil recovery. In water
flooding operations, surfactants can improve the efficiency of water displacement by reducing the
capillary forces that trap oil in the pore spaces of the reservoir rock. This promotes better sweep
efficiency and more effective oil recovery. Thus, as evident from several past experimental studies,
the application of surfactants has been found to aid in enhancing oil recovery from paraffin-
dominated reservoirs by reducing IFT, forming stable emulsions, mobilizing paraffin, and

improving the efficiency of water flooding operations.

In most prior applications, the studies have reported the utilization of commercial
surfactants like SDS (sodium dodecyl sulphate), Tween 60, Tween 40, Brij 30 and Span 80, offer
significant benefits in enhancing oil recovery, but also come with several challenges. Commercial
surfactants can be expensive, especially if large quantities are required for oil recovery operations.
Cost-effectiveness is a crucial consideration, particularly for large-scale applications.
Additionally, some commercial surfactants may have environmental implications, such as toxicity
or persistence in the environment [12,258]. Ensuring that surfactants used in oil recovery
operations are environmentally friendly is essential to minimize adverse effects on ecosystems.
Furthermore, the commercial surfactants may not be compatible with all reservoir conditions or
other chemicals used in oil recovery processes. Compatibility issues can affect the effectiveness
of surfactants and may require additional testing and optimization. Here, there is a potential to
investigate the application of natural surfactants, derived from renewable sources such as plants or
microorganisms, which can offer potential alternatives to commercial surfactants. Several natural
surfactants have been extracted from various green sources, for instance, palm oil, heena leaves,

mulberry leaves, eucalyptus leaves, soapnut, quinoa, fenugreek seeds etc. and found suitable for
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various industrial applications [23,26,30,38,39,259]. These surfactants have all demonstrated
impressive and similar outcomes in oilfield applications, such as enhanced oil recovery, wettability
modification, and IFT reduction. Compared to commercial surfactants, natural surfactants tend to
have minimal environmental impact, and are usually biodegradable and possess low toxicity
[256,260]. From an environmental standpoint, natural surfactant’s have a better environmental
footprint, and this remains crucial to ensure sustainability and compliance with regulatory
requirements. Pal et al.[8] extracted natural surfactant from coconut oil and used it at critical
micelle concentration (CMC) (23.5294 mmol/l) for stabilizing crude oil-water emulsion at 343 K.
Prepared emulsions was found to be stable for 21 d and thereafter phase separation was observed.
Another study employed in emulsification of crude oil by using natural surfactant extracted from
Eichhornia crassipes. The ratio of oil and water was 5:1 and the viscosity of emulsion was recorded
at 1s™! was 10.1 mPa s. Norouzpour et al. [23] conducted emulsification of crude oil by employing
natural surfactant extracted from quinoa at CMC (1500 ppm), synthetic surfactant NX-610 and
TR-880 at CMC 2000 ppm. Emulsion was stored for 90 d and phase separation was observed. It
was reported that more emulsification was observed for emulsion stabilized by natural surfactant
than that of synthetic surfactants. However, several key criterions must be considered before their
substitution. The stability and performance of natural surfactants under varying reservoir
conditions, such as temperature, pressure, and salinity, can be a challenge. Ensuring consistent
performance over time is critical for successful oil recovery operations. Additionally, natural
surfactants must demonstrate comparable or superior performance to commercial surfactants in
enhancing oil recovery. This includes factors such as reducing IFT, breaking emulsions, and
mobilizing hydrocarbons. Natural surfactants must be compatible with reservoir conditions and

other chemicals used in oil recovery processes. Ensuring stability and performance under varying
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environmental conditions is essential for successful substitution. Overall, while natural surfactants
hold promise as substitutes for commercial surfactants in oil recovery, thorough evaluation of their
effectiveness, availability, environmental impact, compatibility, stability, and cost-effectiveness is
necessary before their widespread adoption. Even though the use of natural surfactants in the
emulsification of crude oil and n-paraffin has not received much attention from researchers, and
there is a dearth of literature describing the use of other natural surfactants and their testing for
emulsification with lighter components of crude oil (n-alkanes). Thus, investigation of a natural
surfactant, derived from fenugreek seeds, in the emulsification of paraffin (n-pentane, n-hexane
and n-heptane), with the potential application in enhanced crude oil recovery, is what makes this
work novel. The cost of fenugreek seeds is Rs 88 for 500 gm. The surfactant yield was determined
as 12.76 + 11% gm using raw material of 100 gm of fenugreek seeds by using methanol (Rs 920
for 500 ml) as a solvent. Whereas the commercial surfactants like SDS (sodium dodecyl sulphate)
cost for Rs. 620 for 500gm, CTAB (Cetyltrimethylammonium Bromide) cost for Rs 2440 for 500
gm. The prices are approximate and can vary depending on the supplier, quantity purchased, and
purity of the product. Natural surfactants derived from agricultural products like fenugreek seeds
may be more expensive due to the extraction processes and raw materials used, but they offer
advantages such as biodegradability and reduced environmental impact, making them valuable in

various applications.

Thus, in this study, the performance evaluation of a natural surfactant was employed for
preparing oil in water emulsion at CMC (0.2wt%), and n-pentane, n-hexane and n-heptane was
used as oleic phase. This was followed by [FT measurements as a function of time for each paraffin
explored in the study with and without surfactant. Thereafter, microscopic analysis was done for

freshly prepared emulsion, emulsion after 48h and emulsion at elevated temperature. To establish
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the flow behavior of emulsion, rheological studies were performed at 30°C, 60°C and 90°C. By
using microscopic results, fluid displacement studies were carried out to visualize the surfactant's
flow pattern and its potential to displace oil from paraffin flooded glass micromodel. Lastly,
dilution studies were conducted to analyze emulsion formation and stability within reservoir in

saline medium.
5.2 Materials and Methods

5.2.1 Materials

This study deals with the extraction of natural surfactant from a biomass source, that is,
fenugreek seeds. Seeds are procured from local commercial outlet at Amethi (U.P). For extraction
of natural surfactant, Soxhlet apparatus (Jain Scientific Glassworks), hot air oven and solvent
methanol (SD Fine Chemicals, India) was used. Polymer polyacrylamide (PAM) was used as base
fluid (molecular weight: 107 g/mol; purity 90%) and obtained from SNF Floerger. Digital weighing
balance (Mettler Toledo, ME204/A04; repeatability approximately 0.1 mg) was used for
measuring the samples. For preparing the aqueous solution, deionized (DI) water was used and
obtained from Millipore® Elix-10 water purification apparatus. PAM solution was prepared
(stirring speed: 600 rpm) by using magnetic stirrer (IKA-C-MAG-HS7) for about 7 hrs. Paraftin
used in present study are n-pentane (>99 mol%), n-hexane (99 mol%) and n-heptane (>99 mol%),

obtained from Sisco Research Laboratory (SRL) India.
5.2.2 Extraction of natural surfactant

Natural surfactant extracted from biomass source, that is, fenugreek seeds is reported in detail

in our previous work [30]. A brief outline on extraction process is listed below:
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Primarily, fenugreeks seeds are allowed to dry in sunlight for about 7-10 days followed
by drying it in hot air oven at 50°C for 0.5 h. This was done to ensure the removal of
excess moisture content.

Later, seeds were grinded by using industrial grinder (Oster, India) and sieved in order to
obtain fine particles of uniform size 100-240 um.

For extraction of surfactant, Soxhlet apparatus [93] was used, wherein the sieved powder
(50 g) of fenugreek seeds were encapsulated in muslin cloth and placed in extraction
chamber. Initially, muslin cloth was properly cleaned and sun dried. Thereafter, muslin
cloth saturated in solvent methanol (for about 48 h) to ensure complete removal of
adsorbed detergent if any.

The whole setup was placed on heating mantle and heated at temperature ~ 65°C (boiling
point of methanol). As methanol starts boiling, the vapor moves towards the condenser,
where condensation takes place and gets collected in extraction chamber. When extracted
solutes reaches the level of siphon tubes (attached to extraction chamber), it moves in
downward direction and gets collected in round bottom flask.

The whole procedure was left undisturbed for about 48 h till the concentrated surfactant
solution was obtained.

Finally, obtained surfactant solution was oven dried at 70°C to remove any solvent
present. The dried residue was then grinded manually into a fine powder (natural
surfactant) by using mortar and pestle arrangement. Schematic representation of the

preparation of natural surfactant is shown in Figure 5.1.
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Fenugreek surfactant

Figure 5.1: Workflow denoting the processes performed to extract the surfactant powder from the

agricultural product (fenugreek seeds).
5.2.3 Preparation of emulsion

Present study deals with the preparation of paraffin oil in water emulsion stabilized in

presence of natural surfactant. n-pentane, n-hexane and n-heptane were used as oil phase whereas
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SP solution as aqueous phase in 40:60 ratios as shown in Table 5.1. Surfactant was used at CMC
value, that is, 0.2 wt%. CMC of natural surfactant was obtained by means of electrical conductivity
as well as surface tension (SFT) measurements [30]. Initially, DI water was used for preparation
of polymer (PAM) solution at concentration 1000 ppm [261] by using magnetic stirrer (at 600
rpm) for about 7 h. After preparation of PAM solution, surfactant was added and allowed to mixed
uniformly till 1 h. Prepared SP solution and paraffin oil was taken into a glass vial and mixed using

a vortex shaker for about 0.5 h till single phase is obtained.

Table 5.1: Details of paraffin, surfactant, and phase ratio in preparing emulsion.

Ratio
Surfactant

Concentration

Paraffin Type Formula Mol. Weight (Oleic phase :

aqueous phase)

n-Pentane CsHiz 72.15 g/mol
Fenugreek Surfactant
n-Hexane CeHi4 86.18 g/mol 40:60
(CMS: 0.2 wt%)

n-Heptane C7His 100.21 g/mol

5.2.4 IFT Measurements

The Wilhelmy plate method was used to investigate the interfacial activity between
aqueous and oleic phase. This was done by using the dynamic tensiometer (Model: K12 Kruss®
Germany) as reported in our previous studies [229,254,262]. Paraffin oil being light in nature
overlays on the aqueous solution (water as well as SP solution) within the sample cup used in IFT
investigation. Sample cup filled with aqueous and oleic phase was placed in transparent chamber
wherein the Wilhelmy plate was fixed at one end. The Wilhelmy plate was allowed to submerged

and locked at the interface of aqueous and oleic phase and simultaneously measurements were
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recorded automatically. IFT investigation was done with respect to time, that is, 0-150 minutes
and values were recorded every 30 minutes at 30°C. After each observation, sample cup was

thoroughly cleaned and dried to avoid any errors during measurement.

5.2.5 Microscopic characterization of emulsions

Microscopic studies of prepared emulsion were done by using optical microscope (Motic,
Hong Kong). Images at different locations were captured with the help of inbuilt imaging software
(Motic Images Plus 2). With the help of laboratory pipette (Tarsons, United States), a drop of
freshly prepared emulsion was placed clean glass slide and kept under microscope for observation.
A heating plate mounted on the microscope was used (Thermocon® Instruments Pvt. Ltd., India)
having temperature ranging from 25-200 °C) mounted on microscope stage, the emulsion's
temperature (40-98 °C) was adjusted. A digital camera (Moticam-10) connected to an optical

microscope was used to track and record the heat changes in the emulsion's tiny texture.

5.2.6 Rheological Studies

Rheological findings of prepared emulsion system were done by using compact rheometer
(MCR-52, Anton Paar®, Physica, Austria). The rheometer was set up with a bob and cup
arrangement for the rheological studies. The bob was mounted on a moving arm, whereas the cup
was fixed on the rheometer's base. In order to take the measurements, the bob was gradually
lowered until it was completely submerged in the 20 ml of emulsion that had been carefully poured
into the cup. Following each measurement, the bob and cup were taken out of the rheometer and
cleaned with water and toluene, a laboratory solvent. Ten minutes were needed for the entire

experimental run, and each measurement was recorded at a time interval of ~10 s.
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Rheological studies were conducted in both shear and dynamic modes as reported in our
previous studies [165,263—-265]. Shear measurements on the emulsion sample were conducted on
varying shear rates, ranging from 1 to 1000 s™!. Measurements of dynamic frequency-sweep were
carried out in the angular frequency range of 1 to 100 rad/s. To homogenize the distributed oil
droplets, the emulsion sample was gently shaken prior to each measurement. To ensure
reproducibility, all rtheological measurements were performed at 25 °C and tripled. Nonetheless,
it was discovered that the rheological results uncertainty fell between = 0.7 and 11% of the stated

value.

5.2.7 Dilution studies

Dilution studies were conducted to visualize the emulsion stability. For this, saline solution
was prepared as that of Cambay basin salinity. Within n-pentane emulsion system (10 ml), saline
solution was diluted in five different ratios, that is, 1:5, 2:5, 3:5, 4:5 and 1:1. Each mixture was
allowed to shake properly for about 20 min till homogeneous phase achieved. Later with the help
of laboratory pipette, a drop of mix was placed on clean and dry glass slide and microscopic
observation was recorded. Similar observation was done for n-hexane and n-heptane. After every

microscopic observation glass slide was properly cleaned and dried.

5.2.8 Pore scale Analysis of various paraffin in presence of natural surfactant
The fluid flow within a microfluidic chip was observed through pore-scale analysis. A
comprehensive schematic for the microfluidic investigation setup is shown in the Figure 5.2. An

optical microscope was used to analyze the fluid flow pattern on the microfluidic chip, which was

totally transparent.
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Figure 5.2: Schematic representation of the fluid displacement studies by using glass micromodel.

Images were captured by using optical microscope.

A syringe pump (100 DX, Teledyne ISCO, USA) was employed to ensure that the fluids
to be injected flowed at a consistent rate. Primarily, brine solution was injected, and the salinity
was maintained at ~17297 parts per million (as in the Cambay basin). The brine injection was
maintained at a steady flow rate of 1 ml/min for approximately 15-20 minutes, or until the
microfluidic chip was totally saturated and thereby preventing the formation of air bubbles as
evident from microscopic results. For approximately 15-20 minutes, n-pentane was injected at a
constant flow rate of 0.5 ml/min. The other end of microfluidic chip was closed for a period of 2-
3 min to ensure that n-pentane flowed through its various sections. The distribution, storage, and
movement of n-pentane are all depicted in the full chip image, which also includes the flow pattern
of n-pentane. For about 24 h, n-pentane was allowed to saturate the microfluidic chip. Ultimately,
n-pentane was displaced from certain areas of the microfluidic chip by injecting the natural

surfactant (flow rate ~ 0.5 ml/min) for 15-20 minutes. To comprehend the function of the natural
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surfactant in displacing oil (n-pentane) and its movement across the microfluidic chip, the image
of the entire chip was meticulously captured and compared with the n-pentane saturated chip.
Analogous studies were conducted on n-hexane and n-heptane, and a recording of the entire chip
was made to comprehend the function of natural surfactant in mobilizing the oil and its movement

within the microfluidic chip.

5.3 Results and Discussion

5.3.1 Emulsion formation and stability analysis

Initially, paraffin oil in water emulsion was prepared by using natural surfactant extracted
from fenugreek seeds at micelle concentration, that is, 0.2wt%. Stabilized emulsion with natural
surfactant at CMC were moved into clean glass vials and visual appearance of the same is shown
in Figure 5.3. The CMC of surfactants is the concentration at which surfactant solutions start to
aggregate and form micelles in significant quantities. The physicochemical characteristics of
surfactants differ significantly below and above the CMC, therefore CMC is a crucial parameter
that affects surfactant adsorption behaviors [193,237]. Higher emulsion formation is associated
with the better surfactant performance [266]. The amount of surfactant molecules adsorbed at the
oil/water interface increases as the surfactant concentration rises. Because the adsorbed surfactant
molecules are anionic, they act as both a steric and an electrostatic barrier to the dispersed oil
droplets' coalescence [50,165]. Also, no "vacant sites" are available for surface adsorption at the
CMC value and the bulk aqueous phase of surfactant molecules forms micelles. Because of the
maximum saturation of the surface with surfactant molecules, the minimum value of surface

tension is thus observed at CMC as reported in our previous work [30].

137



F si0

n-pentane n-hexane n-heptane

Figure 5.3: Visual images of the freshly prepared emulsions (n-pentane, n-hexane and n-heptane

as oleic phase) and schematic visualization of alignment of surfactant micelles over the oil droplet.

The relative spontaneities of the adsorption and micellization processes can be predicted
using the CMC measurement, which also provides insight into the aggregation behavior of
surfactant molecules in different reservoir conditions. In the prepared system (oil-in-water
emulsion), the emulsion was initially found to destabilize through mechanisms like creaming,
where droplets move upwards due to lower density, and then coalescence, where droplets merge

to form larger ones. Separately, the occurrence of flocculation causes droplets to aggregate without
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merging, increasing coalescence risk. In the final stage, Phase separation was found to occur when
extensive coalescence breaks the emulsion entirely. Additionally, some instances of Ostwald
ripening where larger droplets grow at the expense of smaller ones, were also observed, which

contributed to the destabilization of the emulsion system.

5.3.2 Interfacial tension studies

At the interface between two fluids, there is a force of attraction known as interfacial
tension. Oil production decreases with a higher IFT value, therefore lower values of IFT is quite
favorable for displacement of trapped oil within reservoir [172,267]. When surfactant is added at
CMC value, the IFT drops to the lowest level and more oil can be recovered [218,268]. IFT
measurements were performed for different oleic phase (n-pentane, n-hexane and n-heptane)
against DI water and surfactant solution separately with respect to time. All the measurements
were performed at ambient condition as shown in Figure 5.4 and surfactant was used at CMC
value. The surfactant concentration at which micelle formation occurs is known as the CMC, and
it further aids in lowering the IFT to the lowest possible value [212]. Higher IFT values could be
the result of using lower surfactant concentration, which is insufficient to form micelles. It is
evident from the Figure that [FT value between n-pentane and DI water was initially 58mN/m and
seems to decrease gradually to 46 mN/m over the time explored. A significant reduction in IFT
was observed in presence of surfactant solution that is, from 28 mN/m to 14.02 mN/m, leading to
total reduction of 51.7% initially. When surfactant micelles come into contact with oleic phase,

they contribute to a decrease in surface free energy, which leads to reduction in IFT [12].

139



60 ~1 60

(a) (b)

Oleic phase

! ! ’ ;’I'i’).)J;",{;",-',.;;
’é‘.m ’ ’ =40 00000000000
Zé Z_ Surfactant solution
Z 30 Oleic phase 230
= —_
1 —TR ¢
20 H,0 20 +
oy e
' " ! L 2 L 2 L
19 -~ n-hexane 10 E E3 P
| g n-heptane - -pentane ‘
(I ' 0+ - :
0 40 80 120 160 0 40 80 120 160
Time (min) Time (min)

Figure 5.4: Results of IFT obtained between oleic phase and water (a) and with surfactant solution

(b) at CMC (0.2 wt%).

For n-hexane, IFT value with DI water was observed to be 50 mN/m and is perfectly
aligned with the literature finding [269] whereas in presence of surfactant solution IFT value
reduces to 10.92 mN/m as a function of time. The capillary force, which is crucial for hydrocarbon
trapping in porous media, increases as a result of the interfacial tension that exists between
hydrocarbons and water molecules [270]. Consequently, injecting surfactant is one way to lower
the interfacial tension. Thus, the new interaction across the oil-water interface is noticeably
stronger due to the presence of surfactant and results in less interfacial tension [242]. Lowest value
of IFT 46 mN/m was recorded for n-heptane and DI water [241] and inclusion of surfactant leads
to achieve ultra-low IFT value of 9.8 mN/m among explored oleic phase in this study. The decrease
in interfacial tension is also determined by the compositional characteristics of oleic phase.

Different molecular weights of oleic phase used in this study are 100.21 g/mol for n-heptane, 86.18
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g/mol for n-hexane, and 72.15 g/mol for n-pentane as mentioned in Table 5.1. From literature
finding, it is quite known that increase in IFT value is observed with a reduction on molecular
weight of oleic phase [271]. Therefore, IFT value of n-pentane was greater than n-hexane and n-

heptane IFT values and is evident from Figure 5.4.

5.3.3 Microscopic observations of emulsions

Microscopic investigation was performed for freshly prepared emulsions (n-pentane, n-
hexane and n-heptane) as shown in Figure 5.5(a-c). From Figure 5.5(a-c), the oil droplet packing
1s comparatively denser for n-heptane emulsion than that of n-hexane and n-pentane emulsion. The
average size was in the range of 3 um to 50 um for n-pentane emulsion, 2.5 um to 60 um for n-
hexane emulsion and 1.2 pum to 30 pum for n-heptane emulsion. Oil droplets appear to be more
compact, evenly spaced, and come in a range of sizes. This might be the result of the surfactant
adhering to the oil droplet, as a result stabilizing the oil droplet [41]. The presence of natural
surfactants used at CMC, which further aid in micelle formation and emulsify the paraffin oils, is
responsible for the dense packing of oil droplets [237]. This could also be understood by the
presence of surfactants (due to chemical structure), causes paraffins to emulsify [4]. Primarily,
small size oil droplets are evenly distributed throughout the analyzed area (Figure 5.5a, 5.5b, 5.5¢)
and gradually tends to get bigger over time as shown in Figure 5.5(d-f). The small sized oil
droplets eventually combine to form large sized droplets as a result of coalescence. Figure 5.5(d-
f) illustrates that as the time passes, oil droplets of n-heptane emulsion are still smaller in size as
compared to n-pentane and n-hexane emulsion. Consequently, it is clear that as time passes, there
is a great chance of a droplet coalescence. When the interface is broken, two or more emulsion
drops fuse together to form a single, larger drop and the process is irreversible. As previously
mentioned, the interfaces interact and start to deform when large drops get closer to one another

141



without any background electric field. The formation of a plane parallel thin film may be primarily

dependent on the rate of thinning, which in turn affects the emulsion's overall stability [158].

Figure 5.5: Microscopic images of freshly prepared emulsion (a) n-pentane emulsion (b) n-hexane
emulsion (c) n-heptane emulsion and time-based microscopic images of prepared emulsion after
48 h (d) n-pentane emulsion (e) n-hexane emulsion and (f) n-heptane emulsion. All the tests were

conducted at 30°C and surfactant used at CMC (0.2 wt%).
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Microscopic studies were also performed for emulsions at elevated temperature to analyze

their thermal stability as show in Figure 5.6.

Figure 5.6: Optical micrograph of prepared emulsion at elevated temperature (a) n-pentane
emulsion (b) n-hexane emulsion and (c) n-heptane emulsion. All tests were recorded at 90°C and

coalescence of oil droplet was observed.

From Figure 5.6, it is evident that more coalescence was observed in n-pentane emulsion
at higher temperature whereas in n-hexane emulsion, less oil droplet coalescence can be observed
as compared to former. Also, the size and number of oil droplet is higher in n-hexane emulsion
that that of n-pentane emulsion. Furthermore, n-heptane emulsion possesses better thermal stability

than n-pentane and n-hexane emulsion as the number of oil droplets are more, as well as are smaller
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in size. These findings are aligned with the IFT measurements where lowest value of IFT was

observed for n-heptane and is favorable for mobilizing oil.

5.3.4 Rheological studies

While using an emulsion in subsurface areas, its flow behavior is crucial. Any emulsion
system's stability and flow pattern should be considered when preparing it for effective and
potential applications in porous media. Numerous mechanisms, such as surfactant adsorption and
mechanical trapping, occur when injecting emulsions into porous media. These mechanisms
further limit the potential application of the emulsion because they alter its fluid properties. Since
surfactant adsorption typically takes place in monomer form, the rheological behavior of emulsions
must be examined. All the prepared emulsion system tends to exhibit a non-Newtonian shear
thinning profile, which is in accordance with previous research finding [158,272] showing pseudo
plastic behavior. High value of viscosity was observed in all emulsion systems at lower shear rates.
The viscosity of the n-pentane emulsion was 1179.8 mPa.s at a shear rate of 1 s™!, and then it
drastically decreased to 26.961 mPa.s at a shear rate of 1000 s™'. Similar to this, n-hexane and n-
heptane emulsions showed a significant reduction in viscosity from 2872.1 mPa.s and 1489 mPa.s
at 1 s to 29.168 mPa.s and 24.204 mPa.s at 1000 s'and leads to 98.9% and 98.3% reduction,
respectively as reported in our previous study [272]. The viscosity of the emulsion was found to
decrease as the shear rate increased because the emulsion molecules tend to break down and
provide less resistance to the spindle's rotation [238]. Based on the data presented above, n-heptane
emulsion has a better shear thinning profile than n-pentane and n-hexane. The lowest value of
viscosity attained by n-heptane emulsion (24.204 mPa.s) suggests that this is least impacted by

shear deformation and may be the result of the synergistic interaction between n-heptane and SP
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solution. As reported in our previous study, the natural surfactant used in this investigation was
anionic in nature [30]. This may contribute in emulsion stability, as shown by microscopic studies,

where the surfactant micelles covering the oil droplet possess a repulsive energy barrier.
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Figure 5.7: Frequency sweep analysis of prepared emulsions (a) n-pentane (b) n-hexane and (c)
n-heptane emulsions. Solid symbols represent G” (elastic modulii) and hollow symbols represent

G" (viscous moduli). These tests were performed at 30°C.
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Furthermore, it was anticipated that the dynamic rheological characteristics of the emulsion
samples would yield outcomes like those of the shear rheological analysis. Frequency-sweep
analysis was used to examine the dynamic rheological response of emulsions stabilized by natural

surfactant at 30°C (Figure 5.7), 60°C (Figure 5.8) and 90°C (Figure 5.9).
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Figure 5.8: Frequency sweep analysis of prepared emulsions (a) n-pentane (b) n-hexane and (c)
n-heptane emulsions. Solid symbols represent G” (elastic moduli) and hollow symbols represent

G" (Viscous moduli). These tests were performed at 60°C and ambient pressure.
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At 30 °C, the n-pentane emulsion stabilized by natural surfactant at CMC value had a G’
value (2.3 Pa) that was higher than G"” (0.85 Pa) at 2.02 rad/s (Figure 5.7a). G’ was found to
increase with increasing angular frequency, suggesting that an elastically dominant structure was
formed between the SP solution and n-pentane. The n-pentane emulsion showed a G” plateau over
the frequency investigated, with the value of G" hardly increasing. The G’ value (2.62 Pa) of the
n-hexane emulsion stabilized by natural surfactant at CMC value was higher than G” (0.92 Pa)
(Figure 5.7b). The G' value (3.06 Pa) of the n-heptane emulsion stabilized by natural surfactant at
CMC value was higher than G” (1.65 Pa) (Figure 5.7¢). At 60 °C, the n-pentane emulsion had a
G’ value (0.627 Pa) that was higher than G” (0.42 Pa) at 2.02 rad/s (Figure 5.8a), for n-hexane
emulsion G’ value (1.02 Pa) that was higher than G” (0.82 Pa) (Figure 5.8b) and for n-heptane
emulsion G’ value (1.527 Pa) that was higher than G" (0.987 Pa) (Figure 5.8c). The storage
modulus measures the elastic behavior of a material. When the value of G’ is significantly higher
than the loss modulus (G"), it indicates that the material is exhibiting more solid-like behavior
[273,274]. When the solid-like nature of a fluid dominates over its liquid-like nature, it typically
means that the material exhibits more elastic behavior than viscous behavior. In other words, the
material behaves more like a solid than a liquid under certain conditions. Frequency sweep analysis
was also conducted at elevated temperature (90°C) and shown in Figure 5.9. It was observed that
for n-pentane emulsion G' and G" value was approximately aligned with each other that is ~ 0.45
Pa (Figure 5.9a) and similar observation was recorded for n-hexane emulsion where the value of
G'"and G” was ~0.72 Pa (Figure 5.9b). For n-heptane emulsion the value of G’ (0.85 Pa) was higher
than that of G” (1.8 Pa) as shown in Figure 9c. Materials with dominant solid-like behavior may

exhibit characteristics like gels, such as forming a stable structure or resisting flow over time.
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When subjected to deformation, materials with solid-like behavior tend to recover their original

shape after the stress is removed, similar to how a solid behaves [163].
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Figure 5.9: Frequency sweep analysis of prepared emulsions (a) n-pentane (b) n-hexane and (c)
n-heptane emulsions. Solid symbols represent G” (elastic modulii) and hollow symbols represent

G" (Viscous moduli). These tests were performed at 90°C and ambient pressure.

148



This tendency to deform and recover their original shape, helps the emulsions access
constricted pores in the reservoir, displacing oil and on bypassing the constrained pores, recover

its original shape.

5.3.5 Dilution analysis

Emulsion formation is a frequently occurring phenomenon that occurs due to the
interaction between the injected and produced fluids [275]. The stability of the emulsion formed
within reservoir and the impact of the salinity of the injected water on the stability of emulsion
needs to be assessed. The present study used microscopic results to examine how aqueous phase
salinity affected emulsion stability. For this, saline solution as that of Cambay basin was prepared
and diluted in 10 ml of emulsion (n-pentane, n-hexane and n-heptane separately) in the varying
ratio (saline solution: emulsion), for say, 1:5, 2:5, 3:5, 4:5 and 1:1. Every test was performed at
ambient conditions. Microscopic observation was performed for each of the diluted samples and
shown in Figure 5.10 and Figure 5.11. The average size was in the range of 8§ um to 70 um for n-
pentane emulsion (1:5), and as the salinity increases from 2:5 to 1:1, bubble coalescence was
observed, as a result large size droplet and a smaller number of droplets can be seen in Fig 5.10.
Similarly, the average size was in the range of 2 um to 40 um for n-hexane emulsion (1:5) and 5
pm to 50 um for n-heptane emulsion (1:5). Thereafter, with increase in dilution, coalescence of
droplet was observed as shown in Fig 5.11. Emulsion behavior and stability in water-in-oil
emulsions have been studied and the results indicate that the emulsion becomes less stable as the
percentage of dilution increases within emulsion. From Figure 5.10 (dilution in n-pentane), it was
evident that fairly packed oil droplet was present in case of 1:5. As the dilution increases to 2:5,

coalescence of oil droplet was observed as large sized droplet was fairly packed over the area
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analyzed. In case of dilution of 3:5, emulsion seems to lose its stability due to presence of few and

large sized oil droplet, as a result of coalescence.
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Figure 5.10: Schematic representation of dilution studies conducted for n-pentane emulsion. The
ratio for dilution was varied from 1:5 to 1:1 and optical micrograph was recorded for each set of

diluted emulsions.

Similar pattern was observed for 4:5 dilutions and finally at 1:1 dilution emulsion seems
to destabilize completely as very few droplets of oil was observed during microscopic analysis.
The coalescence step may be considered instantaneous, as suggested by a number of authors [276—

278]. It is emphasizing that the two parameter governing in the phase separation are film drainage
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and film strength [48]. However, regardless of how densely packed it appears in the micrograph,
the emulsion with the smallest dilution shows limited coalescence. Similar dilution studies were

conducted for n-hexane and n-heptane emulsion and their microscopic observation are shown in

Figure 5.11.
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Figure 5.11: Optical micrograph of dilution analysis for n-hexane and n-heptane emulsion.

Dilution ratio of saline solution and emulsion was varied from 1:5to 1:1.

Microscopic observation of dilution in n-hexane emulsion was quite aligned as that of
microscopic results of n-pentane dilution, as coalescence of oil droplet was observed from 2:5 and
dominated in preceding dilutions. Microscopic analysis of dilution in n-heptane emulsion seems
to be stable till ratio of 3:5 as moderately packed oil droplets were observed. Whereas, at dilution
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ratio of 4:5 and 1:1, emulsion tends to destabilize and is evident from microscopic result, due to
presence of large sized oil droplet. Performance of n-heptane emulsion was better than n-pentane
and n-hexane emulsion and is fairly aligned with the IFT, rheological and microscopic results
reported above. In emulsions, droplets are often stabilized by electrical charges that create
repulsion between droplets, preventing them from coalescing. Adding salt (increasing salinity) can
screen these electrostatic charges, reducing the repulsive forces between droplets. This can lead to
increased droplet coalescence and a less stable emulsion. Furthermore, the presence of salts
increases the ionic strength of the solution, which can affect the stability of emulsifying agents,
such as surfactants. High ionic strength can lead to the collapse of the electrical double layer
around the droplets, again promoting coalescence and phase separation. These findings are in line
with literature study reported by Moradi et al. [158,159,279] who investigated the effect of salinity
on the stability of w/o emulsions and showed that stability decreased as salinity increased. Few
studies have examined the effect of water salinity on emulsion stability, and concludes that w/o
emulsion stability can be enhanced by reducing water salinity and ionic strength up to a certain

point [279-281].

5.3.6 Pore scale visualization

Through pore-scale analysis, microfluidics is gaining a lot of attention because it helps in
visualizing the surfactant's potential for oil displacement. Traditionally, surfactant flooding is
carried out in sand pack and core samples to ascertain the potential of surfactant
[159,234,248,282]. While the laboratory sand pack and core samples closely resemble the rock
formation, it is difficult to make real-time visual observations [250]. The micromodel setup, which
utilizes glass microfluidic channels to simulate reservoir conditions, offers several advantages for

evaluating oil recovery processes compared to traditional macroscopic experiments. Scale
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Representation: Micromodels provide a scaled-down representation of reservoir rock formations,
allowing researchers to observe and analyze fluid flow and displacement processes at the pore
scale. This enables a more accurate depiction of the complex multiphase flow phenomena that
occur in subsurface reservoirs. Glass microfluidic channels enable high-resolution imaging
techniques such as microscopy which allow researchers to visualize fluid displacement and oil
recovery processes in real-time, providing detailed information about pore-scale phenomena such
as fluid trapping, mobilization, and displacement efficiency. Micromodel experiments facilitate
quantitative analysis of fluid behavior and oil recovery performance metrics such as recovery
factor, sweep efficiency, and residual oil saturation. This quantitative data enables researcher to
assess the effectiveness of different recovery methods and compare the performance of various

surfactants or additives.

Compared to field-scale experiments [283] or numerical simulations, micromodel
experiments are relatively cost-effective and less time-consuming. Researchers can conduct
multiple experiments under controlled conditions, allowing for rapid testing and optimization of
oil recovery processes. Overall, the micromodel setup offers a more viable and efficient platform
for evaluating oil recovery processes by providing a scaled-down, controlled environment for
studying pore-scale phenomena. The visualization capabilities of micromodel experiments
enhance our understanding of fluid flow dynamics in subsurface reservoirs and can contribute to
the development of more efficient and sustainable oil recovery techniques. Numerous microfluidic
investigations have been published in the literature studies, confirming our increased
comprehension of the mechanism involved in surfactant flooding [251-253]. This work explores
the microscopic analysis of oil (n-pentane, n-hexane and n-heptane) displacement through

surfactant flooding. The microfluidic chip was originally flooded with brine, which has a salinity
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like that of the Cambay basin and has characteristics of traditional oilfield formations. Brine was
flooded in the chip until it reached most of the pore channels. This was followed by taking a
microscopic image of the microfluidic chip from the inlet to the outlet as shown in Figure 5.12. To
provide a clearer picture and comprehension of the uniform dispersion of brine, certain pore

channels have been enlarged.

Figure 5.12: Optical micrographs of glass micromodel flooded with brine solution. The salinity

of brine was kept equivalent to Cambay basin and no air bubble was encapsulated.

It can be seen from Figure 5.12 that there was no encapsulated air bubble within the pores.
This was followed by the injection of n-pentane followed by flushing out of brine as shown in
Figure 5.13a. The uneven distribution of the oil can be clearly seen by enlarging the view of the
encapsulated oil at certain pore channels. A potential reason for the uneven oil distribution could

be that some of the microfluidic setup's restricted pores are closed off to oil. To assess the natural
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surfactant's potential for oil displacement, the surfactant was lastly flooded into the microfluidic
chip that had been saturated with oil. The optical micrograph of microfluidic chip after the
surfactant injection are shown in Figure 5.13b from the inlet to the outlet. Figure 5.13b, clearly
entails that natural surfactant has shown its enormous potential in dislodging all the encapsulated

oil (n-pentane).

(a)

n-pentane  Microfluidic chip saturated with n-pentane Surfactant solution  Microfluidic chip saturated with surfactant solution

Figure 5.13: Optical micrographs of glass micromodel flooded with n-pentane (a) where trapped
oil within pore channels can be clearly visualized and thereafter flooded with (b) surfactant

solution.

Figure 5.13b shows enlarged view of a few pore channels shows that surfactant solution
has been distributed throughout the microfluidic chip following oil displacement. Later, same set

of experiments was performed for n-hexane followed by surfactant solution to visualize the
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interaction between n-hexane and surfactant. For this, initially n-hexane was flooded in
microfluidic chip and enlarged section of the trapped n-hexane within chip is shown in Figure
5.14a. Uneven distribution of n-hexane is quite similar as that observed for n-pentane. To visualize
the surfactant potential, surfactant solution was flooded in microfluidic chip, as a result it tends to
mobilize the trapped oil within the pore channels. Mobilizing of oil was done by means of

emulsification and is clearly evident from the enlarged micrographs as shown in Figure 5.14b.

Lastly, the surfactant potential was visualized for its synergetic interaction with n-heptane
within the micro channels of the chip. For this, microfluidic chip was initially saturated with n-
heptane and trapped oil can be clearly seen in Figure 5.14¢ by means of optical micrograph taken
after injection of n-heptane. The distribution of n-heptane was uneven and quite similar to that of
the former one (n-pentane and n-hexane in Figure 5.13a and Figure 5.14a). This was followed by
the injection of surfactant solution into microfluidic chip to visualize the surfactant potential. As a
result, the trapped oil (n-heptane) in the pore channels tends to get mobilized. Also, it is quite
imperative to visualize the emulsification within the pore channels of the chip as that observed in
case of n-hexane. The surfactant solution displaces the oil and emulsification of n-heptane can be
clearly seen as shown in Figure 5.14d. Moreover, emulsification in case of n-heptane was
comparatively more than that in case of n-hexane. This may be attributed and aligned with the IFT
results shown in Figure 5.4b and entails that lower IFT value is highly preferable for dislodging
the oil. This could be explained by the different mechanisms that natural surfactants within the
pores possess, such as IFT reduction, changing wettability, and emulsification, all of which are
thoroughly explained in our previous research work [30,229,254]. Natural surfactants derived from
agricultural products play a crucial role in enhancing oil recovery through their unique

mechanisms.
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Figure 5.14: Microscopic view of glass micromodel flooded with n-hexane and n-heptane (in a
and c respectively) where trapped oil within pore channels can be clearly visualized and thereafter
flooded with surfactant solution (in b and d respectively) where surfactant solution emulsifying
and mobilizing the trapped oil can be seen.
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These natural surfactants reduce the interfacial tension between oil and water, thereby
facilitating the displacement of oil trapped in reservoirs. These surfactants contain molecules that
possess hydrophilic and hydrophobic ends, allowing them to effectively mobilize oil.
Additionally, they can alter the wettability of the reservoir rock surfaces, making them more water-
wet and promoting oil flow. The use of natural surfactants not only enhances oil recovery

efficiency but also offers an eco-friendly and sustainable alternative to synthetic surfactants.

5.4 Conclusion

In conclusion, the evaluation of natural surfactants derived from agricultural products for
oil recovery studies from a micromodel filled with paraffinic oil demonstrates promising results.
The experiments conducted revealed that the natural surfactants exhibit competitive performance
in reducing IFT at the interface of oleic phase and aqueous surfactant solution, that is, 14.2mN/m
for n-pentane, 10.92mN/m for n-hexane and 9.8mN/m for n-heptane. Microscopic results showed
n-heptane emulsion offered higher stability as compared to n-pentane and n-hexane emulsions and
also modifying viscosity compared to conventional commercial surfactants. Additionally, oil
mobilization studies conducted in the micromodel indicate the effectiveness of natural surfactants
in enhancing oil recovery efficiency from paraffinic oil reservoirs. Lastly, dilution studies
conducted demonstrates that, among three explored emulsions in this study, n-heptane emulsion
offers higher stability till the dilution ratio of 3:5. These findings suggest that natural surfactants
derived from agricultural products hold significant potential as sustainable alternatives for
improving oil recovery processes in petroleum reservoirs. The utilization of renewable and
environmentally friendly surfactants aligns with the industry's growing emphasis on sustainable
practices and reduced environmental impact. Furthermore, the successful application of natural

surfactants in enhancing oil recovery efficiency highlights the importance of exploring and
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harnessing natural resources for innovative solutions in the petroleum industry. Moving forward,
further research and development efforts should focus on optimizing the formulation and
application of natural surfactants, considering factors such as scalability, compatibility with
reservoir conditions, and cost-effectiveness. By continuing to explore the potential of natural
surfactants, the petroleum industry can contribute to advancing sustainable practices and

addressing environmental concerns while enhancing oil recovery efficiency.
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Chapter 6

Hybrid Emulsion with Enhanced Thermal Properties Using Silica Nanoparticles and

Plant-Derived Surfactants

Abstract

Emulsion-based systems offer a sustainable approach for enhancing fluid control and
transport in subsurface environments, owing to their effectiveness in flow resistance, structural
confinement, and interfacial modulation. However, the long-term stability of these emulsions is
critical for ensuring reliable performance in practical mechanical and environmental applications.
In this work, a novel formulation is reported for emulsions wherein they have been stabilized by
natural surfactant extracted from fenugreek seed. In this work, two emulsion systems are reported,
that is surfactant polymer and nanoparticle-surfactant-polymer emulsion. Surfactant-polymer
emulsions are stabilized by natural surfactant whereas nanoparticle-surfactant-polymer emulsion
are stabilized in presence of nanoparticle and natural surfactant. Both the emulsions exhibit shear
thinning profile as observed from rheological studies. Nanoparticle-surfactant-polymer emulsions
were found to be thermally stable than that of Surfactant-polymer emulsions as evident from
microscopic and rheological studies. An increase in temperature has the unfavorable impact on
surfactant-polymer emulsion as huge drop in viscosity profile was observed. The viscosity profiles
of nanoparticle-surfactant-polymer emulsions were found to be best fitted by the Krieger-
Dougherty model with the value of coefficient correlation R? = 0.99. The contact angle studies

showed that NSP solution can reduce the contact angle to much lower value, which is 111° to 30°
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whereas surfactant-polymer solution was able to reduce from 116° to 57° only. Adsorption of silica
nanoparticle was also observed in presence of sandstone and decrease in 27.32% of peak
absorbance was observed in span of 20 days. Therefore, finding of the study indicates that
nanoparticle-surfactant-polymer emulsions has potential to perform better than surfactant-polymer
emulsions, even at elevated temperature, and can be a better and cost-effective alternative to the

conventional emulsions used in thermal fluid applications in mechanical and subsurface systems.

6.1 Introduction

In thermal fluid transport systems involving porous media, water-based injection methods
are often employed to enhance bulk fluid movement and improve sweep efficiency. However, due
to the relatively low viscosity of water compared to other phases, its higher mobility can result in
inefficient displacement [284]. Therefore, high molecular weight polymers are introduced to
increase fluid viscosity, thereby reducing the mobility ratio and promoting more uniform heat and
mass transfer. Polymers such as polyacrylamide (PAM) and partially hydrolyzed polyacrylamide
(HPAM) are commonly used to improve the rheological properties of thermal fluids, particularly
in heterogeneous or structurally complex flow environments [164,285]. Both have been widely
used as thickening agents, even in reservoirs of high heterogeneity. While polymer-enhanced
fluids offer substantial improvements in flow regulation and thermal distribution, the addition of
surface-active agents (surfactants) can further optimize performance. These surfactants modify
interfacial behavior, improving phase interaction and contact with solid surfaces within the system.
By reducing interfacial tension, they lower the capillary resistance and enhance displacement
efficiency, enabling better thermal penetration and energy delivery [286]. Surfactant plays vital
role where residual oil is not able to be displaced due to the requirement of high energy, which can

overcome the capillary pressure at nominal oil-water IFT [222]. It is due to the fact that, when IFT
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is decreased, capillary number will significantly increase, which favors the displacement of oil.
Various surfactants viz., alkoxy carboxylate, internal olefin sulfonate (I0S), alkoxyglycidylether
sulfonates (AGES), sodium dodecyl sulfate (SDS), cetrimonium bromide (CTAB) have been used
along with polymer [58,287], however, these surfactants were synthetic in nature. Previous study,
that delves into the comparison of natural surfactant extract (SNS) vs. synthetic surfactant (SDS),
reported that natural surfactant should be recommended over conventional surfactant as both were
showing comparable results [98]. Natural surfactants are now in trend because of its affordability
and wide availability. Various works have been performed on natural surfactants and they have
been proven to be the great alternative to synthetic surfactants in terms of IFT reduction (from
60% to 96%), wettability alteration and improved oil recovery (from 25% to 58%) [32,38,39,229].
In addition, surfactants promote rupturing of droplets as well as they reduce the droplet
coalescence during emulsification of oil in water [288]. However, the synergistic interaction of
surfactant-polymer, that leads to emulsification/stabilization of oil, becomes weak and unstable at
elevated temperatures and salinity. It indicates that the strength of surfactant-polymer film should
be enhanced by incorporating better surface-active agent, that not only stabilizes the droplet

against coalescence (a stable emulsion) but also makes them least dependent on field conditions.

Nanoparticles (NPs) are ultra-fine particles (size between 1-100 nm), that possess attributes
similar to that of surface-active agents. As a result, it is adsorbed at oil surface and interact with
existing surfactant-polymer chains. It further stabilizes the emulsified droplets by reducing the
coalescence rate, which in turn makes them favorable for application due to enhanced thermal,
rheological and mechanical properties [289]. In addition to this, application of surface-active NP
is gaining attention as they have ability to enhance the rheological properties and decrease

adsorption of surfactants within reservoir. Thus, the addition of surface-active NP play a critical
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role in reducing surfactant adsorption, which can improve surfactant potential to influence IFT
within porous media [290]. The inclusion of surface-active NP along with surfactant-polymer
offers numerous advantages such as higher diffusivity, smaller size, availability of large surface
area even at elevated temperature and higher salinity [291]. Moreover, surface-active NP also
offers more stable emulsion, which is due to the fact that surface-active NPs adsorb at liquid-liquid
interface and thereby decreases the free energy of system [292]. It has been established that
particles tend to attach to the interface at higher rate when surfactants are present in emulsion
systems [293]. Even in our previous work [294], it was reported that an additional recovery of
4.71% was possible during emulsion flooding when emulsion of polymer (1000 ppm PAM) and
surfactant (0.22 wt%, SDS) stabilized by 1 wt% NPs (SiOz; 15 nm) at 13.6 MPa and 313 K. Further
investigation reported that inclusion of SiO2 NPs drastically stabilized the emulsion even at
elevated temperatures, resulting surfactant-polymer emulsion exhibited additional stability of 23
d with droplet size of 2.16 um [295]. Zhou et al. [296] prepared a nanofluid by electrostatic mixing
of silica NPs (SiNP-NH2) and anionic surfactant e.g., Soloterra 964. The prepared nanofluid
showed remarkable potential in reducing IFT by 99.85% with Bakken crude oil. Though
conventional surfactants were widely used as emulsifying agent but the application of natural
surfactant in stabilizing emulsion of crude oil is limited and only few studies reported the use of
natural surfactant in oilfield applications. For example, Pal et al. [8] used natural surfactant
(sodium ethyl ester sulfonate, 23.53 mmol/l as CMC) in the emulsification of crude oil with ratio
of 1:1. It was found that emulsion exhibited stability of 21 d thereafter, phase separation occurred.
Another study reported formation of o/w emulsion with natural surfactant (Q-naturale) and
medium chain triglyceride (MCT) oil, where prepared emulsion was found stable from 30 to 90°C

with salinity <300 mM NaCl and pH from 3-8 [54]. The application of another natural surfactant
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(extracted from sunflower oil) in emulsification of heavy crude oil was reported by Kumar and
Mahto [52]. Here, the emulsion (60% heavy crude oil and 2 wt% surfactant) was found stable at
25 °C. The application of a natural surfactant, extracted from Reetha (2 wt%), in IFT reduction of
heavy crude oil was reported by Saha et al [68]. IFT value of crude oil reduced from 18.6 to 7.02
mN/m which further reduced to 3.3 mN/m after the inclusion of 0.3 wt% silica NPs. The contact
angle measurements for an o/w emulsion of heavy crude oil and natural surfactant (Reetha)-
polymer (Xanthan gum, 3000 ppm)-NP (silica NP, ~15 nm), was presented by Saha et al [68]. The
prepared emulsion was remarkably stable with droplet size ranging from 7.48-5.45 um. From the
above studies, it is clear that the application of natural surfactant in stabilizing crude emulsions is
important for environmental concerns however, the use of natural surfactant (e.g., extracted from

fenugreek seeds) in stabilization of crude oil is not reported in literature as far as we are aware.

Moreover, from previous studies, it was observed that commercial silica NPs were used in
stabilization scheme of emulsions. NPs, when added externally, are prone to higher agglomeration
and hence change their original form to large size clusters which usually prefer to stay in bulk
phase than adsorbing at o/w interface [297]. For a favorable stabilization of crude oil droplet, it is
essential that all NPs adsorb at the interface and facilitate greater stability and IFT reduction, so
that more oil can be mobilized from the porous media. This seems to be possible when NP remains
independent and shows least agglomeration as independent NP exhibits higher surface energy to
interact with oil than large size NP cluster. Therefore, the novelty of this work lies in the
application of single-step silica nanofluid for stabilizing crude emulsion of natural surfactant,
extracted from fenugreek seeds [30]. The synthesis of single-step silica nanofluid is also detailed
in our previous work [298] where NP of independent form and different sizes (34-142 nm) were

developed. The nanofluid showed marginal change in size and zeta potential over the storage
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period of 2 months. Thus, in this work, single-step silica nanofluid was used to stabilize crude
emulsion of natural surfactant of fenugreek seeds and polymer PAM. O/w emulsion was prepared
by silica nanofluid (34 nm) of 1 wt% in the base fluid of PAM (1000 ppm) and natural surfactant
(at CMC ~ 0.2 wt%). The performance of prepared emulsion was compared with emulsions of
crude oil-in-water stabilized by a natural surfactant and a polymer. IFT measurements were
conducted for both surfactant-polymer (SP) solution/crude oil and NSP (nanofluid-surfactant-
polymer) solution/crude oil at room and elevated temperature (90°C). The visual appearance of SP
and NSP emulsions were analyzed by microscopic images at room and elevated temperatures (60,
80, and 98 °C). For rheological properties of prepared emulsions, viscosity measurements were
performed at ambient and higher temperature (90 °C). Furthermore, stored emulsions were tested
to visualize recovery in viscosity profiles and values. Particle size and zeta potential of NSP
solution were determined by dynamic light scattering (DLS) technique. For wettability studies,
contact angle measurements were conducted for both cases (SP/crude oil and NSP/crude oil)
followed by the discussion on emulsion stability at different pH levels. Finally, adsorption tests
were conducted for SiO2 NPs in presence of natural surfactant and the role of SiO2 NP on surface

adsorption of natural surfactant was discussed.
6.2 Materials and Methods

6.2.1 Materials

For this experimental study, natural surfactant extracted from fenugreek seeds was
explored. The seeds were obtained from a retail store in Amethi (Uttar Pradesh). For extraction,
methanol obtained from commercial vendor (SD Fine Chemicals, India) was used. The Soxhlet
apparatus (used for extraction) as well as hot air oven (used for dying the samples) were utilized

for surfactant preparation. Polymer (PAM) having molecular weight = 107 g/mol with 90 % purity
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was supplied by SNF Floerger. Silica nanofluid of single-step origin were utilized and the method
of their synthesis has been reported in prior work [298]. To weigh the chemicals’, digital weighing
balance was used (Mettler Toledo, ME204/A04; repeatability approximately 0.1 mg). All the
aqueous solutions prepared in the study was done using deionized (DI) water, obtained from
Millipore® Elix-10 water purification apparatus. For emulsion preparation, crude oil (pour point =
310 K, viscosity ranging from 5 to 2.9 mPa.s and density varying from 0.88-0.83 gm/cc) was used
and obtained from Tarapur Oilfield, Ahmedabad, India. The properties of crude oil have been
discussed in our previous studies [162,229]. The sand used in the study was obtained from a
commercial vendor and to remove the impurities, sand was initially cleaned with toluene followed

by oven drying at 250 °C for 96 hours.
6.2.2 Methodology of extracting Natural surfactant from fenugreek seeds

For extraction of natural surfactant from fenugreek seeds, detailed procedure has been
elaborated in following points and schematic representation of the same is shown in Fig. S2
(supporting information). The detailed procedure of extraction has also been provided in our
previous study [30]. The prepared surfactant is quite soluble in water and solubility studies have
been conducted experimentally. Initially, 5 ml of DI water was taken in a clean glass vial and 0.1
gm of surfactant was added. The solution was shaken by vortex shaker. The surfactant was found
to be easily soluble and no residue was left on filter paper during filtration. Next, same experiment
was repeated with 5 ml of DI water and 0.2 gm of surfactant followed by filtration. The same set
of experiments were repeated for increasing amount of surfactant (0.1-0.7 gm). It was observed
that no residue was present on filter paper till 0.4 gm of surfactant in DI water. But, when 0.5 gm
of surfactant was used for solubility, some residue was observed while filtration as evident from

Figure 6.1. The amount of residue on filter paper increased with increasing weight of surfactant in
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solution. Thus, it can be concluded that surfactant possesses the aqueous solubility, that is, till 0.4

gm in 5 ml of DI water at room temperature.

1

No residue
after filtration

Residue after
filtration

Figure 6.1: Detailed analysis used for depicting the aqueous solubility of natural surfactant

extracted from fenugreek seeds.

6.2.3 Emulsion preparation by using natural surfactant, nanoparticle and polymer

For the study, two crude oil-in-water emulsion systems were prepared, that is, one
stabilized by natural surfactant-polymer (SP) and other was stabilized by nanoparticle-natural
surfactant-polymer (NSP). The schematic for preparation of emulsion system has shown in Figure

6.2.
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Figure 6.2: Schematic diagram showing the detailed procedure involved in the preparation of the
SP and NSP emulsion. Emulsion was prepared by mixing crude oil (40%) and SP/NSP solution

(60%).

For the SP and NSP solutions, the PAM solution (1000 ppm) was prepared by using
magnetic stirrer (IKA-C-MAG-HS7) at 500 rpm for 7 hours. Natural surfactant was added in the
polymer solution at CMC (0.2 wt%). Also, investigations for emulsions with alkane as an oil phase
and nanoparticle/surfactant concentrations (lower than the CMC). We observed that the
nanoparticle was able to stabilize the emulsions, though for not as long (less than 24 h). For
preparing the first emulsion system, crude oil was added to the SP solution in ratio of 40:60 and
shaken using Tarsons 1020 Spinix Vortex Mixer 2000 rpm for about 30 min till the single phase
is achieved. For suspending nanofluid in surfactant-polymer solution, an industrial mixer grinder

(Oster Grinder, MCPRO6-WSO) was used (speed 600 rpm for 30 min). Similarly, for the
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preparation of other emulsion system stabilized by NSP, the ratio of crude oil and NSP solutions
are taken as 40:60 and allowed to shake till the emulsion formation takes place. Silica nanofluid
used in emulsion possess particle size ~34 nm and zeta potential value of -36 mV. Nanofluid used
in the study was synthesized via single step method with a concentration of 1 wt%. Both the
emulsion systems were kept for about two weeks at room temperature for investigating the

creaming stability.
6.2.4 Stability and Microscopic Characterization of emulsion system

For thermal stability and microscopic investigation of the prepared emulsion system, an
optical microscope (Motic, Hong Kong) was used. After the preparation of oil in water emulsion
(both SP and NSP emulsion), a small amount of emulsion was taken by using laboratory pipette
(Tarsons, United States) and placed on a clean glass slide for microscopic observation and images
was recorded by using an inbuilt imaging tool (Moticam-10). Further, the thermal stability of both
emulsions was investigated by using same optical microscope, equipped with electrical thermal
stage (Novel Industries, India) with a thermocouple and images of emulsions were recorded at
different temperatures, that is, at 40 °C, 60 °C, 80 °C and 98 °C. The pH of both SP and NSP slug
was measured by using pH meter (Hanna Instruments, USA; Model: HI98129; range: 0-12 with

an accuracy of £0.02).
6.2.5 Rheological Characterization of emulsion system

To investigate the flow behavior of prepared emulsions, rheological studies were
performed by using modular compact rheometer (MCR-52, Anton Paar, Austria). Freshly prepared
emulsion (~20 ml) was poured in the cup and double gap system was used, where shear rate was

varied from 1-1000 s'. Additionally, to investigate the flow behavior of emulsion at high
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temperature (90 °C), same rheometer equipped with thermal jacket, circulation pump (ESCY IC
201) and a temperature unit (Peltier based, range -20-180 °C) was used to control the temperature
as used in our previous studies [57,299]. Approximately a time of 15 min was given for attaining
thermal equilibrium. Similarly, fresh emulsions were used for rheological studies at high
temperature and shear rate was varied from 1-1000 s™'. All the experiments were repeated thrice
to observe the reproducibility in the obtained results and still uncertainty of = 0.7-7.2% of obtained

value was found.
6.2.6 Contact Angle measurements

For contact angle studies, a customized stainless steel pressure cell equipped with glass
viewing ports supplied by D- CAM Engineering, India was used. For conducting contact angle
measurement, mixture of sand and crude oil was prepared and evenly spread over the clean glass
slide to form a uniform layer. This slide was then placed in a pressure cell, where a drop of SP and
NSP slug were dropped on coated glass slide, separately. The pressure up to 12 bar was attained
by using syringe pump (Teledyne ISCO, United States) and a gas compressor (Elephant, India).
For recording the image of SP and NSP drop in presence of air, high quality camera was used

(Phantom VCC, United States).
6.2.7 Interfacial tension measurements

For interfacial studies, dynamic tensiometer with Wilhelmy plate method (Model: K12
Kruss® Germany) was used [229,299]. For this study, IFT measurement was done between 0il-SP
slug and oil-NSP slug separately. The plate was fixed at one end and measurements were recorded
automatically on measuring unit. The IFT measurements were conducted at 30°C and 90°C

separately to analyze the effect of temperature.

170



6.2.8 Adsorption of nanoparticle on sandstone

For investigating particle adsorption, 20 ml of NSP slug was taken and poured in a glass

culture tube and 10 gm of sand was added. The mixture was properly mixed by using an orbital

shaker (Tarsons®, India) for about 20 min.

Silica NP adsorbed
S N and sand wt.

e~ icreased by ~ 0.46%

Hot ar oven

Figure 6.3: Illustrative representation of experimental investigations performed to study
adsorption of surfactants and nanoparticles on sandstone media. Adsorption of nanoparticles
analyzed by UV-vis analysis and adsorbed nanoparticles was confirmed by drying the solution

followed by weighing the sand.
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Later, 2 ml of NSP slug was extracted from the culture tube at day 0 and day 20 for
analyzing in UV-vis Spectrophotometer (UV-vis 3200, Lab India®). The mixture was kept under
observation for about 20 days to analyze particle adsorption on the sandstone surface. The
dispersion was kept mixing twice a day and repeated the same for 20 days. After 20 days, the
mixture was kept in hot air oven for complete drying. Later when the sand was completely dried,
the weight of sand was measured to analyze any particle adsorption. The schematic of the detailed
procedure is shown in Figure 6.3. All the studies were conducted at room temperature with
wavelength ranging from 300-1100 nm with scan rate of 1 nm/s. The difference between both the

peaks (at day 0 and day 20) was analyzed from the absorbance value obtained.

6.3 Results and Discussion

In this section, initially the IFT measurements between SP/NSP slug and crude oil have
been reported. This was followed by the stability, microscopic and rheological characterization for
both emulsion systems and effect of temperature was also explored. Next, particle size and zeta
potential measurements were observed for NSP slug for exploring the effect of Si NPs. Later
contact angle studies were performed for both SP and NSP slug on the rock surface. This was
followed by the effect of pH on emulsion system. Finally, adsorption studies were conducted to

observe the particle adsorption on rock surface.

6.3.1 Interfacial measurements

IFT measurements were performed to investigate the role of surfactant treated Si NPs (NSP
slug) in mobilization of crude oil and compared it with without Si NPs (that is, SP slug). The effect
of temperature was also analyzed in reducing interfacial tension at the interface of oil and SP/NSP

slug. IFT measurements between crude o0il-SP slug and crude 0il-NSP slug is shown separately in
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Figure 6.4. The IFT between crude oil and SP slug (at 30 °C) was observed to be 10.45 mN/m and
is aligned with our previous study [229]. Reduction in IFT can be attributed to the orientation of
surfactant at oil/water interface that contribute to decrease in surface free energy when comes in
contact with crude oil [12]. When the temperature was increased to 90°C, the rapid decrease in I[FT
was observed from 10.45 mN/m to 7.44 mN/m as evident from Figure 6.4. The reason for rapid

decline in IFT can be attributed to the weak intermolecular forces at the interface of oil-aqueous

phase due to rise in temperature.
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Figure 6.4: Observations of Interfacial tension (IFT) measurement between crude oil and SP/NSP
solution at varying temperature 30°C and 90°C. The pressure was ambient, and surfactant used at

CMC value (0.2wt%).

The IFT between crude oil and NSP slug was observed to be 9.2 mN/m (at 30°C) and a
reduction in IFT, more conducive for higher oil recovery was observed from 9.2 mN/m to 3.47

mN/m (at 90 °C), comparatively lowered than that of SP slug. Emulsions can alter the mobility of
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injected fluids, improving sweep efficiency by providing a more uniform displacement front.
Additionally, the emulsions can reduce the capillary pressure in the reservoir, aiding in the
displacement of trapped oil. Furthermore, like surfactants, emulsions can lower the interfacial
tension between oil and water, making it easier to mobilize residual oil. Emulsions can enhance
the sweep efficiency by preventing the fingering of the displacing fluid through the oil. This
mechanism differs from conventional surfactant or surfactant-polymer systems typically used in

standard fluid displacement methods.

6.3.2  Stability and microscopic characterization

The crude oil emulsion stabilized by natural surfactant- polymer and nanoparticle-natural

surfactant- polymer is shown in Figure 6.5.

1000 pumn

Figure 6.5: Visual appearance of SP and NSP emulsions taken immediately after preparation and
after 15 days. The microscopic images were obtained from the liquid below the interface at day 0

and after 15 days.
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The prepared emulsions were left undisturbed for about two weeks to visualize the
creaming and phase separation with respect to time (Figure 6.5). It was observed that the phase
separation as well as creaming was considerably higher in SP emulsion than that of NSP emulsion.
This may be due to the presence of large-sized droplets in SP emulsion as evident from Figure 6.5.
The size of droplet in SP emulsion influences the viscosity of emulsions and thereby large-sized
oil droplets shifts towards the surface faster than NSP emulsion [68]. In NSP emulsion, small-
sized oil droplets are observed as evident from the microscopic result (Figure 6.5). It is due to the
presence of Si NPs deposition which contributes to higher density in NSP emulsion, as a result

retarding the oil droplet movement in emulsion system.
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Figure 6.6: Microscopic observation of SP and NSP emulsions as a function of temperature (40°C
- 98°C) viewed under optical microscope. The pressure was ambient, and emulsion is observed to

become unstable with increasing temperature due to oil droplet coalescence.
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To investigate the thermal stability of both SP and NSP emulsions, microscopic studies
were conducted to observe coalescence at different temperatures, that is, 40°C, 60°C, 80°C and 98
°C as shown in Figure 6.6. Separate emulsions were prepared, and the observations taken at
different temperatures. SP emulsion was observed to be thermal stable from 40°C to 60°C as
evident from microscopic results, where the coalescence of scattered oil droplets was observed.
As the temperature reaches 80°C, rapid coalescence of oil droplets was observed, thus affecting
emulsion stability. With further rise in temperature (98°C), complete coalescence of oil droplets
occurred, rendering the emulsion completely unstable. The temperature at which emulsion
becomes completely unstable is termed as higher range of thermal stability. Thus, it can be
concluded that with increase in temperature, coalescence of oil droplet increases, and as a result
emulsion becomes unstable. The thermal stability for NSP emulsion ranges from 40°C to 80°C. It
is clearly observed from Figure 6.6 that NSP emulsion is strongly packed at 40°C, finely packed
at 60°C with restricted coalescence of oil droplet against temperature and coalescence starts
occurring from 80°C. Thus, there is a significant shift or increase in temperature where the
emulsion destabilizes when compared to SP emulsion as evident from microscopic results. Higher
thermal stability of NSP emulsion is due to strong barrier offered by nanoparticle adsorption at the
interface of crude oil-water [300]. Even at 98°C, lesser coalescence of oil droplet was for NSP
emulsion when compared to SP emulsion. Also the aqueous PAM solution acts as a thickener
which further helps in preventing dislocation of surfactant molecules and nanoparticle from the

interface of oil and water, as a result enhances the thermal stability [295].

6.3.3 Rheological analysis of emulsion systems

Rheological studies are one of the fundamental parameters to understand the flow behavior

where stress is applied on some viscous sample and as a result change in flow behavior can be
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observed [236,301]. Rheological studies are conducted for viscosity vs shear rate for both the SP
and NSP emulsion at room and elevated temperature as shown in Figure 6.7. From figure, it was
evident that both emulsions exhibited the non-Newtonian shear thinning behavior across the shear
rate provided (1-1000 s!) and align with literature studies [57,238]. The viscosity of SP emulsion
was found to be 6172.4 mPa.s at shear rate of 1 s™' and shear thinning profile was observed, as
viscosity consistently decreased with increase in shear rate, that is, 792.13 mPa.s at shear rate of

10 5!, ~101 mPa.s at shear rate of 100 s™! and 18.41 mPa.s at 1000 s (Figure 6.7 (a)).
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Figure 6.7: Graphical plot for viscosity results of (a) SP and (b) NSP emulsion against varying
shear rate (1-1000 s!). Red lines show the best mathematical model fit (Krieger-Dougherty Model)
for the (a) SP and (b) NSP solutions and the below table shows the obtained values of model

parameters. These observations were performed at ambient pressure and two temperatures

(30/90°C).
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As the SP emulsion was stabilized by natural surfactant, that was anionic in nature as
reported in our previous study [30], the surfactant tend to cover the oil droplet completely and
provides repulsive energy barrier [302]. The effect of temperature on viscosity of SP emulsion
were explored and shown in Figure 6.7 (a). It is evident from Figure 6.7 (a), that there is
considerable decrease in viscosity of SP emulsion at high temperature (90°C), that is, from 5585
mPa.s (at 1 s!), 493.87 mPa.s (10 s'), ~75 mPa.s (100 s) to 13.871 mPa.s (1000 s). Rise in
temperature may lead to significant changes in the viscosity in both the phases (oil and water).
Moreover, the decrease in viscosity with increase in temperature, illustrate that at high temperature
coalescence of oil droplets occurs and oil droplets completely gets vanished [303] and are aligned

with microscopic results as shown in Figure 6.6.

The viscosity profile for NSP emulsion was also investigated at room temperature (30°C)
as well as high temperature (90°C) as shown in Figure 6.7 (b). From Figure 6.7 (b), it is clearly
evident that addition of nanoparticle leads to enhancement of viscosity as compared to SP
emulsions. The reduction in viscosity was observed decrease from 7382.4 mPa.s (30°C) to 7184.6
(90°C) at shear rate of 1 s and 9.756 mPa.s (30°C) to 5.748 mPa.s (90°C) at shear rate of 1000 s
!, Shear thinning profile was observed for NSP emulsion even at elevated temperature as clearly
seen from fig that viscosity tends to decrease as shear rate increases and is aligned with literature
[295]. Moreover, very slight reduction in viscosity of NSP emulsions was observed, and it is
attributed to the fact that in presence of nanoparticle, emulsion remains thermally stable, and
coalescence of oil droplet occurs at slower rate than that of SP emulsions. This may be due to the
presence of surfactant which helps in altering the wettability of nanoparticle as well as modifying

nanoparticle’s adsorption at the interface of oil and water and thus restricts coalescence of oil
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droplet [304]. These results are aligned with the microscopic findings of NSP emulsion as shown

in Figure 6.6.

Also modelling analysis was investigated to get the best fit model. The model best fitted
that explains the colloidal system of both SP and NSP emulsion is Krieger-Dougherty Model as

provided in equation (1)

y=0°-y*)/ (A +ax)+y® (1)

The value of coefficient correlation R?is 0.88 for SP emulsion at room temperature whereas 0.91
for SP emulsion at high temperature with coefficient ‘a’ is 4.35 and 4.48 respectively. Whereas for
NSP emulsion, coefficient correlation R? was around 0.96 (30°C) and 0.99 (90°C) with the value
for coefficient ‘a’ are 5.41 and 5.58 respectively. The model is said to be fitted best if the value of
R?ranges above 0.95. Thus, it can be concluded that the Krieger-Dougherty Model was best fitted

for NSP emulsion (90°C) with highest value of R?, that is, 0.99 as shown in Figure 6.7.

In addition to this, SP and NSP emulsion were kept for about 15 days (as shown in Figure
6.8 and 6.9) to visualize the changes in their characteristics. For the same, rheological studies were
conducted for both emulsion systems after 15 days to observe the viscosity profiles. It can be
clearly seen in Figure 6.8, that there is huge drop in viscosity profile of SP emulsion after 15 days
and also supported along with the microscopic images of the same. Viscosity was observed to
decrease from 6172.4 mPa.s (day 0) to 2753.4 mPa.s (day 15) at shear rate of 1 s™! and 18.41 mPa.s
(day 0) to ~6 mPa.s (day 15) at shear rate of 1000 s™'. As evident from microscopic results, very
few oil droplets were observed when compared to the microscopic results of fresh SP emulsion as

seen in Figure 6.6, where a tight packet of oil droplets can be seen. This may be due to the fact that
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oil droplets tend to grow with time, lead to increase in coalescence and thereby emulsion

instability.
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Figure 6.8: Viscosity results obtained as a function of shear rate for freshly prepared and stored
SP emulsion (after 15days) at temperature 30°C and pressure 1 bar. Microscopic observation for

both fresh and stored emulsions has been provided to support the viscosity results.

The viscosity profile for both NSP emulsions, that is, fresh emulsion and emulsion after 15

days is shown in Figure 6.9 and supported along with microscopic investigation of the same

reported in Figure 6.9.
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Figure 6.9: Viscosity profiles for freshly prepared NSP emulsion and stored NSP emulsion (after
15 days) obtained as a function of shear rate at temperature 30°C and pressure 1 bar. Viscosity

profiles are supported with the optical micrograph provided for both emulsions.

There is relatively lesser reduction in viscosity of NSP emulsion even after 15 days, that
is, 22.6% reduction at shear rate of 1 s™! and 29.7% reduction at 1000 s!. In addition, microscopic
investigation of NSP emulsion at day 15 result in presence of large size oil droplet and complete
coalescence does not occur as that of SP emulsion (day 15). Thus, it can be concluded that
performance and stability of NSP emulsion is better than that of SP emulsions as inferred from
microscopic as well as rheological studies. Therefore, NSP emulsions stabilized with natural
surfactants show strong potential as efficient and sustainable alternatives for advanced fluid

transport and thermal flow applications in porous media systems
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6.3.4 Particle size and zeta potential measurements

Due to higher surface energy, nanoparticles tend to agglomerate and settle down with time
in aqueous phase [175]. Due to this behavior of nanoparticle, it is not considered as a viable option
for industrial applications. Conventionally, the use of surfactant helps in improving nanofluid
stability through two main mechanisms, which include steric stabilization i.e., surfactant molecules
adsorb onto the surface of nanoparticles, creating a steric barrier that prevents agglomeration by
repelling particles from each other and via electrostatic stabilization in which surfactants can
impart charges to nanoparticles which leads to electrostatic repulsion between particles of same
charge. Thus, it prevents particles from aggregation [44]. Therefore, surfactant was added to
enhance the surface properties of nanoparticles. The nanoparticle used in NSP emulsion was SiO2
(~34 nm) is most widely used as it is ecofriendly and cost effective when compared to other
nanoparticles [305]. A smaller particle size indicates the presence of higher number of particles
per unit area which further leads to enhanced particle collision. As a result, charge depletion area
is formed on the surface of SiO2 and tends towards to more agglomeration [175]. Average particle
size and zeta potential of the silica nanoparticles in surfactant solutions was also conducted and
the particle size was 45.51 nm and zeta potential value was -44 mV. For understanding the stability
of NSP slug by means of electrophoretic behavior, zeta potential measurements were done. From
table 1, the value of zeta potential was observed to be -36 mV and lying in stable region, that is, >
+ 30 mV [306]. When the value of zeta potential ranges in £30mV, the solution is said to be
unstable [307]. All the measurements were performed at ambient conditions and result listed in
Table 6.1. Table 6.1 provides the information on particle size and zeta potential of nanofluid
without surfactant. Additionally, it also provides the detail of concentration of surfactant and

polymer used in the preparation of NSP solution.
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Table 6.1: Details of chemicals utilized in this study.

Nanofluid (without

surfactant)

Average particle size 34 nm
Zeta-potential -36 mV

Base fluid 1000 ppm PAM
Surfactant 0.2 wt%

6.3.5 Contact Angle studies

To ascertain the wetting property of any solution by means of alteration at liquid-air
interface, contact angle measurements play a crucial role. Contact angle studies help in analyzing
the wetting characteristics of a solution in presence of air and is performed from heavier to lighter
phase. As the contact angle increases, wetting characteristics of solution is said to be increased
whereas decrease in contact angle means reduction in wetting characteristics of solution [165].
The contact angle measurements were conducted for both SP solution and NSP solution in
presence of air at ambient conditions. It is clearly seen from Figure 6.10 that contact angle for NSP
solution is fairly lower than SP solution over the complete span of time (min) explored. For SP
solution, initially contact angle was observed to be 116° and it tend to reduce tremendously with
time, that is, 104° at 4 min, 91° at 8 min, 77° at 12 min, 68° at 16 min and 57° at 20 min. Total
reduction in contact angle was observed to be ~50% in span of 20 min for SP solution. Smaller

values of contact angle signify that surface if more wetted by the SP solution and the SP droplet
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seems to cover more surface area and has ability to displace the oil from that surface. The wetting
characteristics of SP solution seem to be much more improved in presence of nanoparticles as the

contact angle profile for NSP solution is quite lower than that of SP solution as shown in Figure

6.10.
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Figure 6.10: Contact angle measurement for both SP and NSP solution performed at ambient
pressure and temperature. Contact angle study was conducted between sand saturated with crude

oil and SP/NSP solution.

To understand the synergy of nanoparticle with surfactant-polymer, the contact angle

studies for NSP solution were conducted and initially it was recorded as 111°. Later the contact
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angle seems to reduce enormously and observed to be 92° at 4 min, 66° at 8§ min, 50° at 12 min,
38" at 16 min and finally 30° at 20 min and aligned with literature studies [66,165,308]. The total
reduction in contact angle was ~73% over the explored time (20 min) which is much lower than
that of contact angle for SP solution. This reduction in contact angle may be attributed to the
presence of nanoparticle that offers water wet conditions [179]. As the particles tend to get
adsorbed on surface, surfactant plays its role in detaching from the interface of solid surface and
gets adsorbed, thereby enhances physical adsorption [309]. This leads to reduction in surface free
energy that restricts particle agglomeration which in return offers strong water wet conditions by
reducing the contact angle [310]. Therefore, the comparison of SP and NSP slug illustrates that
NSP formulation offers better performance in enhancing the wettability and same can be inferred
from the rheological as well as microscopic analysis. Also, the substrate surface seems very coarse
and not smooth, the quick drop in contact angle may be attributed due to the penetration of the
droplets inside the substrate due to surfactant adsorption, or by the wettability alteration offered

by natural surfactant and require further validation.

6.3.6  Effect of particle adsorption on rock surface using UV-Vis method

The most reliable method to ascertain the stability of nanoparticle within a colloidal system
by means of absorbance is UV-vis spectroscopy [299]. The value of absorbance refers to the
amount of nanoparticle and its dispersion within a colloidal system. Denser the concentration of
nanoparticle, higher peak in UV-vis spectrum will be observed whereas lesser the concentration
of nanoparticles results in lower peak [311]. For analyzing the adsorption of nanoparticle onto the
rock surface (sandstone), UV-vis analysis was conducted for NSP solution submerged in sand at
day 0 and day 20 as shown in Figure 6.11. NSP solution at day 0 had a peak absorbance value of

0.2752 and after 20 days the peak absorbance value was observed to decrease to 0.2 from 0. 2752.
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Also evident from fig that initially the absorbance value increases and later tends to decrease after

attaining the peak at certain wavelength (400 nm).
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Figure 6.11: UV-Vis results obtained for the NSP solution (at day 0 and day 20). NSP solution

was poured in glass culture tube with sand and solution was extracted at day 0 and day 20 for

analyzing the adsorption of nanoparticle with respect to time.

This clearly indicates that within the time span of 20 days some particles were adsorbed
onto the rock surface. A fall in absorbance value of UV typically relates to decrease in the
concentration of absorbing species in solution [67]. This could be due to various factors such as

dilution, chemical reaction, or removal of the absorbing species from the solution. The increase in
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nano absorbance at first place refers to UV of NSP solution at day 0 (indicated by red color in Fig.
8). After 20 days, there was a drop in nano absorbance (indicated by black color in Figure 6.11).
The drop in the values of absorbance can be attributed to reduction in the amount of nanoparticles
and its dispersion within a colloidal system. Denser the concentration of nanoparticle, higher is
peak of UV-vis spectrum. The percentage change in adsorption of nanoparticles can be obtained

from equation (2) below:

% Change in adsorption = % x 100 ()

0

where, N2o is the peak absorbance value after 20 days and No is the peak absorbance value at
day 0. In order to confirm the deposition of nanoparticle with respect to time, further studies were
conducted, that is, the culture tube containing NSP solution and sand was kept in oven to get
completely dried and left over sand in the culture tube was measured using a weighing balance. In
this part of the study, initially NSP solution and sand were thoroughly mixed in a culture tube and
same was left undisturbed for 20 days. After 20 days, a drop of NSP solution was taken for UV-
vis measurement where a drop in peak absorbance value was observed. This may be due to lower
concentration of nanoparticles in NSP solution after span of 20 days. Thereafter, the solution
containing sand and NSP solution was oven dried and sand was measured. Here, a small increment
in the weight of sand was observed. To prevent the escape of water vapor and
nanoparticle/surfactant in NSP solution, the culture tube was isolated with the help of an aluminum
foil. Given these experiments were not performed in the presence of oil, it can be concluded that
the incremental weight of sand was the result of nanoparticle adsorption. As a result, an
incremental weight of ~0.46 wt% in sand was observed. This study was conducted in order to
observe the adsorption of nanoparticle over the course of time and change in ~27.32% of

adsorption was observed.
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6.3.7 Effect of pH on emulsion system

pH has huge impact on the adsorption of surfactant, and the charge carried by solid surface
varies with the pH alteration. Magnitude of surfactant adsorption varies with the changing pH.
Increase in pH of surfactant solution results in decreasing the hydroxyl groups, responsible for
affecting hydrogen bond formation [218]. The effect of pH on stability of both SP and NSP

emulsion is investigated as shown in Figure 6.12.

12 EEE pH (SP)
B pH (NSP)

Figure 6.12: Graphical representation showing the effect of varying pH on emulsification of crude
oil stabilized via SP/NSP solution and observed by visual and microscopic images. Values of
varying pH for SP/NSP solution is shown in bar graph and emulsions was found to be basic in

nature.
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It can be observed from the fig that initially SP and NSP solution were taken separately
and HCI was added to attain low pH, whereas NaOH was added to attain high pH solutions. Apart
from neutral solution (N), three formulations were prepared with decreasing pH (A1, A2 and Azs)
and three different formulations with increasing pH (B1, B2 and B3). The neutral (N) SP and NSP
solution has the pH value of 6.15 and 6.5 respectively. Solution is said to be neutral if pH lies
between 5-7, acidic if pH value is lesser and basic if pH value of higher than former [312]. The
values at lower pH for SP formulation was recorded as A1=4.71, A2 = 3.3 and A3 = 2.1 whereas
for NSP formulation the values are A1 = 3.6, A2 =2.25 and A3z = 2.15. Contrary, for basic range,
pH values are observed to be Bi = 8.1, B> = 10.28 and B3 = 11.15 for SP formulation whereas B
=9.35, B2 = 10.6 and B3 = 10.87 for NSP formulation and plotted on a graph as shown in Figure
6.12. Later, addition of equal quantity of crude oil to all formulations were done, emulsions was
prepared. The emulsion for both SP and NSP with high pH formulation seems to be much more
stable by the visual results. The change in pH can also influence the adsorption of surfactants onto
particle surfaces. At different pH levels, both the surfactant and particle surface charges can
change, affecting the strength and nature of adsorption. The pH affects the charge on particles
(e.g., through ionization of surface groups), influencing electrostatic interactions with surfactants.
This can impact the stability of colloidal dispersions, flocculation, and aggregation behaviors. By
adsorbing onto particle surfaces, surfactants can modify the surface properties (e.g.,
hydrophobicity or hydrophilicity), which is pH-dependent. This can be crucial in processes like
flotation, sedimentation, and wetting. Overall, understanding the pH-dependent behavior of
surfactants is essential in applications like detergency, emulsification, pharmaceuticals, and
environmental remediation, where precise control over surface and interfacial phenomena is

required. To confirm these visual results, microscopic investigations were done, as a result,
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microscopic images also confirm stable emulsion formation at high pH. As shown in Figure 6.12,

a fine package oil droplets are observed for SP emulsion whereas a tight packet of very fine oil

droplets is observed for NSP emulsion at higher pH. Thus, it can be concluded that prepared

emulsions are basic in nature.

6.4 Conclusion

Study deals with the application of natural surfactant extracted from fenugreek seeds in

emulsification of crude oil. Moreover, the effect of single step silica nanofluid was explored in

emulsification. For successful industrial application of the prepared emulsion (SP and NSP),

rheological behavior as well as microscopic investigation plays a crucial role. Findings of the study

are summarized in key points as below:

o0

0

Initially the interfacial behavior of both SP and NSP solutions are investigated in presence
of crude oil and observed that NSP solution can reduce the IFT to lower value (9.2 mN/m)

than that of SP solution (10.45 mN/m) at ambient condition.

IFT was also investigated at elevated temperature (90°C), where NSP solution shown its
potential in reduction of IFT to 3.47 mN/m value that is much lower than that of SP

solution (7.44 mN/m).

Microscopic investigations for both SP and NSP emulsions were performed, and it was
found that NSP emulsions were thermally stable even at high temperature (80°C) whereas

SP emulsions were only stable till 60°C.

Rheological observation was made with the viscosity results of SP and NSP emulsion at
30°C and 90°C. It was observed that both the emulsions have shear thinning profile but
NSP emulsions were thermally stable as only marginal reduction in viscosity profile was
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L)

observed at high temperature and best fitted with Krieger-Dougherty Model with R? =

0.99.

Emulsions were kept under observation for about 2 weeks and rheological investigations
were performed for kept emulsions. It was found that there was huge reduction in viscosity
profile of SP emulsion than that of NSP emulsion and same was also confirmed from

microscopic results.

For the wettability analysis of SP and NSP solution, contact angle measurements were
conducted. It was observed that NSP solution can reduce the contact angle from 111° to

30°, whereas SP solution was able to reduce the contact angle from 116° to 57°.
The prepared emulsions were found to be basic in nature as evident from the pH results.

Adsorption of Si NP was analyzed in presence of sandstone was found that nanoparticle

tends to get adsorbed with respect to time as evident from the UV-vis studies.

Based on above observations, it can be concluded that NSP emulsion has the better

potential in emulsification of crude oil than that of SP emulsions as evident from IFT, microscopic,
rheological and wettability results. Stable nanofluids act as stabilizers in emulsions by preventing
coalescence of oil droplets, leading to a more uniform distribution. This approach improves the
efficiency of fluid displacement processes by enhancing the interfacial contact between immiscible
phases, thereby promoting more effective phase transfer and overall system performance.
Maximizing displacement efficiency is essential for optimal resource utilization and sustained
functionality of subsurface flow systems. Additionally, it contributes to the extended operational
life of engineered porous structures and supports efficient management of thermal or multiphase

transport processes. Therefore, emulsions formulated with nanoparticle-surfactant-polymer (NSP)
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systems using natural derivatives can be recommended as a sustainable and cost-effective solution

for advanced fluid transport and thermal regulation applications.
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Chapter 7

Stable nano- enhanced Phase Change Material Emulsions of Natural Surfactant and
Single-Step Silica Nanofluid for Enhancing Thermal Energy Storage Potential of an

Organic Phase Change Material

Abstract

The study investigates the stabilization of n-PCM (nano phase change material) emulsions
using natural surfactants combined with silica nanofluid of single step origin at concentrations of
0.5 and 1 wt%. The novelty of study lies in application of natural surfactant used to enhance the
emulsification process, ensures a sustainable and non-toxic stabilization method. Silica nanofluid
of single step origin was incorporated to improve stability and performance, making these
advanced emulsions a practical choice for various industrial applications. The emulsions were
characterized through various techniques, including differential scanning calorimetry to assess
thermal properties, interfacial tension measurements to evaluate emulsification efficiency,
microscopic analysis for droplet distribution, and rheological testing to determine viscosity
changes. Corrosion tests were conducted to investigate the protective effects of the stabilizers,
while scanning electron microscopy and energy dispersive x-ray spectroscopy provided insight
into the structural characteristics and distribution of nanoparticles within the emulsion. The results
demonstrated that the addition of 0.5 wt% silica nanofluid significantly improved the stability and
thermal characteristics of the n-PCM emulsion without adversely affecting its phase change

behavior, with melting point of 21.08°C, enthalpy of melting 1205.171 J/g, freezing point of
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15.46°C and enthalpy of crystallization 1284.825 J/g. In contrast, the emulsion with 1 wt% silica
nanofluid led to alterations in thermal properties and viscosity, suggesting a more complex
interaction with the n-PCM matrix. Overall, the study highlights that a lower concentration of silica
nanoparticles (0.5 wt%) is preferable for optimizing the stability and thermal performance of n-
PCM emulsions, making it a viable approach for applications requiring efficient thermal energy

management.

7.1 Introduction

Thermal energy storage (TES) plays a crucial role in modern energy systems, particularly
in enhancing energy efficiency and sustainability [313]. TES systems enable the capture and
storage of thermal energy for later use, allowing for better management of supply and demand in
various applications, including heating, cooling, and power generation [314]. The development of
efficient TES systems is critical for enhancing energy efficiency and supporting sustainable energy
solutions [315]. Among various TES technologies, Phase Change Materials (PCMs) have gained
considerable attention due to their high latent heat storage capacity and ability to regulate
temperatures during phase transitions [316]. PCMs are essential for TES due to their ability to
absorb, store, and release large amounts of latent heat during phase transitions, typically from solid
to liquid and vice versa [317,318]. This characteristic makes PCMs highly effective in applications
requiring temperature regulation, such as in building materials, electronics cooling, and solar
energy systems [319-321]. However, conventional PCMs often face challenges related to low
thermal conductivity, leakage during phase change, and stability issues, which limit their practical
applications [322]. To overcome this challenge, nano-enhanced PCMs (n-PCM) emulsion have
emerged as a promising approach by incorporating nanoparticles to improve thermal conductivity,

stability, and overall performance.
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n-PCM emulsions provide a more efficient and versatile solution for TES, addressing some
of the limitations associated with traditional n-PCMs and offering enhanced performance, stability,
and flexibility. Chen et al. [72] prepared the phase change emulsion by employing phase incursion
method. Emulsion was prepared using microparticles of tetradecane and water having melting
point 277.7 K and heat of fusion 73.47 KJ/kg. Zhang et al. [73] prepared the PCM in water
emulsion for solar thermal applications by using n-octacosane as PCM with melting point at 60°C.
For preparing the emulsion, binary mixture of synthetic surfactant (Span and Tween) in 1:1 mass
ratio was used and SiO:z particles (7-40 nm) was used as nucleating agent. Zhang et al. [323]
prepared n-PCM emulsion for TES applications by using sonication method. Various paraffins
were explored in the study with OP-10 as an emulsifier and nucleating agents as nano-metal oxide
(ZnO, AL203). As a result, emulsions were found stable and possess great stability as well as lower
viscosity. Liu et al. [324] formulated PCM-water nano emulsion using phase inversion method.
Various surfactants explored as stabilizers, that is, binary mixture of Brij L4 and Tween 60 or
Tween 80 in 6:4 ratio. As a result, PCM nano emulsion offers higher stability with a droplet size
of 60 nm and low viscosity of 50 mPa.s. Further addition of nucleating agent (n-octadecane; 2wt%)
results in promising stability of emulsion till 120 d with a latent heat of 50 J/g and supercooling of
5°C. n-PCM emulsions offer significant advantages for TES, they also come with several
drawbacks that can limit their widespread application. Significant drawback is the cost associated
with synthesizing n-PCMs and incorporating nanoparticles and stabilizing agents can be relatively
high compared to conventional PCMs [325]. This increased cost could hinder the large-scale
adoption of n-PCM emulsions, particularly in applications where cost-effectiveness is a key
consideration. In addition to this, n-PCM emulsions stabilized by synthetic surfactants have been

extensively explored for TES applications, they present several drawbacks that can limit their
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practical utility and sustainability. Significant issue is the potential environmental and health risks
associated with synthetic surfactants [326]. These chemicals are often non-biodegradable and can
persist in the environment, leading to bioaccumulation and toxicity concerns [327,328]. The
release of synthetic surfactants into water bodies and ecosystems can adversely affect aquatic life
and disrupt ecological balance [7,329]. Addressing these challenges is essential for advancing n-
PCM emulsions toward practical and sustainable TES applications, necessitating further research
into optimizing formulation, stability, safety, and cost-effectiveness. Thus, there is the need for
alternative stabilizing and nucleating agents, such as natural surfactants and nanofluid of single
step origin, that offer better environmental compatibility, low cost, stability and performance to

advance n-PCM emulsions for sustainable thermal energy storage solutions.

Natural surfactants, derived from renewable sources, are increasingly being used to
stabilize emulsions due to their biodegradability, low toxicity, and compatibility [19]. The use of
natural surfactants aligns with sustainability goals by reducing reliance on synthetic chemicals
[18]. Natural surfactants are biodegradable and less harmful to the environment, making the
emulsions more environmentally friendly compared to those stabilized with conventional synthetic
surfactants. Natural surfactants facilitate the formation of stable emulsions by reducing interfacial
tension [229,272,330]. This results in a more homogeneous distribution of droplets within the
emulsion, which is essential for maintaining consistent thermal performance. Various natural
surfactants have been reported in literature [30,32,39,41,331] but none of them have been explored
in TES. In conjunction with natural surfactants, silica nanoparticle have shown great potential as
stabilizing agents due to their ability to form robust interfacial layers around emulsion droplets,
thereby preventing coalescence and phase separation [332,333]. Silica nanoparticles are known

for their excellent surface properties, high thermal conductivity, and stability, making them ideal
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for TES applications [334]. The incorporation of silica nanoparticles in PCM emulsions not only
enhances thermal conductivity but also prevents phase separation and improves the overall
stability of the emulsion [73]. Various studies reported in literature have utilized the commercial
silica nanoparticle for TES applications [335-338]. Commercialized silica nanoparticles face
several challenges that limit their widespread application. One of the main issues is the high
production cost associated with their synthesis [62,339]. In addition to this, they are prone to
agglomeration due to their high surface energy and strong intermolecular forces [340,341].
Overcoming these challenges require the use of sustainable and greener alternative for industries
looking to adopt eco-friendly and efficient manufacturing practices. Single-step silica nanoparticle
synthesis is vital to address the limitations of commercialized silica nanoparticles, such as high
cost, time-consuming production, and inconsistent quality [164,298]. The single-step synthesis
method simplifies the preparation process, potentially reducing costs and making the technology
more scalable for industrial applications [342]. Additionally, a streamlined synthesis method can
improve the reproducibility and functionality of silica nanoparticles, allowing for more controlled
interactions with other materials, including natural surfactants and stabilizers in emulsions. The
combination of these two stabilizing agents not only provides enhanced thermal conductivity but
also offers environmental benefits by reducing the use of synthetic materials. Overall, the
integration of natural surfactants with n-PCM represents a significant leap forward in the
development of advanced thermal management materials. This approach not only improves
performance but also supports sustainable practices, paving the way for innovative solutions in

energy storage and management.

This research focuses on the formulation of an n-PCM emulsion stabilized by natural

surfactant (extracted from fenugreek seeds) and silica nanoparticles synthesized through a single-
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step process (sol-gel method), which offer improved stability and heat transfer properties as well
as ecofriendly. This study explores the synthesis of n-PCM emulsions using silica nanofluid at 0.5
wt% and 1 wt% concentrations to enhance emulsion stability and thermal performance, presenting
a sustainable and efficient approach for energy storage solutions. This approach simplifies the
preparation method and potentially reduces production costs while maintaining the desired
stability and thermal performance. The research aims to investigate the thermal properties,
rheological behavior, and stability of the prepared n-PCM emulsion, along with an evaluation of
its corrosion resistance and morphological characteristics using techniques such as Interfacial
Tension (IFT) measurements, Differential Scanning Calorimetry (DSC), UV- visible
spectrophotometer, rheological measurements, Scanning Electron Microscopy (SEM), and
Energy-Dispersive X-ray Spectroscopy (EDX). The findings from this research will contribute to
the advancement of sustainable and efficient TES systems, offering insights into the potential of

natural surfactants and nanoparticles in enhancing PCM applications.

7.2 Materials and Methods

7.2.1 Materials

For the study, n-hexadecane was used as a PCM obtained from Spectrochem, India (99%
pure). Single step silica nanofluid used in the study and its preparation methodology has been
reported in our previous work [164]. DLS measurements of nanofluid is shown in Table 7.1 [343].
Natural surfactant used to stabilize the emulsion and was obtained from fenugreek seeds.
Extraction of surfactant was done via Soxhlet apparatus and dried by using hot air oven (Jain
Scientific Glassworks, India). Detailed procedure of extraction of surfactant from fenugreek seeds
has been reported in our previous study [30]. Magnetic stirrer (Model: IKA-C-MAG-HS7) was
used for uniform mixing of all the aqueous solutions. For measuring the samples, digital weighing
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balance (ME204/A04) was used. All the glassware used in this study was properly cleaned and

dried to avoid any possible contamination.

Table 7.1: Average particle size and zeta potential of silica nanofluid prepared via single-step.

Silica concentration

(Wt%) Average Size Zeta Potential
0
0.5 5-10 nm 48 mV
1 10-20 nm 42 mV

7.2.2 Synthesis of emulsion using natural surfactant

n-PCM emulsion was prepared by using n-hexadecane (oil phase) and single step silica

nanofluid (aqueous phase), whereas natural surfactant was used to stabilize the emulsion. The ratio

oil phase to aqueous phase was taken as 40:60 [330]. Two different concentrations (0.5 wt% and

1 wt%) of nanofluid of single step origin was explored in this study as mentioned in Table 7.2.

Table 7.2: Nomenclature and composition of emulsions with varying concentrations of silica

nanofluid and natural surfactants.

Oil phase Aqueous Nanoparticle | Stabilizer | Emulsion ratio Emulsion
(PCM) phase concentration nomenclature
(wt%)
n- Single step 0.5 Natural oil phase: PCMI
hexadecane silica surfactant aqueous phase
nanofluid (fenugreek (40:60)
1.0 seeds) PCM2

199




Initially, n-hexadecane and nanofluid (0.5 wt%) was allowed to mixed in a beaker using
magnetic stirrer, but both the oil as well as aqueous phase remain separated until the addition of

natural surfactant as shown in Figure 7.1.

n-hexadecane Ultrasonicator

(PCM) Nanoflud

O 6

o0
Generator

n-PCM emulsion

Figure 7.1: Schematic representation of the preparation of n-PCM emulsion stabilized by natural

surfactants and silica nanoparticles.

Natural surfactant was added at CMC value of 0.2 wt%. CMC of the natural surfactant was
calculated by using electrical conductivity measurements as well as surface tension measurements
[30]. After addition of surfactant, sample was allowed to stir at 400 rpm for 1 h at 70°C. Further,
for uniform mixing and even distribution of particles within the emulsion system, emulsion was
sonicated by using ultra sonication (frequency 24kHz; time 30 min). Same procedure was repeated
for preparation of 1 wt% n-PCM emulsion. During sonication, the temperature was carefully
monitored using a digital thermometer to ensure that it remained consistent. To prevent

overheating caused by prolonged sonication, the process was conducted in cycles, with intermittent
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pauses allowing the system to cool when necessary. Additionally, the equipment used was placed
in an environment maintained at 70°C to ensure uniformity in temperature during mixing and
sonication. The n-PCM emulsion with 0.5 and 1 wt% silica nanofluid will now be abbreviated as
PCMI1 and PCM2 respectively as shown in Table 2. The entire procedure of synthesis of n-PCM

emulsion is shown in Figure 7.1.

7.2.3  Characterization of n-PCM emulsion

After emulsion preparation, UV-vis studies were conducted for both emulsion system
(PCM1 and PCM2) by using UV-vis Spectrophotometer (UV-vis 3200, Lab India®) [344]. The
wavelength range was set from 300 nm to 800 nm to cover the full spectrum of interest. The
samples were diluted prior to performing the UV-Visible analyses. A dilution ratio of 1:10 was
used, where one part of the emulsion was mixed with nine parts of deionized water. This step
ensured that the optical density of the samples fell within the measurable range of the UV-Visible
spectrophotometer and minimized potential scattering effects caused by the concentrated
emulsion. Both n-PCM emulsions were loaded into quartz cuvettes with an appropriate path length
(typically 1 cm). The cuvettes were carefully sealed to prevent any contamination or evaporation
during the measurement process. Both samples were scanned across the wavelength range (300-
800 nm). The absorbance spectra were recorded to identify the characteristic peaks associated with

the nanoparticles dispersed in the PCM matrix.

For determination of interfacial properties, dynamic tensiometer was used (K-12, Kruss,
Germany) between n-hexadecane and surfactant solution at CMC. IFT investigations were done
by using Wilhelmy plate method [229,330]. Wilhelmy plate is a flat and thin plate used in IFT
measurements. The Wilhelmy plate was thoroughly cleaned and attached to a sensitive balance.

The plate was then partially immersed in the n-hexadecane layer, which was carefully placed above
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the surfactant solution in a specially designed vessel to ensure a stable interface. As the plate
contacts the interface between the n-hexadecane and the surfactant solution, the IFT value was

recorded automatically. The IFT measurements were conducted both at 30 and 90°C.

7.2.4  Microscopic observations of n-PCM emulsion

Microscopic analysis was conducted to observe the distribution and stability of the PCM
droplets and nanoparticles within the emulsion system. The prepared sample was observed under
an optical microscope (Motic, Hong Kong) equipped with a digital camera (Moticam-10) as
reported in previous study [272]. The microscope was set to an appropriate magnification level to
clearly visualize the PCM droplets and nanoparticles. Images were captured to analyze the size
distribution of the PCM droplets and the dispersion of nanoparticles within the emulsion. In order
to investigate the thermal stability of both the prepared emulsion, same set up was used along with
the electrical heating stage (Novel industries, India). Heating stage allowed for precise temperature
control, enabling the observation of the emulsion at 60 and 90°C. The temperature was monitored
using a built-in thermocouple to ensure accurate control and consistency throughout the

experiment.

7.2.5 SEM and EDX of n-PCM emulsion

The n-PCM emulsion samples thus prepared was allowed to place onto a conductive
adhesive tape mounted on an aluminum stub. To enhance the conductivity of the samples, a thin
layer of gold was sputter-coated for 60 seconds using a sputter coater (DII-29030SCTR). The
samples were then examined under a scanning electron microscope (JEOL, JSM-7900F) at an
accelerating voltage of 5-15 kV. SEM micrographs were captured at varying magnifications to

analyze the surface morphology and particle size distribution within the emulsion. Elemental
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analysis was conducted simultaneously using an EDX detector (Z2-i7 Analyzer) attached to the
SEM instrument. The EDX spectra were obtained from specific regions of interest to determine
the elemental composition and to verify the presence of key elements associated with the n-PCM

emulsion formulation.
7.2.6  Rheological studies of n-PCM emulsion

To understand the rheological properties and stability of n-PCM emulsions, a modular
compact rheometer (MCR-52, Anton Paar, Austria) was used. The rheometer used was equipped
with a bob and cup geometry. Specifically, the cup has an outer diameter of 3.9 cm and a length
of 6.5 cm, and it was fixed securely on the base of the rheometer. The bob, which has a diameter
of 3.4 cm, was mounted on a moving arm. This geometry was selected for its effectiveness in
handling fluid systems with complex flow behaviors, such as emulsions, providing high precision
in viscosity and shear stress measurements. The bob (also known as the inner cylinder) is immersed
in the sample, which is contained within the stationary cup (outer cylinder). The rotational motion
of the bob induces shear flow within the emulsion, allowing for the measurement of shear and
dynamic viscosities. Rheological analysis was conducted in both shear and dynamic modes. In
shear rheology, shear rate was varied from 1 -1000 s™! whereas in dynamic rheology, shear strain
was varied from 1-100%, keeping the frequency constant at 10 rad s™'. Each measurement was
repeated thrice in order to get reproducibility in the results and uncertainty of = 0.6 — 8.4 % of the
mentioned values. In addition to this, theological behavior of prepared emulsion was also observed
at elevated temperature, that is, 90°C. The temperature was controlled using the same rheometer
that was used in our previous research [57,332], which was provided with a thermal jacket, a

circulation pump (ESCY IC 201), and a Peltier-based temperature unit with a range of 20-180 °C.
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7.2.7  Thermal analysis and stability of n-PCM emulsion

DSC analysis was performed using 4000 PerkinElmer model (DSC7020), calibrated with
standard materials to ensure accuracy. A small quantity of sample ~10 mg of the n-PCM emulsion
was placed in an aluminum pan for the observation. The DSC measurements were conducted under
a nitrogen atmosphere to prevent oxidation, with a heating and cooling rate of 5 °C/min across a
temperature range of -20°C to 50°C. The thermal data thus obtained was analyzed and plotted by
using Origin software. The onset and peak temperatures of melting and crystallization, as well as
the enthalpies of these transitions, were recorded. In addition, thermal properties, after various
cycles, were analyzed for these emulsions, to assess any degradation or shift in phase change
behavior. The n-PCM emulsion was subjected to accelerated thermal cycling using a DSC between
temperature range, -20°C to 50°C. The emulsion was exposed to 25 and 50 cycles. Each cycle

consisted of a rapid heating phase followed by a cooling phase to ensure complete phase change.

7.2.8 Corrosion test

Corrosion test was conducted to determine the feasibility of the n-PCM emulsion with the
three frequently used heat exchanger building materials, that is, copper (Cu), aluminum (Al), and
stainless steel 316 (SS). Initially, metal samples were cleaned according to standard procedures to
remove any oxide layers, dirt, or contaminants. The samples were cleaned in acetone for 10 min
to ensure all surface contaminants were removed. The samples were then rinsed with deionized
water and dried completely. The metal samples were carefully placed in a container carrying the
PCMI1 and PCM2 separately and was wrapped completely to prevent any contact with air. The
metal sample was in liquid state at room temperature for 45 d and after that metal samples were

taken out to calculate the corrosion. Weight loss method was used to determine the corrosion rate.
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Each sample was weighed before and after exposure to the n-PCM emulsion using an analytical

balance (Metler Toledo, ME204/A04) with an accuracy of 0.1 mg.

7.3 Results and Discussion

Primarily, IFT measurements were conducted between PCM and natural surfactants to
understand the potential of natural surfactant in stabilizing the emulsions. UV-Vis spectroscopy
was used to monitor the stability and homogeneity of the n-PCM emulsions. This was followed by
optical microscopy, which revealed well-dispersed droplets of n-PCM emulsions, indicating
successful emulsification. SEM and EDX provided insights into the microstructure and
composition of the emulsions. Rheological was done to understand the flow behavior under
different shear rates. DSC analysis provided valuable information on the thermal properties of the
n-PCM emulsions. Lastly, corrosion tests conducted on metal substrates in contact with the n-PCM

emulsions.

7.3.1 Interfacial tension investigations

PCMs are extensively used in thermal energy storage systems due to their high latent heat
capacity and ability to store and release thermal energy during phase transitions [345].
Understanding the interfacial properties between PCMs and surfactants is crucial for enhancing
the thermal performance and stability of PCM emulsions [346]. Natural surfactants, derived from
renewable resources, have gained significant interest due to their biodegradability and minimal
environmental impact [113]. IFT measurements were performed between n-hexadecane (PCM)
and natural surfactant from fenugreek seeds at both 30 and 90°C as shown in Figure 7.2. Natural
surfactant was used at CMC value (0.2wt%). CMC is the concentration above which surfactant

molecules begin to form micelles in the solution, significantly altering the interfacial properties
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[193,237]. The results showed a significant decrease in IFT between n-hexadecane and surfactant
solution, that is, 9.8 mN/m at 30°C (Figure 7.2). This reduction may be attributed to the adsorption
of surfactant molecules at the interface, lowering the free energy and reducing interfacial tension
[12]. Moreover, at higher temperature (90°C) the IFT value seems to decline and was observed to

be 6.4 mN/m as shown in Figure 7.2.
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Figure 7.2: Interfacial tension (IFT) measurements between PCM (n-hexadecane) and natural
surfactant solution at 30 and 90°C. The graph illustrates the variation in IFT as a function of

temperature, highlighting the impact of the natural surfactant on the interfacial properties of PCM.

This reduction in IFT with increasing temperature is consistent with the general behavior
of liquid-liquid interfaces, where higher temperatures typically lead to a decrease in IFT due to
increased molecular motion and reduced intermolecular forces [242]. The results demonstrated
that temperature has a significant impact on IFT, with higher temperatures leading to lower IFT

values. These findings have important implications for applications in formulation of stable
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emulsions, where controlling IFT is crucial. Additionally, the eco-friendly nature of the natural
surfactant presents a compelling case for its use in industrial applications where environmental
considerations are paramount. The study demonstrates that natural surfactants can effectively
reduce the IFT between n-hexadecane and water, similar to synthetic surfactants. This suggests
that natural surfactant effectiveness in reducing IFT may be enhanced under higher temperature

conditions, relevant to thermal storage applications.

7.3.2  Characterization of n-PCM emulsion

Characterization of the synthesized n-PCM emulsions stabilized by natural surfactants was
done using UV-Vis spectroscopy. These techniques provide insights into the optical properties and
particle size distribution, which are essential for evaluating the stability and performance of the
emulsions [347]. UV-Vis spectroscopy analysis provided insights into the optical behavior of n-
PCM emulsions. This methodology serves as a reliable approach for characterizing the interaction
between nanoparticles and the PCM, which is crucial for optimizing the performance of these
materials in thermal energy storage applications [348]. The UV-Vis spectra indicated characteristic
absorption peaks corresponding to the nanoparticles, confirming their presence and dispersion in
the emulsion matrix. Figure 7.3 represent the absorbance peak for both the prepared n-PCM
emulsions, that is, PCM1 and PCM2. From Figure 7.3, it can be seen that the peak for both the
emulsions are at wavelength of 400 nm with peak values of 2.3119 and 1.4336 for PCM1 and
PCM2 respectively. The high absorbance value typically reflects a stable dispersion of
nanoparticles within PCM1. This stability ensures that nanoparticles are uniformly distributed,
which is crucial for enhancing the thermal and optical properties of the n-PCM. The effective
interaction of nanoparticles with light at this concentration suggests optimal dispersion and

minimal aggregation. Conversely, the lower absorbance value of PCM2 may indicate that
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nanoparticles have begun to aggregate or form larger clusters, reducing their effective surface area
and interaction with light. Aggregation can result from exceeding the optimal concentration,
leading to a non-uniform dispersion and potential sedimentation of nanoparticles [349]. These
aggregated nanoparticles can decrease the emulsion's overall performance, making it less efficient
for its intended applications. Thus, PCM1 signifies effective nanoparticle dispersion and strong

light interaction, which is beneficial for maintaining the emulsion's desired properties.
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Figure 7.3: UV-vis spectra of PCM 1 and PCM2 with varying concentrations of silica nanoparticle.

All the measurements were conducted at ambient conditions.
7.3.3  Stability and microscopic investigations of n-PCM emulsion

The two n-PCM emulsions (PCM1 and PCM2) stabilized by single step silica nanofluid
and natural surfactant (at CMC) is shown in Figure 7.4. Both the prepared emulsions were left
undisturbed and kept under observation for 30 d to observe the phase separation as shown in Figure
7.4. From Figure 7.4, it can be clearly seen that PCM1 was highly stable with lesser water release

as compared to PCM2.
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Figure 7.4: Visual representation and optical graph of PCM1 and PCM2 at Day 0 and Day 30,

showing initial clarity and potential phase separation over time.

The increased phase separation in PCM2 compared to the PCM1 may be primarily due to
enhanced particle interactions and increased viscosity, which collectively results in weakening
emulsion’s stability and lead to greater phase separation. This may be also attributed to presence
of large sized droplet in freshly prepared PCM2 as shown in Figure 7.4. In PCM2, larger droplet
sizes and a higher degree of aggregation were observed over time, suggesting increased particle
interactions that promote coalescence and phase separation [17]. Conversely, PCM1 maintained a
more consistent droplet size distribution, with fewer occurrences of droplet fusion, indicating
greater stability. In addition to this, surfactant used at CMC results in the formation of micelles to

stabilize the n-PCM emulsion droplets in the aqueous phase, preventing coalescence and
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enhancing dispersion [266]. This effect is crucial for applications where uniform distribution of n-
PCM emulsion is required for efficient thermal management. Thus, PCMI1 likely allowed the
natural surfactant to more effectively cover the surface of the droplets and nanoparticles,
preventing aggregation and maintaining the emulsion's stability as evident from Figure 7.4.
Moreover, microscopic observations were carried out for the aqueous phase left after phase

separation, as a result loose packaging of droplets were observed as shown in Figure 7.4.

Furthermore, the thermal stability of both PCM1 and PCM2 was observed via optical
microscope at 30, 60 and 90°C as shown in Figure 7.5. From Figure 7.5, it can be observed that at
30°C, PCM1 possess the tight and uniform packing of oil droplet whereas in PCM2, the packaging
of oil droplet was comparatively lesser denser and uniform. The stability of n-PCM emulsions is
significantly influenced by the choice of surfactant used to prevent droplet coalescence and particle
aggregation. Natural surfactants have gained attention due to their biodegradability,
biocompatibility, and low toxicity [28]. These surfactants adsorb at the oil-water interface,
reducing interfacial tension and forming a protective barrier around the droplets or nanoparticles,
thereby enhancing the stability of the emulsion [41]. As the temperature reaches to 60°C,
coalescence of droplets was observed and more coalescence was visualized in PCM2 as compared
to PCM1. This may be attributed to the higher concentration of nanoparticle in PCM2 leads to
increased particle density, enhances particle-particle interactions, leading to a greater tendency for
aggregation and flocculation [239]. Lastly, when the temperature reaches to 90°C, fairly dense
packet of oil droplet was observed for PCM1 whereas in PCM2, more coalescence of oil droplet
was observed and was thermally less stable. Natural surfactant used at CMC has shown its potential
in emulsification and found effective at reducing IFT and stabilizing individual droplets for PCM 1

but may become insufficient to fully counteract the destabilizing effects caused by the increased
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nanoparticle loading in case of PCM2 [4]. As a result, PCM1 was found to possess greater thermal

stability than that of PCM2.

PCMI1

30°C 60°C 90°C

Figure 7.5: Microscopic images of PCM1 and PCM2 at 30, 60, and 90°C. The images illustrate
the variation in droplet distribution and emulsion stability with changing weight percentages and

varying temperature.

7.3.4 SEM and EDX measurements

SEM analysis was employed to investigate the morphology and structural characteristics
of the prepared n-PCM emulsion. The SEM micrographs prepared emulsions are shown in Figure

7.6.
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Figure 7.6: SEM images illustrating the morphology of emulsion droplets in (a) PCM1 and (b)
PCM2; (c) PCM1 showcasing the dispersion and uniformity of particles within the emulsion
matrix and (d) Noticeable particle aggregation in PCM2, illustrating clustering and reduced

uniformity at higher concentration.

Figure 7.6 (a) and 7.6 (b) shows the micrograph of emulsion droplet of PCM1 and PCM2
respectively and are found to possess spherical shape as reported literature [73]. Moreover, Figure
7.6 (c¢) and 7.6 (d) are the SEM micrographs of PCM1 and PCM2 respectively showing the
dispersion of the particle within the PCM matrix. The distribution of the particles in PCM1 are
observed to be uniform and are prone to less agglomeration as evident from Figure 7.6 (c). In
contrast, agglomeration of particles can be clearly visualized from Figure 7.6 (d) for PCM2. This

behavior may be attributed to the increased concentration of particles in silica nanofluid, which
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may lead to greater particle-particle interactions and destabilization of the emulsion as compared
to PCM1 [350]. The evenness of particle distribution within PCM1 was observed and good
dispersion is crucial for ensuring consistent thermal performance across the material. SEM images
provided in Figure 7.6 capture the morphology of the dried sample rather than the in-situ
distribution within the emulsion. However, obtaining high-resolution imaging of in-situ state
presents significant challenges due to liquid nature of the emulsion. To address this concern, our
analysis is supplemented with optical microscopy as well as UV-vis spectroscopy results to better

illustrate the dispersion of particles within PCM matrix.

Along with the SEM analysis, EDX spectrum of both PCM1 and PCM2 is shown in Figure
7.7 and Figure 7.8 respectively. In PCM 1, main elements observed during the analysis were silicon
(Si), oxygen (O) and carbon (C) as shown in Figure 7.7. Oxygen was observed to be the dominating
element (56.6%) in the PCM matrix. This may be due to selection of organic PCM (n-hexadecane)
for this study which often include oxygen-rich compounds such as esters, alcohols, or acids and
the presence of these compounds in the emulsion can result in a higher concentration of oxygen.
The other two elements found were comparatively lower, that is, 30.3% silicon and 13.1% carbon.
The lesser concentration of carbon may be attributed to the presence of natural surfactants which
might contribute to the carbon content, but these are typically present in smaller amounts compared
to the inorganic silica nanoparticles and organic PCM used [30,217]. In PCM2, main elements
observed are silicon (Si), oxygen (O), carbon (C), nitrogen (N), sodium (Na) and sulfur (S) as
shown in Figure 7.8. The dominance of oxygen (49.1%) followed by silicon (25.1%) and carbon
(16.6%) are observed and resembles same as in case of PCM1. The other element detected Na, N
and S are in vey lower amount, that is, 7.4%, 1.2% and 0.6 %. These minor elements detected may

be attributed to presence of natural surfactant as reported in previous study [30].
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Figure 7.7: EDX analysis of PCM1 highlighting the elemental composition and distribution within

the emulsion matrix.
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Figure 7.8: EDX analysis of PCM2 revealing the elemental composition.

7.3.5 Rheological investigation of n-PCM emulsions

Rheological properties are critical for understanding the flow behavior and stability of n-

PCM emulsions, which are increasingly used in energy storage and thermal management
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applications. Rheological properties help in understanding the stability of emulsions by indicating

how particles are dispersed within the continuous phase [303].
7.3.5.1 Shear rheology results

Rheological measurements can provide insights into the microstructural interactions within
the emulsions, such as particle-particle interactions and the effects of surfactants [309]. These
interactions influence the overall performance and efficiency of the emulsion in various
applications. Rheological measurements were conducted for both PCM1 and PCM2 at 30 and 90°C

as shown in Figure 7.9.

10000 10000 -
= 30°C ® 30°C
. W:C 4 . mfc
vy 7
Iys 1 'l-
1000 o.-_. 1000 '.'n.
- 3 3 3 L 3
* n o - - % . 4
= ve = z B T
z & W & ®e ° s -
— ° =
> 1004 il > 1004 g P
= 3 otu, z @ oo
e I c
z .'o: Byggutt! z % .::lll
*e
> Sey Y B 1 e .
102 10
: a) PCM1 | b)PCM2
= | , 1 . — ey
1 10 100 1000 I 10 100 1000
Shear Rate [15] Shear Rate [1s]

Figure 7.9: Rheological analysis of PCM1 and PCM2 at 30 and 90°C, illustrating the viscosity
and flow behavior of the emulsions under varying conditions. highlighting the effect of

concentration and temperature on their rheological properties.

The rheological analysis of both the n-PCM emulsions reveals a pronounced shear-thinning
behavior across a range of shear rates (1-1000 s) [55,229]. The viscosity of the emulsions

decreases with increasing shear rate, indicating that the emulsion transitions from a more viscous
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state at low shear rates to a less viscous state at high shear rates. This behavior is characteristic of
non-Newtonian fluids and can be attributed to the microstructural reorganization of n-PCM
particles within the emulsion matrix as per literature studies [323,351]. The viscosity of PCM1
was observed to be 2441 mPa.s at shear rate of 1 s, 295 mPa.s at shear rate of 10 s™!, 42 mPa.s at
100 s and 32 mPa.s at 1000 s™' as shown in Figure 7.9 (a). The shear-thinning properties of n-
PCM emulsions are advantageous in practical applications where varying flow conditions are
encountered. For instance, in cooling systems or thermal energy storage, the ability of the emulsion
to decrease viscosity under high flow rates can lead to reduced pumping costs and improved energy
efficiency. Further the flow behavior of PCM1 was investigated at elevated temperature (90°C) as
shown in Figure 7.9 (a). From Figure 7.9 (a), it can be seen that the viscosity was 2398 mPa.s at 1
s, 147 mPa.s at 10 s!, 29 mPa.s at 100 s and 19 mPa.s at 1000 s”\. By comparing both data
obtained at 30 and 90°C, it can be concluded that the emulsion was highly stable at 90°C at lower
shear rates whereas at higher shear rate a fair reduction in viscosity profile was observed. This may
be attributed to presence of natural surfactants, which are surface-active agents, play a pivotal role
in maintaining the stability of these emulsions by reducing IFT and forming protective barriers

around the dispersed n-PCM particles within the emulsion matrix.

Furthermore, the flow behavior of PCM2 was also investigated at 30 and 90°C as shown
in Figure 7.9 (b). The viscosity at 30°C was observed to be 3429 mPa.s at 1 s, 562 mPa.s at 10 s~
!, 85 mPa.s at 100 s!' and 40 mPa.s at 1000 s™'. The viscosity at 90°C was observed to be 2506
mPa.s at 1 s, 235 mPa.s at 10 s™!, 50 mPa.s at 100 s™' and 25 mPa.s at 1000 s!. The viscosity
values have been rounded off in accordance with the estimated uncertainty (+0.6—8.4%) to ensure
consistency with the precision of the measurements. By comparing both the data 30°C and 90°C

of PCM2 as shown in Figure 7.9 (b), it can be clearly seen that drop in viscosity profile at higher
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temperature (90°C) was significant as compared to 0.5 wt% n-PCM emulsion. This may be
attributed to increased concentration of silica nanoparticles, that have a greater tendency to
aggregate due to stronger van der Waals forces and increased particle-particle interactions [352].
This aggregation can lead to the formation of larger clusters, which reduces the effective surface
area available for stabilizing the emulsion [353]. As a result, the emulsion becomes less stable
under thermal conditions, leading to a more significant drop in viscosity at elevated temperatures.
The reduced thermal stability of PCM2 compared to PCM1, as indicated by their viscosity profiles
(Figure 7.9), is primarily due to particle aggregation, interference with surfactant stabilization, and
thermodynamic limits. These factors collectively result in a less stable emulsion at higher
temperatures, leading to a more significant reduction in viscosity. Understanding these effects is
crucial for optimizing the formulation and ensuring the effective use of n-PCM emulsions in
thermal management applications. Shear-thinning fluids exhibit high viscosity at low shear rates
and reduced viscosity at high shear rates. In subsurface recovery processes, this property is
advantageous during injection and flow through porous media. The higher viscosity at low shear
helps in improving mobility control, reducing fingering effects and enhancing sweep efficiency.
As the fluid experiences higher shear while being pumped, its viscosity decreases, allowing easier
injection with lower energy requirements. Once inside the reservoir, viscosity increases again
under low shear conditions, supporting better displacement of trapped fluids. In heat-transfer
systems, shear-thinning behavior improves pumping efficiency while maintaining sufficient
viscosity for stable suspension of nanoparticles or PCM droplets. This ensures uniform dispersion,
reduced sedimentation and consistent thermal performance. Thus, shear-thinning rheology

enhances operational efficiency, stability and performance in both applications.
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7.3.5.2 Dynamic rheology results

Dynamic rheology helps in understanding the viscoelastic nature of n-PCM emulsions,

which exhibit both solid-like (elastic) and liquid-like (viscous) behavior [354]. By measuring

parameters such as the storage modulus (G'), which indicates the elastic or solid-like behavior, and

the loss modulus (G"), which reflects the viscous or liquid-like behavior [61], researchers can gain

insights into the material's ability to store and dissipate energy. This information is crucial for

applications where both flow and structural stability are important, such as in thermal energy

storage systems. Strain-sweep measurements were conducted for both PCM1 and PCM2 at 30 and

90°C as shown Figure 7.10 and 7.11 respectively and the frequency was kept constant at 10 rad. s

!"as mentioned in literature studies [56,174,263].
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Figure 7.10: Oscillatory rheological analysis of PCM1 conducted at 30 and 90°C. The data

illustrate the emulsion's viscoelastic properties over a range of shear strain.

For PCM1 at 30°C, storage modulus was observed to fall from 600 Pa to 1 Pa when shear

strain was varied from 1-100% whereas the reduction in loss modulus was from 103 Pa to 7 with
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a cross over point at ~ 60 Pa with 28% shear strain (Figure 7.10 (a)). Same emulsion was
investigated at elevated temperature (90°C) where the storage modulus was observed to fall from
879 Pa to 1 Pa whereas 146 Pa to 2 Pa reduction was observed in loss modulus shear strain was
varied from 1-100% (Figure 7.10 (b)). The experimental results have been rounded off
appropriately based on the estimated uncertainty to ensure clarity and alignment with the accuracy
of the measurements. These rounded values fall within the reported uncertainty range (+0.6-8.4%)
and maintain the precision required for reproducibility. Also, a shift in cross over point was
observed from ~60 Pa (at 30°C) to ~ 29 Pa at 40 % shear strain (at 90°C). A shift in the crossover
point towards higher strain indicates a robust network with stronger interparticle and surfactant
interactions, which enhances the emulsion's ability to resist deformation and maintain stability
[355]. This may be also attributed to addition of effective surfactant and optimized particle
concentration (0.5 wt%) that result in shift the crossover point to a higher strain, reflecting

improved stability and a more cohesive internal structure [356].
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Figure 7.11: Oscillatory rheological analysis of PCM2 demonstrating shear strain dependence at

a constant frequency, highlighting changes in viscoelastic behavior with temperature.
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Similarly, for PCM2 at 30°C, the storage modulus was observed to fall from 622 Pa to 1
Pa whereas 67 Pa to 4 Pa reduction was observed in loss modulus shear strain was varied from 1-
100% (Figure 7.11 (a)) with a cross over point at 83 Pa at 8.5% shear strain. Conversely at 90°C,
storage modulus was observed to fall from 156 Pa to 1 when shear strain was varied from 1-100%
whereas the reduction in loss modulus was from 49 Pa to 3 Pa with a cross over point at ~ 15 Pa
with 21% shear strain (Figure 7.11 (b)). The shift in crossover point has been slightly increased as
compared to PCM1 as shown in Figure 7.10. This may be primarily attributed to presences of
higher silica content (1 wt%), where the potential of surfactant layers that stabilized the emulsion
might become more strained or disrupted at elevated temperatures [357]. This disruption can lead
to a more breakdown of the emulsion’s structural network at high temperatures in PCM2, causing
a larger shift in the crossover point. Also, the viscoelastic properties are more affected in the higher
silica concentration due to changes in the particle interactions, resulting in a more substantial shift

in the crossover point at higher temperature [358].

7.3.6 DSC analysis

DSC analysis is vital for evaluating the thermal properties, stability, and overall
performance of PCM emulsions, which are widely used in energy storage, thermal management,
and other applications [323,337]. DSC can accurately measure the temperatures at which PCMs
undergo phase changes (e.g., melting and solidification) [338]. This information is essential for
evaluating the effectiveness of PCM emulsions in thermal energy storage applications, as it helps
determine the operational temperature range. DSC can also provide insights into the crystallization
behavior of PCMs, including supercooling effects [359]. The plot of DSC for PCM1 and PCM2 is
shown in Figure 7.12 (a) and 7.12 (b) respectively. Heat flow is measured as a function of

temperature to study the thermal properties of materials. The heat flow can be either positive or
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negative, and these directions indicate different thermal processes occurring in the n-PCM
emulsion matrix. In this study, it was assumed that a positive heat flow in DSC indicates that the
system is absorbing heat from its surroundings, corresponding to an endothermic process. [360].
Both the prepared n-PCM emulsion absorbs heat from the surrounding when temperature was
varied from -20°C to 50°C witnessing the endothermic event. As a result, positive heat flow was
observed during the melting of the n-PCM emulsions. During this process, the material absorbs
heat to overcome intermolecular forces or break chemical bonds. The melting point and enthalpy
of melting was observed to be 21.08°C and 1205.171 J/g respectively for PCM1 (Figure 7.12 (a)).
Similarly, for PCM2 the melting point of 22.65°C and enthalpy of melting 1627.145 J/g was

observed (Figure 7.12 (b)).
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Figure 7.12: DSC thermograms of PCM1 and PCM2. The analysis highlights the thermal behavior
of the emulsions, including phase transitions. Peaks corresponding to the melting and
crystallization temperatures of n-PCM emulsions are shown, demonstrating how concentration

affects the thermal properties of the emulsion.
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Both tested n-PCM emulsions did not exhibit supercooling, confirming the stability and
reliable thermal response of the system under the experimental conditions. Conversely, a negative
heat flow indicates that the system is releasing heat to its surroundings and referred to as
exothermic process. Both the prepared n-PCM goes through the exothermic events that result in
negative heat flow and crystallization was observed. During this process, the material releases
energy as it forms new bonds or crystallizes from a disordered state. The freezing point and
enthalpy of crystallization was observed to be 15.46°C and 1284.825 J/g respectively without any
supercooling for PCM1. Similarly, no supercooling was observed for PCM2 with the freezing
point of 14°C and enthalpy of crystallization as 1613.288 J/g. The enthalpy of phase change for
the emulsion appears significantly higher than that of pure n-hexadecane. The observed increase
in enthalpy may be attributed to unique characteristic of the material used in this study. Unlike
previous works where enhancement was achieved using externally added commercial
nanoparticles, which are susceptible to agglomeration, whereas present approach utilized a single-
step based synthesized silica nanofluid. This nanofluid offered superior dispersion stability,
reducing the likelihood of agglomeration and ensuring better integration within PCM matrix.
Additionally, present study is aligned with the trends reported in literature to validate the
observations. A study by Murugan et al. [361] reported that the latent heat of pure paraffin during
melting and freezing cycles was 131.8 J/g and 139.2 J/g, respectively. The addition of 0.9 wt%
nanofluid (MWCNTs) resulted in an increase to 148.3 J/g and 150.7 J/g, respectively. This study
observed a maximum enhancement in latent heat of approximately 7.6% and 11%, respectively,

compared to pure PCM.

The DSC curves showed that the melting and crystallization temperatures of n-PCM

emulsions were affected by the presence of silica nanofluid. PCM2 generally exhibited slightly
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higher melting points compared to PCM1. This could be attributed to enhanced nucleation effects
and altered thermal dynamics [362]. The incorporation of silica nanofluid into PCM leads to
modified thermal properties, including phase transition temperatures and enthalpy values [363].
The increase in silica concentration impacted the stability of the emulsions (as evident from SEM,
microscopic and rheological results), leading to observable changes in the DSC curves. The results
suggest that silica additives can enhance the performance of PCM by influencing their thermal
behaviors, making them potentially more effective for thermal energy storage applications. In
addition to this, an increase in enthalpy of PCM1 and PCM2 compared to pure n-hexadecane (236
J/g) is beneficial for thermal storage applications because it enhances the material’s capacity to
store and release thermal energy, improves phase change efficiency, reduces supercooling, and
increases stability. These improvements make the n-PCM emulsions more effective and reliable
for various thermal management and energy storage applications. DSC analysis revealed that the
thermal properties of n-PCM emulsions are significantly affected by the addition of silica
nanofluid. Both 0.5 wt% and 1 wt% silica concentrations altered the phase transition
characteristics, with notable differences in melting and crystallization temperatures as well as
enthalpy values. These findings provide valuable insights for optimizing PCM emulsions for
various thermal management and energy storage applications. In our subsequent studies, it was
consistently observed that a lower nanoparticle concentration, around 0.5-1 wt%, proved to be the
most effective in balancing performance, cost efficiency, and stability, outperforming higher
concentrations [99,165,274]. This trend highlights that beyond a certain threshold, increasing
nanoparticle concentration does not necessarily yield proportional benefits and may even lead to

challenges such as aggregation or increased viscosity. Therefore, in this study, lower concentration
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range (0.5-1.0 wt%) was explored to maintain an optimal balance between effectiveness and

practicality.

Furthermore, thermal cycling tests were conducted to evaluate the stability and
performance of PCM1 and PCM2 under repeated heating and cooling conditions as shown in
Figure 7.13. The test was conducted over 25 and 50 cycles, with each cycle consisting of heating
the sample to the melting point and then cooling it back to the solidification point [364]. The
thermal cycling tests demonstrated that both the prepared n-PCM emulsions remained thermally
stable throughout the cycling process. Specifically, there were no observed changes in the melting
and solidification points of the emulsions after 25 and 50 cycles. This stability indicates that the
emulsions retained their phase change characteristics and performance over repeated thermal
stress. Thermal cycling tests showed that the emulsions retained their homogeneity, with no visible
phase separation after multiple heating and cooling cycles. Presence of silica nanoparticles
provided structural reinforcement to emulsion droplets, while natural surfactant maintained
interfacial stability by preventing coalescence. DSC analysis confirmed that the latent heat storage
capacity and melting-freezing temperatures remained nearly unchanged after cycling, indicating
thermal reliability of the PCM system. The enthalpy of crystallization/ melting and the phase
transition temperatures of PCM1 and PCM2 was consistent with their initial values. This suggests
that the single step silica nanofluid and the natural surfactant effectively stabilized the n-PCM
emulsion, preventing any significant degradation or alteration in phase change properties. This
demonstrates the robustness of these emulsions for practical use in thermal energy applications.
Temperature influences both surfactant performance and emulsion integrity. At elevated
temperatures beyond the optimal range, reduced interfacial strength and increased droplet mobility

may promote coalescence. Thermal cycling tests indicated stability within the studied range, but
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very high temperatures may weaken the protective surfactant layer. Salinity may significantly
affect electrostatic interactions. Increased ionic strength compresses the electrical double layer,
which can lead to droplet aggregation and nanoparticle clustering. Nanoparticle concentration is
also critical. While silica nanoparticles improve structural stability, excessive loading promotes
agglomeration and increases viscosity, affecting flow behaviour. Therefore, an optimum balance
between surfactant concentration and nanoparticle loading is necessary to maintain emulsion

stability and practical usability.
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Figure 7.13: DSC analysis of PCM1 and PCM2 subjected to 0, 25, and 50 thermal cycling tests.

Prepared emulsions seem to be thermally stable.

Under high-salinity conditions, stability may be influenced by ionic strength; however, optimized
surfactant concentration and nanoparticle loading minimized aggregation. DLS and zeta potential

measurements can indicate acceptable particle size distribution and electrostatic stability even in
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saline media. These observations demonstrate that combined action of surfactant and silica
nanoparticles ensures resistance to thermal stress and salt-induced destabilization, supporting the

suitability of these systems for long-term thermal energy storage applications.

7.3.7 Corrosion test results

Stabilization of n-PCM emulsion (PCM1 and PCM2) using natural surfactants and
nanoparticles has shown promising results in enhancing the stability. However, the corrosion
effects of these emulsions on different metals are a concern for long-term application. This study
focuses on evaluating the corrosion rates of Al, Cu and SS when exposed to PCM1 and PCM2 and

the detailed corrosion analysis is shown in Figure 7.14.
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Figure 7.14: Corrosion test results showing the visuals of metal samples (stainless steel,
aluminum, and copper) immersed in (a) PCM1 and (b) PCM2 for 45 days. (c) Increase the weight

of all metal samples over time, reflecting the corrosion effect of the emulsion.
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From the Figure 7.14, it can be clearly seen that SS plate gets corroded in PCM2 with
1.72% increase in the weight of the plate as compared to PCM1 with 0.16% increase in weight of
plate. The presence of both organic (natural surfactants) and inorganic (silica nanoparticles)
compounds in the emulsion may lead to the formation of complex compounds on the SS surface
[365]. These compounds can integrate into the corrosion product layer, resulting in additional
weight gain. A little corrosion in Cu plate was observed with increase in weight of plate ~ 0.04%
for PCM1 and fairly increase in corrosion was observed for PCM2 with 0.71% increase in weight.
When copper is exposed to an environment containing an n-PCM emulsion, it can react with
oxygen and water to form corrosion products such as copper oxides and are typically adherent and
accumulate on the copper surface, resulting in an increase in weight [366]. The emulsion
environment may also influence the rate and type of oxides formed, leading to variations in the
extent of weight gain. No corrosion was observed in Al plate when exposed to both the prepared
emulsions as shown in Figure 7.14. This may be attributed to the ability of Al to form a thin, dense
oxide layer (aluminum oxide, Al-Os) on its surface when exposed to air or moisture. This oxide
layer acts as a passive barrier that prevents the underlying metal from reacting with its environment
[367]. In the presence of an n-PCM emulsion, this protective oxide layer remains intact, effectively
blocking the emulsion components from causing any further corrosion. Thus, aluminum metals

can be used for the long term storage of the prepared emulsions as mentioned in literature [364].

7.4 Conclusion

The stability and performance of n-PCM emulsions stabilized by natural surfactants and silica
nanofluid (PCM1 and PCM2) have been comprehensively evaluated through various analytical

techniques.
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The IFT between natural surfactants and organic PCM (n-hexadecane) was 9.8 mN/m at
30°C and reduced to 6.4 mN/m at 90°C underscores its potential utility in applications that
involve varying thermal conditions.

Microscopic observations revealed a more uniform distribution of droplets and enhanced
emulsion stability was observed for PCM1 as compared to PCM2 (30°C). PCM1 offers
superior thermal stability compared to PCM2 at elevated temperature (90°C).

SEM images confirmed the presence and even distribution of silica nanoparticles within
the PCM1 matrix than PCM2, showing their role in stabilizing the emulsion. EDX analysis
provided further evidence of the silica nanoparticles' integration and their interaction with
the PCM and surfactants.

UV-vis findings indicates that PCM1 provides better optical performance in terms of
absorbance, potentially due to more uniform distribution and fewer particle-particle
interactions compared to PCM2.

PCM1 exhibited better rheological performance in both shear and oscillatory measurements.
This concentration provides a more favorable balance of viscosity and viscoelastic
properties, making it preferable for applications requiring optimal flow behavior and
structural stability.

DSC result indicate that silica nanoparticles do contribute to the stabilization of n-PCM
emulsions, excessive concentration (1 wt%) may lead to alterations in the thermal behavior,
potentially affecting the performance of the PCM in applications where precise thermal
control is critical. Thus, PCMI1 is recommended for practical applications with long term

storage in aluminum metals.
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In summary, results suggest that natural surfactant could be a viable option for formulating
stable emulsions in both ambient and elevated temperature environments. In addition, the
incorporation of natural surfactants and silica nanofluid (at 0.5 wt%) into n-PCM emulsions
enhances their stability, improves rheological properties, and contributes to better corrosion
resistance. Thus, optimizing the silica concentration is crucial for achieving desired in n-PCM
emulsions. The results support the potential application of these stabilized emulsions in various

industries, including energy storage and thermal management.
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Chapter 8

Sustainable Biomass derived Natural Surfactant in Fly Ash Industrial Waste Utilization for

Carbon Storage: Evaluation of Environmental Impact

Abstract

The rising carbon emissions challenge global environmental sustainability and climate
stability. This study aims to advance climate change mitigation by integrating fly ash and natural
surfactant into CO2 sequestration strategies. Fly ash, a by-product of industrial processes, presents
an opportunity for innovative reuse. By integrating fly ash along with natural surfactant into CO2
sequestration strategies, two pressing environmental issues can be addressed simultaneously: the
management of industrial waste and the reduction of greenhouse gas emissions. The novelty of
this work explores the application of fly ash along with natural surfactant in carbonation and CO2
sequestration, aiming to contribute to the development of sustainable and effective climate change
mitigation technologies Pressure decay studies revealed that a (5 wt% fly ash + FS) demonstrated
the highest CO2 absorption, supported by microscopic analysis. Further research on optimizing
reaction conditions and kinetics of mineralization could enhance this method’s efficiency and
scalability for broader application.

8.1 Introduction

The increasing levels of carbon dioxide (COz2) in the atmosphere has become a major
concern due to its significant impact on global climate change. The global imperative to minimize

CO2 emissions has never been more critical as we confront the escalating challenges of climate

231



change [74]. International accords, such as the Paris Agreement, aim to limit global warming to
well below 2°C above pre-industrial levels, with aspirations to cap the rise at 1.5°C [368].
Achieving these targets necessitates a substantial reduction in CO2 emissions, which is the primary
driver of anthropogenic climate change. India, as one of the world's fastest-growing economies,
faces significant challenges in minimizing CO2 emissions while sustaining its development
trajectory [369]. The country's heavy reliance on coal for energy generation contributes to
greenhouse gas (GHG) emissions, necessitating urgent and effective mitigation strategies. In 2007,
CO2 accounts for 70.72% of India’s net GHG emissions. The country's GHG emissions is mostly
caused by the energy sector (57.8%), with the production of electricity making up the greatest
portion (65.4%) of these emissions [370]. Thus, CO2 emissions in India is predicted to rise sharply.
To address this issue, it requires innovative and effective strategies to reduce CO2 emissions.
Various approaches have been explored, including enhancing energy efficiency, transitioning to
renewable energy sources, and implementing carbon capture and storage (CCS) technologies. By
focusing on these strategies, nations worldwide are working collectively to mitigate the adverse
effects of climate change and promote a sustainable future. Among these, CCS has gained
considerable attention as it allows for the direct capture of CO2 from industrial processes and its

subsequent storage or utilization.

In this endeavor, mineral trapping is a promising method for CCS that involves the
sequestration of CO2 through chemical reactions with naturally occurring minerals. This process
ensures long-term storage and minimizes the risk of leakage as well as quite simple to perform. As
a crucial component of CCS strategies, mineral trapping offers a viable solution for mitigating
climate change by permanently removing CO: from the atmosphere and reducing GHG

concentrations. Direct mineral carbonation is a promising method for CO: sequestration,
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addressing the urgent need to mitigate GHG emissions. This process involves the chemical
reaction between CO:2 and naturally occurring minerals. In single step method, CO2 reacts with
alkaline metal oxide either by gas-solid method (dry) or aqueous method (wet) [342]. Among these
two methods, aqueous method is considered as the most promising alternative for mineral
carbonation. Annually, a large amount of CO2 ~ 4.02 Giga tons is thought to be directly fixed and
indirectly avoided by the means of CO2 mineralization of alkaline wastes, as a result 12.5%
reduction in global human CO:z emissions [371]. Waste product like metallurgical slag from steel
industry accounts for 325.2 — 407.1 g/kg of CO:2 sequestration. Various carbonation studies using
metallurgical slag was reported in literature review due to its higher calcium content of ~ 23.66%
and when exposed to CO:2 for 4 weeks in closed chamber, result in 9.32% of calcium carbonate
(CaCO03)[372-374]. A wide range of waste products were explored in literature, for instance, steel
slag [75], basic oxygen furnace slag [76], blast furnace slag [77], concrete [78], fly ash [79],
Sugarcane bagasse fly ash [80]. Out of these, fly ash can be considered as most promising waste
material for sequestering CO:2 and a popular feedstock for CO2 mineral carbonation due to its

enormous yearly production [375].

Fly ash, a byproduct of coal combustion in power plants, is abundant and often considered
a waste material, posing environmental disposal challenges. However, its rich content of calcium,
silicon, aluminum, and iron oxides makes it a viable candidate for carbonation reactions. In these
processes, fly ash reacts with CO2 to form stable carbonates, effectively sequestering CO2 and
mitigating its release into the atmosphere. This dual benefit of reducing industrial waste and
capturing COz2 aligns with global efforts to combat climate change. Recent studies have focused
on optimizing the carbonation conditions, enhancing the reactivity of fly ash, and understanding

the underlying mechanisms to maximize CO2 uptake. The method of coal burning along with the
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mineralogy of the parent coal heavily influence the physical and chemical characteristics of coal
fly ash [376]. Nonetheless, the majority of coal fly ashes produced worldwide are alkaline and
include significant levels of calcium oxide (CaO) [377]. Reddy et al., (1986) was the first to
investigate the improvement of fly ash's natural mineralization process using aqueous carbonation
[81]. Sun et al., (2012) used brown coal fly ash (obtained from Latrobe Valley, Australia) for CO2
sequestration via indirect mineralization under mild conditions. It was observed that maximum
264 kg of COz2 per tonne of fly ash can be captured [82]. Ji et al., (2017) employed the application
of fly ash from Chinese Shenfu coal for sequestration of CO2 via direct mineralization. It was
concluded from the study that addition of sodium carbonate (Na2COs3) (0.5 mol/L) leads to enhance
the carbonation efficiency and performed the experiment in batch reactor at high temperature (140-
220°C) and pressure (10-20 bar), as a result formation of CaCOs precipitates was observed [375].
Similarly, many studies of mineral carbonation using fly ash are reported in literature [378-380].
Moreover, for further enhanced carbonation efficiency, researchers introduce the addition of
additives, for instance, brine solution [381]. Soong et al., (2006) conducted a carbonation study by
using fly ash and brine for CO2 sequestration under mild operating conditions. It was observed that
when fly ash and brine solution reacts with CO2, the major content of fly ash (CaO) gets converted
into calcium hydroxide (Ca(OH)2). Further, addition of sodium hydroxide (NaOH) leads to more
COz sequestration [377]. Yaumi et al., (2013) modified the surface of oil fly ash for selective
capturing of COsz. In this study, activation of fly ash was done by ~ 30% of ammonium hydroxide
(NH4OH), as a result surface area was enhanced from 59-318 m?/g and leads to capture 240 mg/g
of CO2 [382]. Qian et al., (2005) performed the modification of municipal solid waste (MSW) fly
ash by anionic chelating surfactant (ethylenediaminetriacetic acid lauryl and monolauryl

phosphate). It was observed that fly ash activated by ethylenediaminetriacetic acid lauryl offers
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higher active ratio (> 95%) than that of monolauryl phosphate [83]. Recent studies have explored
the enhancement of fly ash's properties through various modifications. One promising approach
involves the use of natural surfactants, which are environmentally benign and derived from
renewable resources [32,40,41,59]. Our previous study deals in the extraction of natural surfactant
from fenugreek seeds and its potential of CO2 absorption was observed to be 9-15% higher than
that of water [30]. In addition, the synergy of natural surfactant along with natural polymer was
explored for CO2 mobility control [167]. Moreover, the natural surfactant was used to stabilize the
0.1 wt% silica nanofluid, as a result more CO2 absorption was observed in comparison to
conventional nanofluid. Enhanced CO: absorption can be attributed to inclusion of natural
derivative that offers enhanced surface area [333]. Natural surfactants can modify the surface
characteristics of fly ash, increasing its active sites and improving its interaction with CO2
molecules [383]. Despite the potential advantages, the integration of natural surfactants with fly
ash for CCS applications remains underexplored. The novelty of integrating fly ash with natural
surfactants for CO2 entrapment lies in combining two sustainable materials to enhance the
efficiency of CO: capture while addressing limitations of existing methods. Traditional CO2
sequestration using fly ash relies primarily on direct carbonation, where CO: reacts with calcium
and magnesium oxides in the ash to form stable carbonates. While effective, these methods often
suffer from slow reaction rates and incomplete carbonation due to poor dispersion of fly ash
particles and limited surface area exposure. The introduction of natural surfactants presents a novel
solution by improving the dispersion and stabilization of fly ash particles in aqueous environments,
maximizing the surface area available for CO2 entrapment. Unlike synthetic surfactants, which can
be harmful to the environment, natural surfactants are biodegradable and non-toxic, ensuring a

more sustainable approach. These surfactants form micelles that prevent particle agglomeration,
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allowing for better interaction between CO:2 and the reactive components of the fly ash. The
approach differs from previous studies on CO:2 sequestration using fly ash is the synergistic use of
natural surfactants to simultaneously enhance CO2 solubility and promote the reaction with fly
ash. In conventional methods, the focus has been predominantly on either improving the reactivity
of fly ash through chemical treatments or capturing CO: using synthetic agents. The proposed
integration of natural surfactants can also facilitate the absorption of COz2, as surfactants improve
gas-liquid interaction and mass transfer rates. This could lead to higher CO2 capture efficiency
compared to existing sequestration techniques that rely solely on the mineral content of fly ash.
Overall, the innovation lies in the dual function of natural surfactants-enhancing the reactivity of
fly ash and promoting COz solubility; thereby providing a more efficient, eco-friendly solution for

CO: entrapment.

This research aims to address this gap by systematically investigating the synergistic
effects of natural surfactants on the CO: capture efficiency of fly ash via direct mineralization.
This study explores the synergistic potential of fly ash and natural surfactants extracted from
fenugreek surfactant (FS) [30] in CO: capture. The integration of these materials aims to create a
high-performance, sustainable solution for mitigating CO2 emissions from industrial sources.
Carbonation mechanism was analyzed by pressure drop studies followed by microscopic
observation. Finally, characterization of carbonated fly ash sample was done by using FTIR
studies. This research contributes to the advancement of green technologies against climate
change. Through this, we seek to develop a more effective and eco-friendly solution for CO2

capture, contributing to the advancement of CCS technologies.
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8.2 Materials and Methods

8.2.1 Materials

Fenugreek seeds were obtained from nearby grocery store from Jais, India. Methanol was
used as a solvent for extraction of surfactant and obtained from SD Fine Chemicals. Deionized
(DI) water was used to prepare the aqueous solutions and obtained from Millipore® Elix-10 water
purification apparatus. Extraction of natural surfactant was done by using Soxhlet apparatus and
dried in hot air oven obtained from Jain Scientific Glassworks, India. The coal fly ash was obtained
from ACC cement factory, Gauriganj, India. For absorption studies, CO2 (purity~99.95%) was

used and procured from Sigma gases, India.

8.2.2 CO: absorption studies by using coal fly ash

CO2 absorption is a process where carbon dioxide gas is captured by a liquid or solid
absorbent material. Figure 8.1 shows the experimental setup used for the absorption test. CO2
absorption studies were conducted on the aqueous solution of fly ash. Following the fly ash
solution preparation, 25 mL of the sample was measured and added to a high-pressure equilibrium
cell with a 50 mL holding capacity. After adding a magnetic bead, the compartment was sealed.
Using a small vacuum pump (SSU VE 115/125, flow rate = 50 L/min), the remaining area was
sucked. First, a sensitive pressure transducer (DiGi gauge TX-430, range 0—65 bar, accuracy value
=0.25%) is used to continually monitor the pressure inside the cell when CO2 from the cylinder is
injected under controlled pressure (by gently opening a flow valve). A magnetic stirrer (IKA-C-
MAG-HS7) was used to continually agitate the fly ash solution inside the cell at speed of 600 rpm
in order to guarantee the uniform and steady diffusion of CO: in fly ash solution. Recorded
pressure readings were also taken throughout this process. Pressure gradually decreases as COz is

absorbed in fly ash solution until no more CO: can be absorbed, at which point pressure reaches
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an equilibrium state. The COz-laden fly ash solution was decanted into a glass vial for additional
research when the equilibrium pressure was reached and the residual pressure was released by

releasing a valve.
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Figure 8.1: Detailed representation of experimental setup used for CO: capturing. The

experiments were performed at room temperature.
8.2.3 Microscopic investigation of CO: absorbed

After CO2 was absorbed, the fly ash solution was taken for microscopic studies.
Microscopic characterization was done by using an optical microscope (Motic® microscope, Hong
Kong) with built-in imaging software (Motic Images Plus 2) in an ambient environment. A digital
camera (Moticam-10) coupled to an optical microscope was used to track and record the stability
of CO2 bubbles in fly ash solution.

8.2.4  Post characterization of carbonated fly ash

After the CO2 absorption studies, FTIR analysis (PerkinElmer®, USA) of carbonated fly

ash solution was done. Fly ash, a byproduct of coal combustion in power plants, contains various
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crystalline phases. FTIR was conducted of fly ash before after the CO2 absorption to confirm and

visualize the change in peaks or functional groups present which ensure the absorption process.

8.3 Results and Discussion

Initially, for carbonation of fly ash, various samples were prepared with and without natural
surfactant and pressure drop studies were conducted. Capturing of COz2 in the prepared carbonated
samples was analyzed by microscopic studies. Lastly, characterization of carbonated fly ash

sample was done via FTIR analysis.

8.3.1 Trapping Mechanism for Carbon Storage

COz storage is a critical component of CCS technologies aimed at reducing atmospheric
COz levels and mitigating climate change. The effectiveness of CO2 storage can be enhanced
through several mechanisms: mineral trapping, solubility trapping, residual trapping, and
stratigraphic trapping as shown in Figure 8.2. Mineral trapping involves the chemical reaction of
CO:2 with minerals in the storage formation, leading to the formation of stable carbonate minerals.
This is one of the most secure forms of CO: storage because the CO: is permanently converted
into solid minerals. For example, CO: reacts with calcium, magnesium, and iron-bearing silicate
minerals to form calcite (CaCO3), magnesite (MgCQOs3), and siderite (FeCO3). This process occurs
naturally in basaltic rocks and ultramafic formations, where the mineral content is favorable for
these reactions. Solubility trapping involves the dissolution of COz in the formation water (brine)
present in the storage reservoir. Once injected, CO: dissolves into the brine, forming a weak
carbonic acid (H2CO3). Over time, the dissolved CO2 becomes less mobile and more securely
stored as part of the aqueous phase. This method relies on the solubility of CO2 in water and is

more stable at higher pressures and lower temperatures typically found at greater depths.
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Figure 8.2: Schematic representation of CO2 storage mechanism as a function of time. Each
storage mechanism highlights different pathways and processes essential for the effective long-

term containment of COa.

Residual trapping, also known as capillary trapping, occurs when CO: is immobilized in
the pore spaces of the reservoir rock by capillary forces. After the bulk of the CO2 has migrated,
small amounts remain trapped in the pore spaces as isolated bubbles or ganglia, held in place by
the surface tension of the fluids. This method enhances the security of CO: storage because the
trapped COz is unable to migrate, even if there is a failure in the structural seal. Stratigraphic
trapping involves the use of impermeable rock layers (caprocks) that act as a physical barrier to
prevent the upward migration of COa. These caprocks, typically composed of shale or claystone,
create a structural trap overlying the CO2 injection site. Additionally, CO2 can be trapped in
structural features like anticlines and fault traps. The effectiveness of stratigraphic trapping

depends on the integrity and continuity of the caprock and the geological structure of the storage
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site. In practice, CO2 storage projects often benefit from a combination of these trapping
mechanisms. For instance, initial CO: injection may primarily rely on structural and residual
trapping, with solubility and mineral trapping becoming more significant over longer timescales
as COz dissolves in brine and reacts with minerals. This, effective CO2 storage requires a
comprehensive understanding and utilization of various trapping mechanisms to ensure long-term
stability and security. Each method mineral, solubility, residual, and stratigraphic trapping;
contributes uniquely to the overall effectiveness of CO:2 sequestration efforts, enhancing the

capacity to mitigate GHG emissions and combat climate change.

8.3.2 Carbonation studies by using coal fly ash

Carbonation using fly ash involves the reaction of CO2 with the alkaline components of fly
ash to form stable carbonates. This process not only helps in capturing and storing COz but also in
utilizing a waste byproduct from coal combustion, contributing to environmental sustainability.
The schematic representation of carbonation plant starting from generation fly ash as a waste
product of industries to it reuse or disposal is show in Figure 8.3. Carbonation of fly ash possess
various advantages for instance, CO2 Sequestration, waste utilization and material improvement.
Carbonation process helps in sequestering COz, reducing the amount of GHGs in the atmosphere.
Fly ash, a byproduct of coal combustion, is often considered a waste material. Utilizing it for CO2
capture turns waste into a resource, promoting waste management and recycling. The formation
of carbonates can improve the physical properties of fly ash, making it more suitable for use in

construction materials like concrete, enhancing their strength and durability.

241



Re-used in construction
'

/ (Ca. Mg)CO,
. \.‘ v/:‘\!
\\’

Mineral Carbonation Plant

CO, pipeline
Power Plant
Generation Storage Process Re-use/ Disposal
Figure 8.3: Schematic representation of Life Cycle of fly ash from Generation to Re-use/disposal.
Various re-use applications emphasizing the sustainable management and environmental benefits

of repurposing fly ash.

Carbonated fly ash has various application including construction Materials, Soil
Amendment and Environmental Remediation. Carbonated fly ash can be used in the production of
concrete and other building materials. The carbonates formed during carbonation enhance the
binding properties of fly ash, improving the strength and durability of the materials. Treated fly
ash can be used to improve soil properties, providing essential nutrients and helping in soil
stabilization efforts. Carbonated fly ash can be used in environmental applications, such as

neutralizing acidic soils and waters.
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The carbonation of fly ash, which involves the reaction of CO2 with the materials in fly
ash, can occur through both direct and indirect mechanisms as shown in Figure 8.4. Direct
carbonation of fly ash involves a chemical reaction between the calcium compounds in the fly ash

and COz2 to form stable carbonates.
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Figure 8.4: Schematic illustration of direct and indirect carbonation mechanisms. The key steps
and chemical reactions involved in each mechanism, illustrating the pathways for CO2

sequestration.

This process is a promising method for sequestering CO2 and utilizing industrial waste.
This process primarily targets the calcium (Ca) and magnesium (Mg) oxides present in fly ash.
When fly ash, which is a byproduct of coal combustion, is exposed to CO2 under controlled
conditions of temperature and pressure, the calcium and magnesium oxides react with CO2 to form

CaCOs and MgCOs. This carbonation process not only sequesters CO2 but also stabilizes fly ash
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by reducing its alkalinity and leachability, making it more environmentally benign and suitable for
various applications, such as in construction materials. On the other hand, indirect carbonation
using fly ash involves a two-step process to capture and sequester COz. Initially, fly ash, which is
a byproduct of coal combustion, undergoes an extraction phase where calcium and magnesium
silicates are leached out using an acidic solution, typically containing acids like hydrochloric or
acetic acid. This step aims to dissolve the reactive components of the fly ash, forming soluble
calcium and magnesium ions in the solution. This method not only sequesters CO:z but also utilizes
industrial waste, thereby contributing to waste management. The resulting carbonates are stable
and can be used in various applications, including construction materials. This approach is
advantageous as it leverages abundant industrial byproducts and converts them into useful

products while mitigating GHG emissions.

8.3.3 CO: absorption studies

Fly ash, a byproduct of coal combustion in power plants, has shown promising potential
for CO: absorption. This material is primarily composed of silica, alumina, and other oxides,
giving it unique properties suitable for capturing COz. Fly ash absorbs CO: through a process
known as chemisorption, where CO2 molecules react with the alkaline components in the fly ash,
forming carbonates. The presence of CaO, magnesium oxide (MgO), and other reactive
compounds in fly ash enhances its capacity to chemically bind with COz. Fly ash is a readily
available waste product from coal-fired power plants, making it an economical option for CO2
capture. Using fly ash for CO2 absorption provides a valuable application for a material that is
otherwise considered an environmental pollutant. Additionally, combining fly ash with other
materials to form composites can improve its effectiveness in capturing CO». Fly ash offers a cost-

effective and abundant material for CO2 absorption, with applications that could help mitigate the
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impacts of industrial CO2 emissions. Thus, in this work various aqueous solution of fly ash of
varying concentration 2-15 wt% were prepared and CO:2 absorption studies were conducted
(Figure 8.5). Initially for DI water, the pressure drop of ~ 39% was observed. This was followed
by the addition of fly ash in DI water, where in 2 wt% of fly ash solution only ~27.14% of pressure
drop was observed. In addition to this, ~35.7% in 5 wt% fly ash solution, ~27.8% 10 wt% solution
and ~ 27.14% in 15 wt % solution was observed. From COz absorption studies, the pressure drop
as well as the CO:z capturing was more in DI water and 5 wt% fly ash solution as shown in Figure
8.5. The CO2 absorption in water is a reversible process therefore, 5 wt% fly ash solution was
considered for further studies. For further improvement in CO2 absorption, fenugreek based natural
surfactants was explored [30] and added at CMC value of 0.2 wt% in 5 wt % fly ash solution.
From Figure 8.5, maximum pressure drop (~37.8%) was observed for fenugreek surfactant (FS).
The natural surfactants serve to improve the wettability and dispersion of fly ash in aqueous
solutions, preventing particle aggregation. This increases the surface area of fly ash exposed to
CO», facilitating more efficient carbonation reactions. In particular, surfactants can form micelles
that assist in the adsorption of CO2, allowing for better interaction between the gas and the reactive
sites on the fly ash. COz is absorbed into the surfactant-stabilized fly ash suspension. This approach
not only captures and sequesters COz but also adds value by converting industrial waste (fly ash)
into a material with potential for use in construction and other industries. By using natural,
biodegradable surfactants, the process remains environmentally friendly, aligning with sustainable
development goals for carbon management. The pressure decay method is a widely used technique
for assessing the absorption of COz in various fluids, particularly in the context of storage, and
capture technologies. This method involves monitoring the pressure change in a closed system as

COz is absorbed by the material under study. Uncertainty in the measurements may arise primarily
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from instrumental precision in pressure and temperature sensors, volume calibration of the
autoclave cell and repeatability of experimental runs. Error propagation analysis was performed to
estimate the overall uncertainty in the calculated CO, uptake. The combined uncertainty was found
to be within an acceptable range, confirming the reliability of the reported values. Additionally,
all experiments were conducted in triplicate, and the average values with error bar are now reported

to enhance statistical confidence.
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Figure 8.5: Pressure drop variation during CO2 entrapment process for various fly ash solutions.

The observed pressure drop indicates the system's efficiency in capturing COx.

Pressure decrease during the absorption experiment signifies that gas has been absorbed by

the fluid. The fluid’s saturation of COz absorption was verified by the absence of any more pressure
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reduction, which was kept for six hours to make sure no more CO2 was absorbed. In order to

calculate number of moles (n) of COz for sample (5wt% + FS), using Ideal gas equation

PV =nRT
where,
P = 5.3 bars
V=0.05L
R =0.08314 L.bar.K 'mol’!

T=303.15K

Thus, n =0.01052 moles
The molar mass of COz is approximately 44.01 g/mol. Therefore, the mass of COz2 captured
can be calculated as:
Mass of CO, = 0.01052 X 44.01
= 0.4629 grams
So, 0.4629 gm of CO2 was absorbed in 1.25 gm of fly ash used in aqueous solution.
Mass of fly ash = 1.25 g =0.00125 kg

0.4629 g

Capacity = §50125kg

Capacity = 370.38 g — CO,/ kg — FA

Thus, the capacity of CO2 sequestration is approximately 370.38 g-COa2/kg-fly ash.

The amount of CO2 absorbed was calculated using ideal gas law, which relates pressure, volume,
temperature and number of moles in gas phase. This approach is appropriate under the
experimental conditions employed, where the gas behaves close to ideal due to moderate pressures
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and controlled temperatures. Equation of state was applied to convert the observed pressure decay
into corresponding moles of CO:2 sequestered by the solid-liquid system. Assumptions associated
with the ideal gas model, includes negligible gas-gas interactions and uniform temperature
distribution within the autoclave cell. These assumptions were considered reasonable for the
selected operating conditions. However, it is also acknowledged that deviations from ideal
behavior may occur at higher pressures. This discussion may improve the transparency of

calculation method and strengthens scientific rigor of the sequestration capacity analysis.

8.3.4 Microscopic investigations of carbonated fly ash

COz absorption in fly ash solution involves the dissolution of carbon dioxide into an acidic
solution containing extracted components from fly ash. Microscopic investigation of CO2 bubbles
in fly ash solution reveals a similar process of gas dissolution and chemical reactions. After CO2
absorption test, each sample was taken for microscopic observation to visualize the CO2 absorbed.
Figure 8.6 shows the presence of CO2 bubbles absorbed during the absorption studies. Figure 8.6-
a represents the existence of CO2 bubble in DI water. When a CO2 bubble is introduced into pure
water, the CO2 molecules at the gas-water interface begin to dissolve into the surrounding water.
This dissolution occurs because of the difference in partial pressure between the CO: in the bubble
and the water, leading to the diffusion of CO2 molecules into the liquid. The CO2 bubble’s size
will decrease over time as CO2 continues to dissolve and diffuse into the water. Similarly, Figure
8.6-b, Figure 8.6-c and Figure 8.6-d shows the CO2 bubble absorbed in the aqueous fly ash
solution. The CO:2 bubbles appear to be smaller in size as compare to the bubbles in pure water.
Small sized and evenly scattered CO2 bubbles increase the surface area available for CO:2
dissolution into solution. This facilitates faster dissolution of COz2 into the solution, enhancing the

efficiency of carbon capture processes. Smaller bubbles also reduce buoyancy effects, allowing

248



them to remain in contact with the solution longer and maximize the interaction time between CO2
and reactive agents. This improves the overall effectiveness of converting CO: into stable
carbonate minerals, thereby contributing to effective carbon sequestration strategies to mitigate

GHG emissions.

DI Water

5 wit% Flyash + FS

1000 jim

Figure 8.6: Microscopic observations showing CO2 entrapment in fly ash solutions. The enhanced
adsorption capacity of fly ash when treated with natural surfactants, highlights the microstructural

changes and increased surface area that facilitate efficient COz capture.

After introducing the natural surfactants in fly ash solution more pressure reduction was
observed (as evident from Figure 8.5). The microscopic investigation also confirms the absorption
studies as more denser packing of CO2 bubbles was observed as shown in Figure 8.6-¢ for FS in
S5wt% fly ash solution. Additionally, the use of natural surfactants can stabilize these bubbles,

preventing their coalescence and maintaining their high surface area. Moreover, all the samples
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were kept under observation for one week post CO2 absorption test and microscopic analysis were
conducted as shown in Figure 8.7. For DI water as shown in Figure 8.7-a, revealing no visible CO2
bubbles. This observation suggests that DI water has limited capacity for retaining COz in bubble
form under the tested conditions. The results underscore the differences in CO2 absorption
capabilities between DI water and other potential absorbents, such as fly ash, highlighting the need
for more efficient materials in CO2 capture and storage applications. Among aqueous fly ash
solution shown in Figure 8.7-b, 8.7-c and Figure 8.7-d, the CO: bubbles were lesser and
comparatively bigger in size that the samples just after absorption tests (Figure 8.6). Significant
reduction in the number of CO2 bubbles within the fly ash may be attributed to lower density of
COz bubbles within the fly ash matrix, suggesting effective adsorption and sequestration of CO2
by the fly ash. Microscopic observations in Figure 8.7-¢ indicates the presence of CO2 bubbles
within the solution, demonstrating the interaction between CO: and the fly ash-natural surfactant

matrix.

The analysis reveals the potential of natural surfactant in enhancing the fly ash’s capacity
to capture COz, resulting in visible CO2 bubble. These findings highlight the potential of using a
fly ash-natural surfactant blend to improve CO: absorption efficiency, providing a viable strategy
for CCS applications. Integrating fly ash and natural surfactants for CO2 entrapment presents an
economically viable solution by utilizing industrial by-products and low-cost, renewable
resources. Fly ash, a waste product from coal-fired power plants, is abundantly available at low
cost. Its aluminosilicate composition makes it a suitable material for carbonation, where COz is
chemically trapped as stable carbonates. The cost of natural surfactants extracted from fenugreek

seeds are approximate to that of synthetic surfactants but offer several advantages, including
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biodegradability, low toxicity, and environmental compatibility, making them valuable in various

applications.

Figure 8.7: Microscopic analysis showing captured CO2 post one week of absorption test in
various fly ash solutions. Post-absorption analysis reveals the presence and distribution of CO2
bubbles within the fly ash matrix, offering insights into the efficiency and capacity of fly ash as a

CO2 adsorbent.

For commercial implementation, the cost-effectiveness of this technology lies in the
minimal processing required for fly ash and the natural surfactants. Fly ash can be directly sourced
from industrial sites, reducing transportation and raw material expenses. Natural surfactants can
be produced at scale from existing agricultural industries, keeping costs low. The potential savings
from COz capture, coupled with government incentives for carbon reduction, further enhance the

economic appeal. Scaling this technology would also provide a dual benefit: utilizing waste

251



materials and reducing CO2 emissions, aligning with the circular economy principles. As industries
face increasing regulatory pressures to lower carbon footprints, this integrated solution offers a

commercially feasible and environmentally sustainable option for large-scale CO2 entrapment.

Fenugreek-derived surfactant is biodegradable, renewable and obtained through low-
energy extraction processes, unlike synthetic surfactants that rely on petrochemical feedstocks and
energy-intensive synthesis. This reduces the embodied carbon associated with material production.
In CO: entrapment experiments, natural surfactant enhanced gas-liquid interaction and
mineralization efficiency, allowing higher CO2 uptake with lower chemical input. This improves
the overall carbon mitigation performance of system. In thermal energy storage and nanofluid
applications, surfactant promotes stable dispersion at low concentrations (near CMC), which
reduces material usage and pumping energy due to favorable rheology. The combination of lower
production emissions, improved entrapment efficiency and energy savings during operation
indicates a meaningful reduction in environmental footprint compared to systems employing

synthetic surfactants.
8.3.5 Characterization of carbonated fly ash samples

FTIR is significant in analyzing carbonated fly ash because it can identify and quantify
carbonate minerals formed during carbonation processes. It provides detailed information about
chemical bonds present in the carbonates, confirming successful CO2 sequestration. Figure 8.8
shows the FTIR spectrum of untreated fly ash, 5 wt% and 10 wt% carbonated fly ash along with
the 5 wt% fly ash with natural surfactants (FS). In raw fly ash, peak 1074 cm™ corresponds to Si-
O-Si asymmetric stretching and peak at 794 cm™ is associated with the absorbance due to

symmetric of Si-O-Si bond [384]. After carbonation studies, some new peaks (in 5 wt% fly ash +
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NS sample) are found during FTIR analysis. Peak at 457 cm™ corresponds to the existence of Si-

O stretching band vibrations [385].
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Figure 8.8: FTIR spectra of fly ash solutions after CO2 absorption. Key peaks corresponding to
functional groups such as hydroxyls, carbonyls, and silicates are highlighted, demonstrating the

chemical modifications and enhanced surface activity resulting from the addition of natural

surfactants.

In addition to this, peak at 1406 cm™ corresponds to CO3 > [386] along with peak at 1462
cm™! refers to formation of calcite [387]. Peak at 1795cm™! attributed to calcite vibration mode
[388]. Further, peak observed in the range of 3200cm™ to 3600 cm™! is attributed to -OH group

[376]. Additional peak was observed at 3647 cm™ correspond to existence of hydro magnesite in
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(5wt% fly ash + FS) and confirms the presence of Mg precipitates [389]. FTIR helps assess the
effectiveness of carbonation reactions, aiding in optimizing conditions for enhanced CCS in fly
ash, crucial for mitigating GHG emissions. The integration of fly ash and natural surfactants for
COz entrapment holds promising potential for large-scale applications, particularly in industries
that are significant contributors to carbon emissions. One of the key implications of this technology
is its ability to provide a sustainable, cost-effective method for capturing CO2 while utilizing
industrial by-products, such as fly ash from coal combustion. On a larger scale, this technology
could be incorporated into existing CCS systems, serving as a supplementary or alternative
material to traditional chemical absorbents. In terms of scalability, power plants and cement
industries, both significant sources of fly ash, could implement this technology directly at the point
of emission. The use of natural surfactants, which are biodegradable and non-toxic, enhances the
environmental appeal of the process. These industries could modify their exhaust systems to
include fly ash-surfactant mixtures as a filtration medium, trapping CO2 before it is released into
the atmosphere. This would help reduce the carbon footprint of industrial processes while
simultaneously repurposing waste materials, creating a closed-loop system. Another potential
application could be in carbon-negative construction materials. Fly ash is already used in concrete
production, and COz-enriched fly ash could be further integrated into building materials, locking
in captured carbon for extended periods. This could transform construction industries by creating
carbon-storing infrastructure, leading to more sustainable urban development. In addition, the
process could be adapted for use in other sectors, such as agriculture, where COz-enriched fly ash
could be utilized to enhance soil properties, improving crop yield while sequestering carbon in the

ground. Implementing this technology on a broader scale offers a multi-functional approach to
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mitigating climate change, fostering circular economy principles while addressing industrial waste

and CO2 emissions.

The mechanistic interaction between CO: and surfactant-fly ash composite involves a
combination of dissolution, interfacial enhancement and mineralization processes. When COz is
introduced into aqueous suspension, it first dissolves to form carbonic acid, which further
dissociates into bicarbonate and carbonate ions. Fly ash contains reactive oxides such as CaO and
MgO that readily react with these ions to form stable carbonate minerals (e.g., CaCOs and
MgCO:s). This mineralization pathway ensures permanent and stable sequestration of COz. Natural
surfactant plays a crucial supporting role by reducing surface tension and improving the wettability
and dispersion of fly ash particles. Enhanced dispersion increases the available reactive surface
area and promotes better contact between dissolved CO2 and active mineral sites. Surfactant also
improves gas-liquid mass transfer, facilitating greater CO:2 dissolution into aqueous phase.
Microscopic observations confirmed improved particle distribution and interaction in presence of
surfactant. From scalability perspective, both fly ash and natural surfactant are inexpensive,
abundant, and environmentally safe materials. The process operates under moderate conditions
and offers dual benefits of industrial waste utilization and carbon capture, making it suitable for

large-scale and sustainable CO2 mitigation applications.

8.4 Conclusion

This study focuses on potential of natural surfactant in industrial waste utilization for
carbon entrapment applications. Fly ash, a byproduct of coal combustion, was combined with the
natural surfactant to enhance COz capture efficiency. The use of fly ash, a low-cost waste material
close to CO2 emission sources, presents a feasible option for carbon capture. By improving CO2

adsorption through natural surfactant modification, this approach offers both economic and
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environmental benefits. Pressure drop studies demonstrated that (5 wt% fly ash + FS) sample
achieved the highest COz absorption, as confirmed by microscopic analysis showing the maximum
number of COz bubbles. Characterization of the carbonated fly ash with FTIR and XRD revealed
new peaks, indicating successful CO2 entrapment. The natural surfactant increases active sites on
the fly ash surface, enhancing its CO2 adsorption capacity. This method not only addresses the
challenge of industrial waste management but also contributes to environmental protection by
mitigating CO2 emissions. The integration of fly ash with natural surfactants offers a sustainable
and cost-effective solution for carbon capture. Ongoing research aims to optimize the CO2
entrapment process, including reactor design and process conditions, to further enhance the
efficiency of COz capture and the quality of carbonated fly ash. This innovative approach supports

both environmental sustainability and industrial efficiency.

The integration of fly ash and natural surfactants for CO2 entrapment presents a promising
avenue for reducing atmospheric carbon levels. However, several potential research directions
could enhance the efficiency and feasibility of this approach. One area of focus is optimizing
reaction conditions, such as the temperature, pressure, and concentration of CO2, which can
significantly influence the carbonation process. Fine-tuning these parameters could lead to faster
and more efficient carbon entrapment within fly ash particles. Further research could also explore
the role of different types of natural surfactants and their interactions with various compositions
of fly ash, aiming to identify the most effective combinations for maximum CO: capture.
Investigating the long-term stability of carbonated fly ash is another important consideration.
Studies could evaluate the durability of the sequestered carbon over time, including its resistance
to environmental factors such as moisture, temperature fluctuations, or acidic conditions.

Understanding the long-term behavior of carbonated fly ash could provide insights into its
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potential use in construction materials, offering a dual benefit of carbon storage and material
recycling. These future directions are key to developing a scalable, sustainable solution for CO2

mitigation using fly ash and natural surfactants.

In addition, a detailed comparison between the results of present study and those reported
in literature has been summarized in Table 8.1. Table 8.1 shows a consolidated comparison
between the outcomes of present study and those reported in literature. The fenugreek-based
surfactant developed in this work demonstrates a significantly lower CMC, effective surface and
interfacial tension reduction and competitive cost when compared with previously reported natural
and synthetic surfactants. These results indicate strong surface activity at low concentration, which
is desirable for large-scale applications. In terms of thermal energy storage, surfactant-
incorporated PCM emulsion exhibits very high phase change enthalpy values. Although nature of
systems differs, but observed enhancement trend is consistent with earlier studies, thereby
validating the present observations. Unlike most previous works that focus on a single application,
the present study demonstrates a multifunctional material suitable for emulsification, carbon
entrapment, and thermal energy storage. This integrated performance highlights the novelty and

practical relevance of the proposed system.

Table 8.1: Summary comparison of outcomes from the present study and literature-reported

surfactants.

Parameters Literature Reports Present Study | Significance of
(Fenugreek-based present work
surfactant)

Surfactant Source | Mostly synthetic and | Derived from fenugreek | Renewable and

some plant  based | seeds ecofriendly
natural surfactants [37—
39,259]
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CMC 0.8-8wt% for plant | 0.2wt% Less quantity
based surfactants required
[35,38,39,41,227,390]

SFT 25-40 mN/m for bio- | 22 mN/m Strong surface
surfactants activity
[166,212,331,391]

IFT 48-2.5 mN/m | ~10 mN/m Effective for oil
depending on source water interaction
[26,32,34,35,39]

Emulsification Moderate to good and | Stable emulsion at low | Improved

ability also concentration | concentration (0.2wt%) | performance
dependent [52,309,392]

Salt Tolerance

Destabilization reported

Stable under saline

Suitable for practical

for high salinity for | environment (up to 3 | application
conventional wt% salinity)
surfactants
[57,158,194,268]
Cost of surfactant | Not reported for natural | Economical competitive | Ecofriendly
surfactant as of conventional | alternative
surfactant

Surfactant Yeild | Rarely reported for | 12.76 +£11% g from 100 | Scalable extraction
natural surfactant g fenugreek seeds
Environmental Mostly synthetic | Biodegradable and | Environmentally
impact surfactants are toxic | natural safer
[18,256]
PCM latent heat | 131.8 J/g (for pure | 1205.171 J/g (PCM | High energy storage
(melting) PCM); 148.3 J/g with | emulsion)
additives [361]
PCM latent heat | 139.2 J/g (for Pure | 1284.825 J/g (PCM | Enhanced TES
(freezing) PCM; 150.7 J/g with | emulsion) capacity
additives [361]
Enthalpy Conventional additives | Same trend observed Validates  present
enhancement improve TES results
trend performance  (natural

additive rarely reported)
[393,394]
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Application focus | Mostly single function | Emulsification, = TES, | Multifunctional
[224,227,395] CO:z2 entrapment system
Overall Novelty | Application  specific | Single bio-surfactant for | Integrated

materials three domain performance

In addition to conventional aqueous extraction, green techniques such as ultrasound-assisted
extraction [235] and microwave-assisted extraction [396] are considered promising. These
methods enhance mass transfer, reduce extraction time, and lower solvent consumption while
improving recovery of saponin-rich fractions. Enzyme-assisted extraction [397] is another eco-
friendly option, where cellulase or protease can break plant cell walls and release more surface-
active compounds without harsh chemicals. Supercritical COz extraction [398], although requiring
specialized equipment, offers high purity extracts without residual solvents and is suitable for
scale-up. Use of ethanol-water mixtures as green solvents is also discussed to enhance selectivity
and improve surfactant purity. These alternative approaches support sustainable processing, reduce
environmental impact, and offer potential for large-scale production of fenugreek-based natural

surfactant for industrial applications.
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Chapter 9

Conclusion and Future Directions

9.1 Conclusion

This research focused on the development of a sustainable, plant-derived natural surfactant
from fenugreek seeds and its multifunctional applications in energy and environmental systems.
The work began with successful synthesis of surfactant using a soxhlet extraction method,
followed by an in-depth physicochemical and structural characterization. Techniques such as
FTIR, UV-Vis, XPS, FESEM-EDX and rheological measurements confirmed the surfactant’s
functional groups, surface activity, thermal stability, and morphological features. This study
successfully developed a plant-derived natural surfactant from fenugreek seeds using a Soxhlet
extraction method, achieving a yield of 12.76 = 11 g per 100 g of raw material, demonstrating the
feasibility of scalable extraction. The synthesized surfactant exhibited CMC of 0.2 wt%, which is
significantly lower than most reported plant-based surfactants, indicating higher efficiency at
reduced dosage. Surface activity measurements showed a surface tension reduction to 22 mN/m
and an oil-water interfacial tension of ~10 mN/m, confirming its strong interfacial performance.
Surfactant showed potential in formation of stable oil-water emulsions at low concentration (0.2
wt%) and maintained emulsion stability under salinity up to 3 wt%, with minimal droplet
coalescence and favorable zeta potential values, indicating resistance to flocculation and phase
separation. Wettability studies revealed a significant contact angle reduction (74° to 48°),

confirming the transition from oil-wet to water-wet conditions, which improved multiphase fluid

260



mobilization in porous media. This behavior highlights its applicability in subsurface fluid
recovery and wastewater treatment systems. The synergistic interaction between the natural
surfactant and silica nanoparticles enhanced colloidal stability and rheological behavior, reducing
nanoparticle agglomeration under saline conditions. In thermal energy storage applications, the
surfactant-enabled PCM emulsion exhibited a latent heat of 1205.17 J/g during melting and
1284.83 J/g during freezing, substantially higher than values reported for pure PCM systems,
confirming improved thermal reliability and energy storage capacity. Additionally, the surfactant-
fly ash hybrid system demonstrated promising CO2 entrapment potential (370.38 g-CO2/kg-fly
ash), providing a sustainable route for industrial waste utilization and carbon sequestration.
Overall, this work establishes a single, biodegradable and cost-competitive bio-surfactant capable
of delivering multifunctional performance across energy, environmental and carbon management

applications.

In summary, this research provides a comprehensive foundation for the development and
application of natural surfactants derived from renewable sources. The fenugreek-based surfactant
demonstrated excellent interfacial activity, environmental compatibility, thermal stability, and
adaptability across a range of engineering systems. Its successful performance in emulsification,
fluid mobilization, nanofluid stabilization, energy storage, and CO: entrapment demonstrates its
versatility and industrial relevance. This work contributes significantly to the ongoing global effort
to replace synthetic, petrochemical-based surfactants with biodegradable and eco-friendly
alternatives. It also opens new avenues for integrating natural surfactants in advanced material

systems and sustainable process engineering.
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9.2 Future Research Priorities

A key direction for future research is the scale-up of natural surfactant production, with a
focus on cost-effective and energy-efficient extraction techniques. The transition from laboratory-
scale synthesis to commercial viability demands the development of scalable methods that
minimize both energy input and raw material costs. Following this, pilot-scale validation in real-
world systems such as oil reservoirs, carbon sequestration sites, and TES units will be critical.
These demonstrations will help bridge the gap between controlled lab conditions and the complex

dynamics of field environments.

9.2.1 Role of Life Cycle Assessment and Techno-Economic Analysis

To ensure real-world adoption and sustainable integration into industrial applications,
future work must incorporate comprehensive Life Cycle Assessments (LCA) and Techno-
Economic Analyses (TEA). While lab-scale production may show cost parity between natural and
synthetic surfactants, these comparisons often ignore the broader environmental and economic

implications.

e LCA provides a holistic view of the environmental footprint, accounting for each stage of
the product's life cycle—from raw material extraction and synthesis to use and eventual
disposal. It helps pinpoint resource-intensive stages and suggests optimizations to reduce
carbon emissions, water consumption, and energy demand.

e TEA, on the other hand, evaluates financial viability by analyzing capital and operational
expenditures, scalability, and potential return on investment. It identifies opportunities for
cost savings, for example through simplified processing steps, lower toxicity management

costs, and better alignment with green supply chains.
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Together, LCA and TEA offer a realistic and comprehensive projection of the surfactant’s
feasibility, guiding not only researchers but also industry stakeholders and policymakers in making

informed decisions.

9.2.2 Broader Sustainability and Policy Impact

For instance, although renewable feedstock-based surfactants might appear economically
comparable to synthetic ones at the lab scale, LCA may reveal they generate significantly lower
greenhouse gas emissions, are biodegradable, and pose minimal ecological risks. TEA may further
reveal advantages such as reduced need for hazardous waste handling and better compatibility with
circular supply chains. Thus, embedding LCA and TEA frameworks into future research is vital
not just for validation, but for shaping policy directives and commercial strategies that align with

global sustainability goals.

9.2.3 Scientific and Technological Extensions

Several avenues exist to further enhance the performance and application scope of natural

surfactants:

e Hybrid formulations incorporating natural surfactant—polymer (NSP) systems should be
investigated for improved emulsification, thermal stability, and interfacial activity—
particularly in TES and enhanced oil recovery contexts.

e Reactive transport modeling that integrates biosurfactant parameters can enable better
predictions of wettability alteration, CO- entrapment behavior, and long-term performance

under reservoir-like conditions.
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e Expanding the feedstock base to include underutilized resources such as agricultural
residues, algal biomass, and industrial waste could significantly improve both

sustainability metrics and economic feasibility.

9.2.4 Integration into Energy and Environmental Systems

In the domain of thermal energy storage, there is a compelling opportunity to integrate
natural surfactants into components such as solar thermal collectors, building-integrated storage
modules, and industrial waste heat recovery units. Key performance indicators for such
applications would include long-term thermal cycling behavior, phase change material (PCM)

stability, and resilience to variable climatic conditions.

9.2.5 Environmental and Safety Considerations

Environmental safety remains a cornerstone of sustainable surfactant deployment. Future

studies should therefore explore:

e Degradation kinetics, to understand breakdown pathways under different environmental

conditions.
e By-product analysis, to identify any potentially hazardous transformation products.

e Ecotoxicological profiling, to evaluate impacts on aquatic and terrestrial ecosystems.

These assessments will ensure that the use and disposal of these materials are safe,

responsible, and compliant with environmental standards.

9.2.6 Advancing Fundamental Understanding

In-depth investigations into multiphase flow dynamics and interfacial behavior at the pore

and core scales are essential. Techniques such as micro-computed tomography (micro-CT) and
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micromodel visualization can offer unprecedented insight into how these surfactants behave in
heterogeneous porous media, which is crucial for optimizing performance in subsurface

applications.

9.2.7 Pathways to Commercialization and Policy Integration

Lastly, for the widespread adoption of green surfactants, there is a pressing need to

establish:

Standardized testing protocols to ensure reliability and comparability.

e Regulatory frameworks that support market entry and safe use.
e Commercialization pathways, developed in close collaboration with industry partners and

supported by public-private innovation platforms.

These measures will facilitate a smoother transition from innovation to market, ensuring

that bio-derived surfactants become an integral part of sustainable industrial practices.

To conclude, this thesis not only underscores the potential of natural surfactants in enabling
cleaner, safer, and more sustainable processes but also provides a clear roadmap for their future
development and integration. By combining rigorous scientific inquiry with robust environmental
and economic assessments, the next generation of bio-based surfactants can meaningfully

contribute to global goals for green chemistry, climate action, and the circular economy.
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