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Abstract

A significant amount of oil (i.e., 60—70%) remains trapped in the reservoirs after the
conventional primary and secondary methods of oil recovery. Enhanced oil recovery (EOR) is,
therefore, necessary to recover the major fraction of unrecovered trapped oil from the reservoir
to meet the present-day energy demands. The chemical method of EOR involves the injection
of alkali, surfactant, polymer, and a combination of alkali—surfactants—polymer solution in the
reservoir with the objective of achieving a reduction in interfacial tension and matching the
mobility between oil and water for more recovery of oil. The success of this method depends
on the effective synergy between the chemical additives. Every oil field has different
conditions, which imposes new challenges towards an alternative but more effective EOR
techniques.

Polymers are commonly used as mobility control agents for a better recovery of oil.
Mostly, synthetic polymers (e.g., polyacrylamide and partially hydrolyzed polyacrylamide) and
polysaccharides (e.g., xanthan gum, guar gum, diutan gum, gellan gum, welan gum, and
schizophyllan) have been studied for polymer flooding processes. Most of the synthetic
polymers are mechanically and thermally stable. However, these polymers are non-degradable
and sensitive to salinity. Polysaccharides, on the other hand, are biocompatible, biodegradable,
and stable at the high temperatures.

Surfactant plays a major role in EOR. It helps to achieve ultralow interfacial tension,
which significantly increases the mobility of the trapped oil and also helps to improve
wettability between oil and rock. Anionic surfactants such as the alkyl aryl sulfonates, sodium
dodecyl sulfate, sodium octyl sulfate, alpha-olefin sulfonate, and N-ethoxy sulfonate are
extensively being used in EOR due to their less adsorption on sandstones and clays. However,
most of these surfactants are toxic, non-biodegradable, and can adsorb on the surface of the
porous rocks.

il
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This work is focused on the development of an alternative cost-effective and sustainable
natural surfactant derived from the weed Eichhornia crassipes, and study its beneficial effects
on EOR. The surfactant has been characterized by the FTIR, GC-MS, '"H NMR, FESEM, and
FETEM analyses. The surface and interfacial tension have been measured. The influence of
the synthesized surfactant on the rheological properties of xanthan gum (a polysaccharide) has
been studied and compared with that of a commercially used surfactant (i.e., sodium dodecyl
sulfate). The experimental data acquired from the rheological analysis of the surfactant—
polymer solutions under varying shear rate were fitted by several non-Newtonian fluid models.
An effective reduction in the interfacial properties, improvement in the rheological properties,
and stability against heat and salinity suggest its potential application in EOR.

Loss of surfactant by adsorption on porous media is one of the most critical concerns
of the surfactant flooding method of EOR. Hence, the present study is also dedicated to analyze
the adsorption of the synthesized surfactant on sandstone and sand surfaces under reservoir-
like conditions. The mechanism, equilibrium, and kinetics of adsorption of the synthesized
natural surfactant on sandstone and sand surfaces have been investigated through batch
experiments at different concentrations (i.e., 1000-5000 mg dm>), temperatures (i.e., 298-333
K), and a fixed salinity. The mineralogy and morphology of the adsorbent samples were
examined by the XRD and FESEM analyses. The mechanism of surfactant adsorption and
maximum adsorption were determined by various isotherms and kinetic models. The standard
Gibbs free energy changes (i.e., AG®) for adsorption on sandstone and sand were found to be
—21.48 and —20.80 kJ mol !, respectively.

The interfacial phenomena are associated with the adsorption of the surfactant at the
oil-rock and oil-water interfaces. Therefore, it is essential to understand the mechanism of
adsorption of surfactant at the oil-water interface for better implementation of surfactant
flooding. The adsorption of the synthesized surfactant on the oil-water interface was

v
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investigated using small-angle X-ray scattering, interfacial rheology, zeta potential, and phase
behavior analyses. A noteworthy improvement in the stability of the oil-in-water emulsion was
observed in the presence of the surfactant. An effective 27% increase in the zeta potential and
~26.9 times increase in the film elasticity signify the substantial adsorption of the surfactant at
the oil-water interface.

Moreover, the feasibility of the use of the synthesized surfactant for EOR was studied
based on the wettability alteration and IFT measurements under reservoir-like conditions (i.e.,
high temperature and pressure). Further, core flooding experiments were carried out by
injecting the surfactant—polymer slugs of different concentration into the sandstone core sample
under reservoir-like conditions. An effective reduction of ~37-41% in the IFT and ~43% in
wettability was observed with increasing surfactant concentration. Based on the core flooding
experiments, 13.3-22.4% additional oil recovery was achieved. Based on the aforesaid studies,

the performance of the synthesized surfactant is promising for EOR applications.
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Introduction

This chapter presents the general overview of the oil recovery techniques, emphasizing the
mechanism of the chemical method of oil recovery. The research problem has been identified

and the aims of this thesis have been given along with its scope and organization of thesis.

1.1 General overview

Many major oil-producing reservoirs around the world have already reached or are close to
maturity. In the past decades, the rate of discovery rate of new oil reserves has also been on the
decline. On the other hand, the world is expected to remain heavily dependent on fossil fuels
for the next several decades to meet its growing energy demand, since the renewable energy
sector would be incapable of generating energy to the necessary levels. The currently-practiced
conventional primary and secondary oil recovery methods are capable of delivering only
around 20—40% of the in situ oil to the surface [1]. The rest of the oil remains trapped in the
reservoir. Enhanced oil recovery (EOR) is a tertiary oil recovery technique, which can mobilize
the trapped crude oil in the porous rocks [2,3]. EOR can be classified into three major groups,
i.e., thermal, gas injection, and chemical methods.

At the end of water-flooding (i.e., a secondary oil recovery method), oil is trapped in
between the rocks due to the electrostatic charge around them, high capillary forces, and high
interfacial tension (IFT) between water and oil [4]. Oil production can be increased by
increasing the overall displacement efficiency, which is a function of time, liquid viscosity,
permeability, IFT, wettability, and capillary pressure. It is directly related to the mobility ratio
of oil in the trapped zone of a reservoir. The principle of the chemical method of EOR involves
injecting external chemical additives (mainly alkalis, surfactants, and polymers). This
decreases the IFT between oil and water, and increases the viscosity of the displacing fluid (i.e.,

water), which results in the reduction of the water/oil mobility ratio [5—7]. The study of the
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chemical method of EOR is an emerging area of research involving a consistent development
of chemical additives for efficient oil recovery. Over the last decade, researchers have
published more than 3000 articles in journals, books, and conference proceedings. Figure 1.1

demonstrates the year-wise publication on the chemical method of EOR.

600

No. of Publications

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Year

Figure 1.1. Year-wise publications on the chemical method of EOR. Source: Scopus,

keyword: chemical EOR.

The success of this method depends on the effective synergy between the chemical
additives. Alkali reacts with the naturally-available acids in crude oil, resulting in the formation
of soap in situ, which lowers the IFT between oil and water to the desirable extent [6].
Surfactant and polymer are injected into the reservoir, which substantially reduce the IFT and
match the mobility between the oil and water for a better oil recovery [6—8]. The mechanism
of the alkali—surfactants—polymer (ASP) method is shown in Figure 1.2. The surfactant helps
to achieve an ultralow IFT, which increases the mobility of the residual oil and also prevents
the mobilized oil from being trapped by the capillary forces. The application of commercially-
used surfactants offers stability at high temperature, the capability to customize as per the
reservoir conditions, and has favorable interactions with the polymers [9]. However, most of

these surfactants are costly, dangerous to the environment, and can adsorb on the surface of the

2
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porous rocks. Thus, many researchers have been looking for the natural surfactants and
exploring their potency in EOR [10-15]. The importance of natural surfactant is increasing as
they are less toxic, biodegradable, have higher foaming capability, and stable at high

temperatures, pH, and salinity.
Production well

Injection well

o

1 - injection
|| Alkali changes electric urfactant breaks up mer displaces oil
rflood charge of rock il drops Residual oil

Dil formation after

Alfter ASP

Figure 1.2. Mechanism of the ASP method of EOR.

Water-soluble polymers, on the other hand, increase the viscosity of the aqueous phase
as well as improve the mobility ratio [6], i.e., the ratio of the mobility of the displacing fluid
(i.e., water) to the mobility of the displaced fluid (i.e., crude oil). For the favorable mobility of
trapped oil, this ratio should be less than or equal to unity. The injected polymer helps to
achieve a favorable mobility ratio, which eventually does not bypass the displaced fluid in the
reservoir [16]. The polymer also helps to reduce the relative permeability of water in the
reservoir and hence to displace the trapped oil from the same. However, these polymers have
serious mechanical degradation issues. Therefore, it is necessary to have a very good

understanding of the rheological behavior of the polymer at the reservoir conditions for

TH-2841 166107111



Chapter 1

material selection and the effective design of the flooding experiments. It also provides insight
on the stability of the polymer and its retention in the porous medium.

This work aims to synthesize a cost-effective and sustainable novel natural surfactant
from Eichhornia crassipes and study its beneficial effects on EOR. It is one of the very fast-
growing ubiquitous aqueous plants across the globe, which creates numerous critical problems
such as damage to the eco-system, troubles in irrigation, increase in the mosquito population,
inconvenience in water transport, and health hazards. Eichhornia crassipes is a rich source of
various organic compounds, which contain nearly 20% cellulose, 48% hemicellulose, and 3.5%
lignin. Considering such high cellulose and hemicellulose contents, the Eichhornia crassipes
could be used as a primary raw material for the production of numerous value-added products
[17]. Based on the several screening criteria for the selection of chemical additives [8], we have
analyzed the performance of the synthesized surfactant by several interfacial, thermal,

adsorption, and rheological analyses.

1.2 Evaluation of chemical additives for EOR

1.2.1 Interfacial tension

The performance of a surfactant used in EOR is directly dependent on its ability to reduce IFT
between crude oil and water. This interfacial phenomenon is associated with the adsorption of
the surfactant at the oil-water interface. Therefore, it is essential to understand the mechanism
of adsorption of surfactant at the oil-water interface for better implementation of surfactant
flooding. Surfactant adsorption at the oil-water interface is primarily governed by the
concentration of surfactant in the aqueous phase [18]. The IFT reduces with increasing
surfactant concentration and reaches a minimum at the critical micelle concentration (CMC).
Generally, below the CMC, the IFT reduces rapidly with the surfactant concentration due to
the presence of vacant sites at the interface (see Figure 1.3). At the CMC, a monolayer of the

surfactant molecules is formed on the interface, and hence the IFT becomes constant. When
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the concentration of surfactant is increased further (i.e., above CMC) (see Figure 1.3), the
change in IFT is rather small [19]. The decrease in the IFT facilitates the movement of

entrapped oil through the reservoir [20].

Oil

Bistfice Surfactant molecules]

3 RN AL ANN LV

—~0
Ul a —~
Water }J‘ Mic'é'l-:

Below CMC Above CMC

Figure 1.3. Mechanism of the adsorption of the surfactant molecules at the oil-water

interface.

1.2.2 Wettability alteration
The wetting nature of a reservoir is often intermediate to oil-wet, and it depends on the crude
oil composition, rock mineralogy, and reservoir conditions. The adherence of polar
components of crude oil that had migrated into the reservoir can be related to the mechanism
of wettability alteration of originally water-wet to oil-wet reservoir. Following crude oil
migration into the reservoir pores, a layer of brine forms between the crude oil and the rock
surface, preventing the crude oil from coming into contact with the rock. The existence of van
der Waals forces, charge transfer, and hydrogen bonding between the rock surface and crude
oil causes the brine layer to rupture. As a result, crude oil components adsorb on the rock
surface, causing the reservoir rock to become "oil-wet" [21]. The amount of oil adsorbed on
the rock surface varies depending on the reservoir type (i.e., sandstone and carbonate). The
basic and acidic compounds of crude oil have a strong tendency to adsorb onto the sandstone
(negatively-charged rock) and carbonate (positively-charged rock) surfaces, respectively [22].
As the surfactant is introduced into the reservoir, it has either hydrophobic or

hydrophilic interactions with the crude oil's adsorbed components. In this manner, the crude oil
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components associate with the surfactant and facilitate the movement of the crude oil through
the reservoir. Furthermore, as flooding progresses, surfactant molecules cover the rock surface,
which inhibit the interaction between the rock surface and crude oil. This leads to the change
in the wettability of rock from oil-wet to water-wet [21]. The mechanism of wettability
alteration is shown in Figure 1.4. However, it is important to note that the excess adsorption of
the surfactant on the rock surface can lead to the loss of surfactant, which is a prime

shortcoming of surfactant flooding.

Oil-wet Water-wet

Rock - Surfactant
surface Crude oil - molecule
component

ot

Figure 1.4. Mechanism of the wettability alteration.

1.2.3 Emulsion stability

The stability of emulsion plays a vital role in EOR. It can be correlated with the coalescence
and aggregation rates of the droplets. Emulsion stability has primarily been studied at three
scales, viz. macroscopic, mesoscopic, and microscopic [23] (see Figure 1.5). A knowledge of
the macroscopic scale is required to understand the efficacy of chemical additives and their
interaction with the crude oil [24]. Mainly, it includes the phase behavior studies, which
determine the phase volume of the water/oil mixture in the presence of chemical additives.
Coalescence, flocculation, and sedimentation of a dispersed phase can be reflected better by
the mesoscopic scale. Further, the microscopic scale is utilized to investigate the development

of a film at the oil-water interface [25].
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The strength of the interfacial film is the most critical factor influencing the emulsion
stability. In case the strength of the interfacial film is less, droplets would be prone to rapid
coalescence, and hence the emulsion stability would decrease. On the contrary, emulsion
stability increases as the strength of the interfacial film increases [26]. This is directly
proportional to the selection of the emulsifiers (mainly surfactant, nanoparticles, and
polymers), their concentration and interaction, emulsion droplet size, and crude oil composition
[27-30]. At low emulsifier concentration, the strength of the interfacial film is weak due to the
less adsorption of the emulsifier at the oil-water interface, which eventually forms an unstable
emulsion. However, as the emulsifier concentration increases, the extent of adsorption of the
emulsifier at the oil-water interface increases, and therefore a stable emulsion is formed.

Low concentration

O @ O Surfactant
O mDiEC{Ie Interfadial

film
High concentration
& C";;“ £Q0
Oo
O
@ 56 O

Macro-scale Meso-scale Micro-scale

Figure 1.5. Schematic on the multiscale study approach for emulsion stability.
1.2.4 Surfactant adsorption
The loss of surfactant by adsorption on the pore surfaces of the porous media is a significant
shortcoming of surfactant flooding. Due to this loss, the surfactant requirement increases,
resulting in a higher operating cost and reduction in the surfactant’s effectiveness. Thus, it is

essential to analyze the mechanism of adsorption of a surfactant on a porous rock under
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reservoir-like conditions [3,9]. Numerous mechanisms such as adsorption by the polarization
of dispersion forces and z-electrons, hydrophobic bonding, and ion exchange are related to the
adsorption of surfactant molecules on the surface of porous rocks [31,32]. The adsorption
depends on the mineralogy, type of surfactant, and its concentration, temperature, and salinity
[33]. Mostly anionic surfactants are used for the EOR applications in sandstone reservoirs due
to their less adsorption on the quartz and clays, which are the common constituents of the
sandstone formations [9]. Cationic surfactants, on the other hand, due to their high adsorption
on the negatively-charged surfaces of clays and sand, are not useful for oil recovery in
sandstones [34]. However, cationic surfactants can improve the impulsive imbibition rate of
water into the preferentially oil-wet carbonate rocks. Nonionic surfactants have no charge on
their head groups in aqueous solution and they are mostly utilized as a cosurfactant to reduce
the adsorption of the anionic/cationic surfactant [3].

Given the in situ reservoir conditions, evaluation of the influence of salinity and
temperature on the adsorption is very important for the EOR applications. Salts containing
divalent ions (e.g., CaCl, and MgClb) have an enormous impact on adsorption in comparison
with the salts containing monovalent ions (e.g., NaCl and KCI) [11,21]. Some salts can
precipitate the surfactant, which is highly undesirable. Therefore, it is challenging to design
effective surfactant flooding, which can withstand the saline environment in the reservoir [35].
A high salt concentration increases the adsorption of the surfactant by reducing the electrostatic
repulsive force between the head-groups. Temperature, on the other hand, affects the
adsorption capacity of the surfactant, based on the nature of the process (i.e., exothermic or
endothermic). In most cases, adsorption is an exothermic process [33]. As a result, the increase
in temperature decreases the adsorption of surfactant due to the increase in the kinetic energy

of the species [36].
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1.2.5 Rheological properties
Knowledge of the rheology of a polymer in association with other additives used in EOR at
reservoir conditions is essential for the selection of chemicals as well as for the efficient design
of chemical flooding. It affects the mobility ratio of oil in the reservoir [37], and therefore it is
significant to have knowledge of flow behavior at different reservoir conditions. The flow
behavior (primarily the viscosity) of polymer solution can be determined by rheometer at
steady shear. Further, it also gives insight into the stability of polymer, as well as the retention
of polymer in the porous medium. The influences of the rheological behavior of various
chemical additives at different reservoir conditions (salinity, temperature, concentration, etc.)
on the oil mobility ratio, stability, and interactive forces at the solid—liquid interface are also
critically important to be considered for successful EOR application.

Furthermore, the viscoelastic nature (i.e., material with both viscous and eclastic

behavior) of polymer solutions can be well-demonstrated by oscillatory shear tests. Generally,

the storage modulus (G') and loss modulus (G") demonstrate the viscoelastic solid-like and

liquid-like behavior, respectively. The G" and G” are used to measure the amount of energy
accumulated and released in polymeric solutions under oscillatory stress [38,39]. Materials
attributed to the combination of G'and G"can be placed into the Maxwellian behavior
category. A typical spring-dashpot representation of the Maxwell model is shown in Figure
1.6. Amplitude sweep (also termed as “strain sweep”) is applied to determine the linear
viscoelastic (LVE) region of the polymer solution. The LVE region indicates the range in which
the test can be carried out without destroying the structure of the sample. Once the LVE region
is determined, a frequency sweep can be employed to determine the viscoelasticity of the

polymer solution.
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Figure 1.6. Typical spring-dashpot representation of the Maxwell model.

The elasticity of polymer solution plays an essential role in enhancing the oil recovery.
The superiority of normal stress over the shear stress between the oil and polymer promotes to
pull the trapped oil as well as to push the fluid ahead [3]. This phenomenon is called the
“pushing and pulling” mechanism (see Figure 1.7). Generally, the entanglement of injected
long-chain polymers may get fragmented, which agglomerates with the oil [40]. It takes-off the
stuck oil from the reservoir. Additionally, the higher elasticity of the polymer improves the

displacement efficiency of the trapped oil.

Post water flooding Post polymer flooding

Figure 1.7. Visualization of the “pushing and pulling” mechanism [41]. Reproduced by

permission from Society of Petroleum Engineers Inc., © 2000.

Generally, the surfactant adsorbs spontaneously from the bulk phase at the oil-water
interface, where the resultant free energy is lesser than that in the solution. The adsorbed
surfactant not only changes the IFT but also develops an interfacial film with viscoelastic
properties [42]. An interfacial rheology is a potential tool that can be used to study the structural

properties of the interfacial film and its stability [43,44]. It illustrates the functional association
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between the stress applied at the interface and its deformation. An interface (i.e., air—water or
oil-water) can be deformed in two ways, viz. dilational and shear, in order to analyze its
rheological behavior [45]. The dilational type includes constant expansion and contraction of
the droplet [46]. Interfacial shear, on the other hand, involves shearing the interface to deform
its shape [47]. The interfacial shear rheology is based on the same rheological principles as that
of the bulk rheology [42]. However, there are a few limiting factors while shearing the interface
at higher shear rates. In such circumstances, the influence of bulk flow has a substantial impact
on interfacial deformation. The Boussinesq number (Bo) provides valuable information on the
rate of deformation of the interfacial film. It is the ratio of the surface to bulk viscous effects

(see equation 1.1).

Surface shear viscosity (L.1)

~ Bulk viscosity x radius of the measuring cell

If Bo > 1, the bulk flow has no effect on the interfacial deformation. Otherwise (< 1), the bulk
flow has a significant influence on the interfacial deformation [47].
Generally, the interface is sheared using a rotating solid geometry, such as a bicone, a

du Noiiy ring, or a needle, to measure study the shear rheology [48—50]. The interfacial stress

response (o, ) can be determined by

(1.2)

S

o, =G, +1,

In case of an oscillational shear, the stress response can be determined by a complex interfacial

shear modulus (G: ) (see equation 1.3).

G, (0)=G!(0)+iG] (o) (1.3)
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1.3 Objectives

The objective of this study was to synthesize an economical yet effective surfactant from the

abundantly-available weed, Eichhornia crassipes, with the intention of using it in the EOR.

The specific aims and objectives are as follows:

Extract a natural surfactant from the locally collected Eichhornia crassipes plant, and
determine its structure, and interfacial and rheological properties.

Study the natural surfactant—polymer (i.e., xanthan gum) system for its mechanical and
thermal stability, and tolerance to the salinity and hardness of water.

Examine the rheological properties of the natural surfactant—polymer system and
compare it with the conventional polymer and surfactant—polymer systems.

Study the adsorption of the synthesized surfactant at the oil—water interface.

Study the adsorption of the synthesized surfactant on sand and rock, and determine its
adsorption kinetics, mechanism, and equilibrium adsorption characteristics.
Investigate the wettability-alteration potential of the synthesized natural surfactant with
the help of contact angle measurements under reservoir-like conditions.

Evaluate the performance of core flooding experiments with the synthesized

surfactant—polymer assembly.

1.4 Scope of the study

The chemical method of EOR has immense scope in the oil field. Every oil field has different

conditions, due to which new challenges arise. Recently, researchers are paying attention to the

potential of the natural surfactants for the application in EOR due to their eco-friendly nature

and competitive performance with a traditional synthetic surfactant. The main target of this

research work is to synthesize a natural surfactant for EOR from the noxious FEichhornia

crassipes weed. In view of the screening criteria proposed by Taber et al. [8, 51], numerous

12
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analyses such as the measurement of IFT, wettability, adsorption, rheological characteristics,
phase behavior, and core flooding are carried out to study the performance of the developed
natural surfactant.

1.5 Thesis overview

For addressing the above-mentioned objectives, this PhD thesis has been organized in the

following eight chapters:

Chapter 1 (Introduction): This chapter presents the general overview of the oil recovery
techniques, emphasizing the mechanism of the chemical method of oil recovery. The research
problem has been identified and the aims of this thesis have been given along with its scope

and organization of thesis.

Chapter 2 (Literature review): In this chapter, the state of art of performance of the water-
soluble chemical additives such as alkalis, surfactants, and polymers used for chemical EOR
are presented and critically analyzed. This chapter also discusses the concepts and techniques
related to the chemical methods of EOR and highlights the rheological properties of the

chemicals involved in the efficient EOR methods.

Chapter 3 (Materials and methods): In this chapter, the materials used in the experimental
studies and their sources are listed. Detailed information on the procedure of synthesis of the
natural surfactant, sample preparation methods, equipment used, and the experimental

procedures are provided.

Chapter 4 (Characterization of natural surfactant from Eichhornia crassipes for its
possible application in EOR): This chapter focuses on the characterization of the synthesized
natural surfactant from Eichhornia crassipes and study its beneficial effects on EOR. The
synthesized surfactant was characterized by several spectroscopical, morphological, and

interfacial analyses. Furthermore, the influence of the synthesized surfactant on the rheological

13
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properties of the conventionally-used polysaccharide (i.e., xanthan gum) was studied and
compared with that of a commercially-used surfactant (i.e., sodium dodecyl sulfate).

Chapter 5 (Impact of mineralogy, salinity, and temperature on the adsorption
characteristics of the synthesized natural surfactant): This chapter mainly focuses on
evaluating the adsorption of the synthesized natural surfactant on the porous media. This study
features the kinetics, mechanism, and equilibrium of adsorption of the surfactant on sand and
sandstone rock. This study also highlights the influence of brine and temperature on the
adsorption of the surfactant.

Chapter 6 (The Role of Adsorption of a Natural Surfactant at Oil-Water Interface in
Enhanced Oil Recovery: Interfacial Structural Analysis and Rheology): This chapter
highlights the impact of the synthesized natural surfactant on the properties of the oil-water
interface, and further correlates with its possible application in the EOR. It involves studies on
interfacial shear rheology of the oil-water interface, which helps to characterize the flow
behavior and the viscoelastic properties of the interfacial film. Furthermore, the adsorption of
the surfactant molecules at the oil-water interface is studied using small-angle X-ray scattering,
zeta potential, and morphological analyses.

Chapter 7 (Performance assessment of the natural surfactant—polymer additive under
reservoir-like conditions): This chapter highlights the evaluation of the synthesized natural
surfactant for its potential application in the EOR under reservoir-like conditions (i.e., under
high temperature and pressure). It includes the analysis of wettability alteration and IFT
reduction capabilities of the synthesized surfactant. The ability of the surfactant to stabilize the
oil-water emulsion was studied by the phase behavior analysis. Based on the aforesaid studies,
an optimized amount of the chemical additives was selected and used in the core flooding
experiments. An effective reduction of IFT and wettability, and enhancement in the oil

recovery suggest that the synthesized surfactant is promising for EOR applications.
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Chapter 8 (Summary and future perspectives): This chapter provides a summary of the
work and provides new ideas for future research.

Figure 1.8 illustrates the thesis organization flow chart.
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Figure 1.8. An overview of the thesis.
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Nomenclature
G’ storage modulus, Pa
G" loss modulus, Pa
G, interfacial shear modulus, Pa m
G, interfacial storage modulus, Pa m
G! interfacial loss modulus, Pa m
G, interfacial complex shear modulus, Pa m
t time, S
Greek letters
&, interfacial shear strain
n, interfacial viscosity, mPa s m
o, interfacial shear stress, Pa m
Abbreviations
ASP alkali—surfactant—polymer
Bo Boussinesq number
CMC critical micelle concentration
EOR enhanced oil recovery
IFT interfacial tension
LVE linear viscoelastic region
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Chapter 2

Literature review

In this chapter, the state of art of performance of the water-soluble chemical additives such as
alkalis, surfactants, and polymers used for chemical EOR are presented and critically
analyzed. This chapter also discusses the concepts and techniques related to the chemical
methods of EOR and highlights the rheological properties of the chemicals involved in the

efficient EOR methods.

2.1 Background
In order to increase the oil production, the overall displacement efficiency, which is a function
of time, liquid viscosity, permeability, interfacial tension (IFT), wettability, and capillary

pressure should be increased [1]. The displacement efficiency (£, ) depends on the

microscopic and macroscopic displacement efficiencies. It is the ratio of the amount of oil
recovered to the oil initially present in the swept volume, which is mathematically expressed
as [2]

2.1)

The capillary force plays a vital role in EOR. It acts at the oil-water and oil-rock interfaces to
decrease their surface energy, which eventually helps in increasing the displacement of trapped
oil. Even after the primary and secondary oil recoveries, some amount of oil remains trapped
in the reservoir. Oil is usually trapped by the capillary force, which is directly related to

permeability, IFT, and the mobility ratio [1]. The mobility ratio is defined as

eqe . . . . 2.2
Mobility ratio = { Mobility of the displacing fluid (i.e., water)} (2.2)

Mobility of the displaced fluid (i.e., oil)
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The mobility ratio should be less than or equal to unity for a good recovery. In such cases, it is
called a favorable number. Otherwise (i.e., >1), it is called an unfavorable number, as water
becomes more mobile than oil.

2.2 Polymer flooding

2.2.1 Currently-used polymers in EOR

For the better recovery of oil, it is important to control its mobility. The purpose of mobility
control is to change the mobility ratio to a favorable number so that the injected fluid does not
bypass the displaced fluid (i.e., crude oil) in the reservoir [3]. Since it is not possible to change
the properties of the crude oil or the permeability of the reservoir, most of the mobility-control
methods change the properties of the injected fluid. The commonly-used mobility control agent
is the polymer. Mobility is inversely proportional to the viscosity, and therefore the polymer
should act as an effective viscosifier for the aqueous phase [4]. Fundamentally, the addition of
polymer to the reservoir increases the viscosity of water and hence reduces its relative
permeability in the reservoir [5]. It improves the sweep efficiency significantly, which helps to
displace the oil from the reservoir, and hence the efficiency of oil recovery increases. Polymer
flooding has been efficiently used for more than 40 years to recover the remaining oil from the
reservoir. Due to the decreased water production and enhanced oil production, the total cost of
the polymer flooding technique is less than that of water flooding.

Commonly, synthetic and polysaccharides are the most-used polymers in the flooding
process [6]. Polyacrylamide (PAM), a water-soluble polymer, was the first thickening agent
used in polymer flooding [7]. Many researchers have reported various attempts to alter PAM’s
chemical structure or synthesize new acrylamide-based copolymers with improved properties
such as shear resistance, brine compatibility, and temperature stability [8,9]. Partially
hydrolyzed polyacrylamide (HPAM) is a copolymer of PAM and poly-acrylic acid (PAA)

[7,10]. It can be synthesized by the partial hydrolysis of PAM or by the copolymerization of
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sodium acrylate with acrylamide. The rate of hydrolysis of the amide functional group increases
with temperature [11]. The performance of such a polymer depends upon the degree of
hydrolysis [12]. The major part of these molecules consists of a hydrophilic backbone. Xanthan
gum (XQ@), a polysaccharide and a water-soluble polymer, is extensively used in the EOR for
its effective and stable thickening properties. It is produced by the fermentation of glucose or
fructose by the bacterium Xanthomonas Campestris [13,14]. The structures of XG, PAM, and

HPAM are shown in Figure 2.1.

@ ®) 1 ]
CH, Hi CH, —HC CH, CH
|
C=—0

HHy x-y K or Na' | a

(C) CH,OH
0
0 OH

COOH
OH
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f)

RO COOH
OH

R*O

Figure 2.1. Structures of (a) PAM, (b) HPAM, and (c¢) XG.

XG is biocompatible, biodegradable, and stable at high temperatures [14,15]. PAM has
a greater resistance to the enzymes and possesses good properties as a flocculant. HPAM, on
the other hand, is tolerant to strong mechanical and bacterial attacks [1]. Every polymer has its
own merits and demerits for a specific reservoir. A high salinity macroscopically flocculates

the acrylic acid backbone of PAM and HPAM, which causes a noticeable reduction in viscosity
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[16,17]. XG, on the other hand, is very sensitive to bacterial degradation [18]. Since mobility
ratio depends on the viscosity of the solution, the studies on viscosity variations under different
reservoir conditions (such as temperature, salinity etc.) are important in EOR. Ghoumrassi-
Barr and Aliouche [19] observed that the XG is substantially more stable than HPAM, which

means that XG-flooding has a greater EOR efficiency even in difficult reservoir conditions.

2.2.2 Influence of salinity, temperature, and concentration on the rheological properties
of polymeric solutions used in EOR

Ghannam and Esmail [20] have carried out a thorough study on the rheological properties of
aqueous PAM solutions, including the measurement of steady shear flow parameters, transient
shear stress response, yield stress, thixotropic behavior, creep recovery, dynamic responses,
and temperature effects in the temperature range of 283—323 K. PAM has a strong shear-
thinning behavior. The viscosity of PAM solution decreases with increasing temperature. The
yield stress and the thixotropic behavior of PAM are found to be more significant at the higher
concentrations. Like PAM, HPAM also has a strong shear-thinning nature. It can tolerate high
mechanical forces, and it is resistant to bacterial attacks. HPAM exhibits a rheopectic behavior
(i.e., its viscosity increases with the time of application of shear, at a constant shear rate). The
viscosity of HPAM increases with the increasing degree of hydrolysis [21]. It has been
observed that the HPAM solution remains stable up to 413 K, and it is not a good option to
inject HPAM into reservoirs above 433 K because of the faster decomposition of the polymer
at high temperatures [19]. Figure 2.2 shows the variation of viscosity of the PAM and HPAM

solutions with shear rate [21].
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Figure 2.2. Variation of viscosity of PAM and HPAM solutions with the shear rate. [21]
[adapted by permission from Elsevier Ltd., © 2007].
Similar to the synthetic polymers, XG also shows a shear-thinning behavior [14,22].

Under the impact of high shear rates, the steady shear viscosity of the XG solutions decreases
attributable to the disentanglement of the polymer network and the partial alignment of the
individual macromolecules in the direction of shear flow [22]. XG shows a significant effect
of temperature because of its microstructure. It is well-known that the average speed of the
molecules in liquid increases as the temperature increases. Therefore, the time they spend in
interaction with their adjacent neighbors decreases. Thus, the average intermolecular forces
decrease. The linear viscoelastic behavior of the concentrated XG solutions is dominated by an
elastic nature rather than a viscous nature, and a gel-like structure is present in these systems.
As the polymer concentration is increased, XG solutions become more elastic, and they can be
characterized by a slower relaxation mechanism [15]. The shear modulus increases with
increasing temperature, but it is almost independent of the XG and the salt concentrations [23].

It has been observed that the viscosity of polymer solutions decreases with increasing
salinity. The addition of Na" effectively neutralizes the negative charge [24], resulting in the
shrinkage of the molecular chains and a decrease in the hydrodynamic radius. The addition of
aqueous NaCl solution increases the ionic strength of the medium. Generally, the polymer

chains are stretched in an aqueous medium because of the repulsive forces between the negative
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charges on the chains. Thus, the hydrodynamic radius of the polymer chain is large in the
aqueous solution, and therefore, the viscosity of the polymer solution is high. It is observed
that the repulsive forces within the polymer chain decrease as the concentration of Na' is
increased. Hence the polymer chain coils up, and the hydrodynamic radius of the polymer chain
reduces. Both these factors are responsible for the reduction in the viscosity of the polymer
solution. Overall viscosity of the polymeric solution increases with increasing concentrations
but decreases with increasing salinity. Therefore, the viscosity should be optimized to get
favorable mobility ratio [25]. The optimal range of viscosity also depends on the nature and
the characteristics of the reservoir.

Researchers have recognized that oil recovery can be improved by the elasticity of the
polymer. Due to the more elastic properties of the polymer, normal stress between the polymer
solution and oil becomes more dominating than the shear stress. Normal stress not only helps
to pull the oil from the trapped zone but it also pushes the fluid ahead [26]. This is called the
“pushing and pulling” mechanism. Usually, the injected polymers are long-chained, and due

to the capillary forces, the entanglement of these chains may be broken, and the polymer

agglomerates with the oil [27]. This helps to strip off the trapped oil from the reservoir. £, can
be improved with the higher elasticity of the polymer [28].
The storage modulus (G’) of PAM is more than its loss modulus (G") , which indicates

that PAM has an elastic behavior that is more dominating at the lower range of frequency [20].
Similarly, HPAM and XG show dominating elastic behavior over viscous behavior [14,15,29].
The domination of G’ over G" across the entire strain range depicts the gel-like structure of the
polymer solutions [30]. Sometimes, a slight decrease in G" has been observed up to a certain
strain amplitude, beyond which a sharp decrease in G" has been observed with increasing strain

amplitude. This indicates a strain-thinning feature of the aqueous polymer solution. This strain-
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thinning feature may be attributed to the destruction and formation of their internal structure
responding to an externally imposed stimulus [31]. Depending on the interactions between the
microstructures, it has been found that there are at least four types of strain behavior [32], as
shown in Table 2.1. From the strain sweep results, it was found that the XG solution showed
weak strain overshoot, whereas PAM and HPAM showed strain-thinning behavior [14,15,33].

Table 2.1. Types of strain behavior

Strain behavior Result
Strain-thinning Both G'and G" decrease
Strain-hardening Both G"and G" increase
Weak strain overshoot G' decreases; G" initially increases and then decreases
Strong strain overshoot Both G’ and G" increase and then decrease

2.2.3 Recently-used polysaccharides in EOR and their rheological properties

Recently, many researchers have paid attention to the polysaccharides such as gellan gum, guar
gum, welan gum, diutan gum, cashew gum, and schizophyllan for the application EOR [34-
37]. Due to their special physicochemical properties, these polymers are widely employed for
thickening, emulsification, stabilization, and gelation [35]. They are biocompatible,
biodegradable, and environment-friendly. Therefore, microbial polysaccharides are commonly
used in foods, pharmaceutics, cosmetics, cement, and oil recovery [38-41]. The structures of

these polysaccharides are shown in Figure 2.3.
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Figure 2.3. The structures of (a) welan gum, (b) schizophyllan, (¢) diutan gum, (d) guar gum,
and (e) gellan gum.

The water-soluble polysaccharides mentioned above demonstrate a strong shear-
thinning behavior [34-37,42-46]. The stretching macromolecules of the polysaccharide
intertwine to form aggregates at a low shear rate. The flow resistance of many aggregates
results in high viscosity. Nevertheless, the aggregates are broken down as the shear rate
increases, dispersing the macromolecules along the flow direction, causing a reduction in the
viscosity. The shear-thinning behavior of gellan gum is observed due to the breakdown of an
intermolecular association, where microgel particles may exist partially [46]. The addition of
an inorganic salt facilitates the association of charged helical structures in different ways. The
salt-induced gelation of xanthan is attributed to the prominent viscosity retention rate, and the
same for gellan is caused by the competitive hydration [35]. Based on the valence of the cation,

changes in viscosity and retention rate of the polysaccharide are observed. This leads to the
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formation of cross-links between the molecules and multivalent cations, due to which reduction
in theological properties of the polysaccharide are noticed.

Schizophyllan is generally synthesized by the fungus Schizophyllum commune Fries.
Schizophyllan has been extensively used in cancer treatment and personal care. Due to its
excellent stability against heat, salinity, and shear, researchers have taken a keen interest in
studying its potential for use in EOR. In 2012, schizophyllan solution was injected in an oil
field at Ludwigshafen (Germany), and preliminary results confirmed that this polymer has
potential for the application of EOR [47]. In comparison with the currently-used polymers,
schizophyllan demonstrated a superior viscosity at high salinity, thermal stability (up to 408
K), and minimum viscosity loss under very harsh reservoir conditions [48]. Such excellent
performance was possible due to its complex triple helical structure. It has been observed from
the core flooding experiments that ~28% of additional oil could be recovered by injecting the
schizophyllan solution [47].

Guar gum is generally unable to hydrate completely, and hence it shows very strong
scaling behavior with molecular weight, polymer concentration, and temperature [34,49]. The
scaling behavior confirms the dynamic properties of the guar gum solution. Due to intense
molecular interactions at low concentrations, aqueous diutan gum forms aggregates in the
solution. The viscosity and viscoelasticity retention rates of diutan gum solutions are much
greater than those of XG solutions at the same temperature and salinity [35]. Diutan gum is
most stable at high salinity due to its double helix structure. Salts and temperature significantly
impact the characteristics of welan gum solution because of the anionic charges on its backbone
[50]. Xu et al. [37] have presented a comparative study of the rheological properties of aqueous
welan gum and XG solutions. It has been observed that although the molecular weight of welan
gum is less than that of XG, the aqueous solution of welan gum showed higher viscoelasticity

than XG. A comparison has been shown in Figure 2.4 to illustrate the effect of shear rate on
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diutan gum, XG, and welan gum. Similar to XG, welan gum also shows good resistance to salt,

temperature, and the dominating behavior of G’ over G".
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Figure 2.4. Viscosity as a function of shear rate at different concentrations of (a) diutan gum
(left) and XG (right) [36] [adapted by permission from Elsevier Ltd., © 2015], and (b) welan
gum (left) and XG (right) [37] [adapted by permission from Elsevier Ltd., © 2013].

2.2.4 Flow of polymer solutions through porous media

Understanding the flow behavior of polymer solutions in the porous media is very important
for the EOR processes [51,52]. This can be done by inspecting the rheological properties of the
polymer solution [10,12,52]. A porous medium comprises a matrix containing void spaces or
pores. Typically, many of the pores are interconnected, allowing the fluid to flow through them.
Soils, rocks, and sand are examples of porous media. Any model for the flow of polymer

solutions through porous media should satisfy two conditions [51]. Primarily, the model should
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have expansion and contraction regions, which are responsible for pressure drop in the porous
medium. Secondly, the rheological model should contain the distinguishing transition from the
Newtonian behavior at the low shear rates to the shear-thinning behavior at the high shear rates,

as shown in Figure 2.5.

Newtonian EShear dominating region | Extension dominating region

Viscosity

Rate of strain

Figure 2.5. The transition from Newtonian to non-Newtonian flow behavior.

Darcy’s law describes the flow of Newtonian liquids through the porous media [53].
Almost all synthetic as well as natural polymer solutions used in EOR, are non-Newtonian in
nature. Unfortunately, Darcy’s law does not fully satisfy the flow of non-Newtonian fluids
through porous media, and hence many attempts have been made to modify the Darcy’s law to
describe the flow of non-Newtonian fluids in porous media. A few examples of the non-
Newtonian models are presented in Table 2.2 [54]. It is interesting to observe the shear-
thickening behavior of polymer solutions in porous media. This is likely due to the long chains
of the polymers, which generally intertwine to the porous media at higher flow rates [12].

Durst et al. [55] studied the flow of HPAM in porous media under various solvent
conditions. According to them, the maximum increase in pressure drop was mainly due to the
high molecular weight of the polymers. A correlation between the experimental data and the
Durst—Hass model was made. It was found that the strain rate at which the onset of increased
pressure drop was observed decreased with the increasing viscosity of the solution. It was found

that the specific resistance coefficient for the HPAM solution for flow through porous media
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depended on the concentration of polymer and its molecular weight, but it was independent of
the viscosity of the solvent.

Table 2.2. Non-Newtonian rheological models

Model Equation References
Power law n=Ky"" [56]
Ellis [56]
77 B 770 a-1
1+ [TJ
712
Carreau -1, [57]
=i, +— e =
[1+(72.)']?
Herschel-Bulkley r=7,+Ky", T>1, [58]
Maxwell ot . 59
T+ — =1y >l
ot
Jeffreys or ( , 6;’/j [59]
T+A—= + 1, =
e Vet
ti v .
Upper Convection rtde=n 7 [56]
Maxwell
Oldroyd-B v ) v [60]
TrAhT=1| Y +AT
Godfrey n(t)=n,—An'[1-exp(-t/2') |- An'[ 1-exp(~t/A") ] [61]
Stretched ¢ 56
n(t)=f7i+(77mf—ﬂ,»)[l—exp{—(t/&) ﬂ ¢!
Exponential
Model

A study was made by Kulicke and Haas [52] to study the flow behavior of PAM through

a porous medium. They studied the influence of chain length, concentration, and
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thermodynamic quality of the solvent. Similar to HPAM, PAM showed an increase in the
resistance coefficient with increasing concentration of the polymer, although it did not affect
the onset behavior. The polymer chain length was found to be the controlling factor for the
onset, which saturated the effect of non-Newtonian flow phenomena.
2.3 Surfactant—polymer flooding
2.3.1 Mechanism of surfactant flooding for EOR
The term “surfactant” originated from “surface active agent”. These are organic compounds
having at least one hydrophilic (water-soluble) and one hydrophobic (oil-soluble) group in their
molecule. Due to this physical characteristic, surfactants can significantly lower the IFT and
alter the wettability between oil and water in the oil field. Although most surfactants lower the
IFT between water and oil, there are some exceptions. Circa 1970, surfactants were considered
as good EOR agents [62]. For high oil recovery, surfactants play two significant roles by
helping achieve ultralow IFT [63]. Firstly, the ultralow IFT increases the mobility of the
residual oil and creates an oil bank where both oil and water flow as continuous phases.
Secondly, the ultralow IFT at the moving displacement front prevents the mobilized oil from
being trapped by the capillary forces. The surfactant selection depends upon its ability to reduce
the IFT, its stability against temperature and salinity, pressure, type of rock, phase behavior
parameters, adsorption, and core flooding requirements under reservoir conditions [64-66].
Recently, co-surfactants have been blended with the main surfactant to improve the properties
of the surfactant solution. The co-surfactant helps either as a promoter or as an active agent in
the blended surfactant solution to produce a synergistic effect and deliver optimum conditions
with regard to temperature, pressure, and salinity.

A surfactant is usually represented by an amphiphilic structure, as shown in Figure 2.6.
The hydrophilic portion is termed as head, while the hydrophobic portion is called the tail.

Consistent with the charge of the head group, surfactants can be characterized into four groups,
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i.e., anionic, cationic, nonionic, and zwitterionic. The anionic surfactants have negatively
charged head groups and the counterions are usually Na*, K*, and Al [67]. Temperature can
significantly affect the IFT and critical micelle concentration (CMC) of the anionic surfactant

systems. Table 2.3 summarizes the use of anionic surfactants for EOR.

Cationic

Anionic

Nonionic

Zwitterionic

Figure 2.6. Classification of surfactants.

Cationic surfactants, on the other hand, have a positively charged head group. In
general, cationic surfactants are more expensive than anionic surfactants. Table 2.4 gives a
summary of the cationic surfactants used in EOR. The head group of the nonionic surfactant
molecule does not carry any charge. However, it is polar for most of the surfactants. These
compounds are mainly used as co-surfactants to enhance the physical properties of the
surfactant solution and promote the EOR process [68]. Alcohols, phenols, ethers, esters, and
amides are some examples of nonionic surfactants. Table 2.5 gives a summary of the nonionic
surfactants used in EOR. Recently, numerous researchers have been considering zwitterionic
surfactants for EOR due to their dual charged head groups (i.e., positive and negative).
Zwitterionic surfactants such as hydroxyl sulfonate betaine, alkyl dimethylpropane,
didodecylmethylcarboxyl betaine, and carboxyl betaine types have shown good interfacial
properties and they can withstand harsh reservoir conditions (including high temperature and

salinity) [69-71].
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Chapter 2

2.3.2 Utilization of surfactant mixtures for EOR

Mixed surfactants demonstrate significant synergism in improving interfacial properties, which
is better than the individual surfactants [105]. Numerous researchers have claimed noteworthy
enhancement in IFT reduction and emulsion stability using mixed surfactant, even under harsh
reservoir conditions [106,107]. Kesarwani et al. [ 108] studied a mixture of SDS (anionic) and
Tween 20 (nonionic) for EOR. They have evaluated the performance of the surfactant mixture
based on the adsorption, rheological, and interfacial analyses. An effective 63% reduction in
the surfactant adsorption on the rock surface was observed for the binary mixture in comparison
with the individual surfactants. Furthermore, this anionic—nonionic surfactant mixture achieved
an ultra-low IFT (i.e., 9.7 uN m ') and an additional oil recovery of 76.3% OOIP. In another
study, Pal et al. [109] investigated a mixture of CTAB (cationic) and Tween 60 (nonionic) for
EOR. The synergism between these surfactants diminished electrostatic and steric self-
repulsions among the cationic and nonionic hydrophilic portions of the surfactants. Therefore,
an effective reduction in the loss of the surfactant due to its adsorption on the rock surface has
been observed. Li et al. [105] employed a combination of anionic and cationic surfactant
mixtures and observed that the surfactant mixtures have a strong electrostatic interaction. This
leads to the formation of a microstructure and a noteworthy reduction in the IFT and wettability
[110,111].

2.3.3 Recent developments in natural surfactants for EOR

Recently, many researchers have been looking for natural surfactants and exploring their
potency in EOR. Numerous researchers have synthesized several natural surfactants derived
from soapnut, Madhuca longifolia, and various oils (e.g., palm, sunflower, coconut, castor, and
jatropha) [112-117]. These low-cost natural surfactants can accomplish ultra-low IFT with
minimum loss of surfactant, better stability under reservoir-like conditions, and alter the

wettability of rock (i.e., from oil-wet to water-wet). Hence, these surfactants are promising in
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the EOR application. A novel, ecofriendly, and cost-efficient surfactant derived from the leaves
of Ziziphus spina-christi has received the attention of many researchers for its application in
EOR [118-120]. As a result of its wettability-alteration and IFT-reduction capabilities, as well
as its ability to improve the relative oil permeability, a significant additional oil (i.e., 15-25%)

can be recovered to the surface (see Figure 2.7) [119,121].
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Figure 2.7. Variation of (a) IFT with the surfactant concentration and (b) oil recovery with

the injected volume of surfactant [119]. [adapted by permission from Elsevier Ltd., © 2019]

Reetha, which is a conventionally used natural surfactant in the Indian community, has
the potential for utilization in EOR [122]. Its use leads to good emulsion stability, foaming
capability, and a drop in the energy of the oil-water interface. A natural surfactant derived
from the Anabasis Setifera plant with good thermal stability, wettability-alteration, and IFT-
reduction characteristics, has achieved an effective 15.4% additional oil recovery
[123]. Dashtaki et al. [124] derived a natural surfactant from the Vitagnus plant and
investigated its possible utilization in EOR. An additional 10% oil was recovered by injecting
3 g dm™ synthesized surfactant. This was possibly achieved due to a significant reduction in
the IFT (i.e., ~65.4%) and wettability-alteration (i.e., oil-wet to water-wet).

A natural surfactant derived from the Myrtus communis plant has the ability to achieve
an ultra-low IFT, which aids in enhancing the oil recovery by 14.3 % [125]. Similar abilities

have been reported for the natural surfactants derived from mulberry, Glycyrrhiza glabra,
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Matricaria chamomilla, and Zephyranthes carinata. Table 2.6 summarizes the use of various
natural surfactants for EOR. Natural surfactants could be a safe substitute for EOR, considering
their significant benefits. However, the synthesis of natural surfactants on a large scale is still
a challenging task.

Numerous studies have been reported on the adsorption of various natural surfactants
on rock surfaces. Saxena et al. [116] analyzed the role of the rock type, alkali, salinity, and
nanoparticles on the mechanism of adsorption of an anionic surfactant derived from soapnut
fruits. An increase in the adsorption was observed with the increasing concentration of the
surfactant. The adsorption was lower on the sandstone in comparison with carbonate and
bentonite. The degree of adsorption was described well by the Langmuir and Redlich—Peterson
isotherms. The pseudo-second-order model explained the adsorption kinetics of the surfactant
on the rock surface. The same researchers have conducted a study with a natural surfactant
developed from the Jatropha oil [117].

Adsorption of Zizyphus spina-christi on various rock samples (i.e., sandstone,
carbonate, and clay) has been studied by numerous researchers [121,126—130]. The adsorption
isotherms were well-fitted by the Freundlich isotherm and pseudo-second-order kinetic model.
Multilayer adsorption of this surfactant on the rock surfaces has also been reported [130]. Based
on the kinetic studies, it has been observed that interparticle diffusion is not the rate-controlling

process, and
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Chapter 2

boundary layer diffusion is also responsible for the adsorption to some extent [130]. The
adsorption of a natural surfactant synthesized from Glycyrrhiza glabra on sandstone and
carbonate rocks has also been investigated [142,143]. This robust and inexpensive natural
surfactant was capable of improving the rock wettability, and it led to an additional 45.92%
OOIP [124]. Barati et al. [144] studied the adsorption of a nonionic surfactant derived from
Trigoonella foenum-graecum on a carbonate rock. The adsorption mechanism and kinetics
were well-described by the Langmuir and pseudo-second-order models, respectively.

2.3.4 Mechanistic interaction between surfactant and polymer solution in EOR

As discussed earlier in Section 2.2, the mobility of oil can be controlled by using a polymer.
The addition of small amounts of surfactants can modify the viscosity of the aqueous polymer
solution (see Figure 2.8). When a polymer is associated with surfactant flooding, it can control
the mobility at the lower IFT. Unlike the surfactant, the existence of polymer generally does
not decrease residual oil saturation, except for some special instances. However, it greatly
increases the sweep efficiency. Whenever the mobility ratio is high, and the reservoir
heterogeneity is harsh, polymer flooding may be more helpful [1]. It has been reported that the
interactions between the polymer and surfactant lead to the formation of association structures
[16,26]. Such association structures alter the solution and interfacial properties. The interaction
between surfactant and polymer depends on the molecular structures of the two compounds
and the electric charge on one or both of them [145,146]. In general, the coexistence of the
polymer and surfactant molecules modify the adsorption characteristics at the solid—liquid
interfaces, liquid—liquid IFT, rheological properties of the solutions, stability of colloidal
dispersions, and solubilization capacity in water for the sparingly soluble molecules [147—-149].
The molecular features controlling the surfactant—polymer interaction are the steric interactions
between the surfactant head groups and the polymer segments, the shielding of the

micelle—water contact by the polymer, and the hydrophobicity of the polymer [150]. The
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presence of the polymer reduces the CMC of surfactant due to the decrease in size of the

spherical micelles and allows the formation of rod-like micelles.
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Figure 2.8. Schematic diagram of the formation of a polymer—surfactant aggregate.

The morphologies of the association complexes depend on the molecular properties of
the polymer and the surfactant. To understand the morphologies of the association complexes
and to estimate the size of the polymer-bound micelles, nuclear magnetic resonance (NMR)
[151], neutron scattering [152], and fluorescence spectroscopy [153] have been used. Various
classical techniques such as dialysis [154], measurement of surface tension [155,156], viscosity
[52], electrical conductivity [155], dye solubilization [157,158], and specific ion activity
[159,160] have been employed to study the extent of surfactant association with the polymer
molecules.

For developing a systematic understanding of the polymer—surfactant interactions, it is
necessary to consider the structural models of polymer—surfactant aggregates that may form in
aqueous solutions. Khan et al. [98] studied the interaction between polymer and surfactant and
its influence on the physicochemical properties of the aqueous solution. It was found that the
behavior of surfactant—polymer interaction depended on both the surfactant and polymer

concentrations. The interaction between the anionic surfactant and the nonionic polymer was
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much more than any other polymer—surfactant combination [147]. Usually, the surface tension
of surfactant solutions increased in the presence of polymers, and it increased with increasing
polymer concentration. The interaction between the polymer and surfactant began after the
critical aggregation concentration (CAC) and above the polymer saturation point, after which
there was no additional change of surface tension and conductivity of the solution.

It has been observed that the presence of salt decreases the CMC of ionic surfactants
[161,162]. For a surfactant—polymer system, CAC also decreased radically in the presence of
salt, indicating that the association started at a much lower concentration of the surfactant [ 148],
which eventually resulted in a significant reduction of the surface tension of the solution. Such
a decrease in surface tension was possibly due to the increased binding ability between the
surfactant and polymer in the presence of salt. Suksamranchit and Sirivat [100] reported that
the development of micelles and surfactant—polymer complexes were promoted in salt
solutions of higher ionic strength. This is due to the reduction in the electrostatic repulsion
between the ionic surfactant head groups, which stabilize the surfactant micelle structure. Mya
et al. [8] have reported a strong interaction between the polymers and anionic surfactants.
Cationic surfactants, on the other hand, were less interactive with polymers than the anionic
surfactants. The interaction between an uncharged polymer and a nonionic surfactant was
found to be very weak.

To achieve electroneutrality, a charged surface is surrounded by the counterions.
According to Kronberg et al. [163], the formation of micelles and adsorption of surfactant on
the surface of a polymer is due to the effect of entropy, or a combination of the electrostatic
forces and entropy. A low entropy corresponds to the case when these counterions do not move
freely in the solution. Conversely, the highest entropy may be achieved when the counterions
are consistently dispersed in the solution. Kronberg et al. [163] further debated that the

electrostatic forces are not solely responsible for the formation of the polymer—surfactant
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complex inasmuch as electrostatic interaction already exists between the polymer and
surfactant. However, the release of counterions from both the polymer surface and surfactant
promotes the formation of the surfactant—polymer complex. The addition of salt to such
systems reduces the driving force for complex formation, and hence, rheological properties get
affected dramatically.
2.3.5 Rheological behavior of surfactant—polymer (SP) combinations for EOR
The presence of surfactant has a significant effect on the viscosity of the polymer solution.
Zhang et al. [102] have investigated the interfacial rheology of the PAM—surfactant systems.
Their results indicate the dependence of interfacial viscosity on shear rate. Interestingly, the
interfacial viscosity decreased with the increasing concentration of the ionic surfactant.
Generally, as the surfactant concentration is increased, more surfactant molecules are
concentrated at the oil-water interface, as predicted by the Gibbs adsorption equation. This
increase in the surfactant concentration at the interface increased the interfacial viscosity.
However, the interfacial viscosity was found to be unchanged with the concentration of
nonionic surfactant. The interfacial viscosity decreased with shear rate, implying the formation
of a structure at the oil-water interface. The structure was destroyed at a higher shear rate. In
a similar work, Lyu et al. [164] have investigated the rheology of a dispersed particle gel in
association with tetradecyl hydroxyl sulfo betaine (a surfactant) at the oil-water interface.
Cairns et al. [165] studied the rheological properties of the film at the crude oil-water
interface using a biconical bob rheometer. They observed that the interfacial shear viscosity
increased with the aging of the film. Zhou et al. [166] studied the rheology of the film formed
at the oil-water interface where silica nanoparticles were adsorbed, and they correlated the
rtheological properties with the emulsion stability. Anseth et al. [167] studied the rheology of a
film formed by a polymeric surfactant at the silicon oil-water interface. Interestingly, the

chemical additives accumulated at the interface in such a way that the solid particles in the
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Pickering emulsion developed a solid-like network. Eventually, it enhanced the stability of the
emulsion by resisting coalescence. Rane et al. [168] examined the rheological properties of the
asphaltenes adsorbed at the oil-water interface. They explained the adsorption by using the
Langmuir equation of state.

Supee and Idris [103] investigated the effects of surfactant—polymer formulation and
variation of salinity on oil recovery. They found that the viscosity of the surfactant—polymer
formulation increased with increasing HPAM concentration, and the IFT decreased with
increasing concentration of the surfactant. The increase in salinity decreased the viscosity and
increased the IFT of the surfactant—polymer formulation. Samanta et al. [24] found that the
apparent viscosity of HPAM reduced with increasing concentration of the anionic surfactant,
sodium dodecyl sulfate (SDS). This might be due to the physical as well as the chemical
interaction between SDS and HPAM, which affected the viscosity of HPAM through the
charge-shielding mechanism. In another study, Chen et al. [169] compared the performance of
HPAM in association with numerous types of surfactants (i.e., anionic, cationic, and nonionic)
for EOR. The 7, of 2 g dm> HPAM was found to be increasing with the addition of SDS (an
anionic surfactant) and dodecyl glucopyranoside (a nonionic surfactant). This is mainly due to
the interaction of the surfactant molecules with the hydrophobic part of HPAM. This leads to
the formation of an association structure between the surfactant and polymer, which further
enhanced the viscosity of the polymer solution [170]. However, further increment in the
surfactant concentration can disrupt the association structure. Therefore, as the concentration

of these surfactants reached 0.5 mol m~, a noteworthy reduction in 77, was observed (see

Figure 2.9). DTAB (a cationic surfactant), on the other hand, had a minor impact on the HPAM.

The 7, for the HPAM—-DTAB solution was constant at low surfactant concentration. However,
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as the concentration increased, 77, was observed to be decreasing, which was possibly because

of the electrostatic attraction between HPAM and DTAB.
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Figure 2.9. Variation of the7, of aqueous HPAM solutions with surfactant concentration (at
298 K) [169]. [adapted by American Chemical Society, © 2021].

Nedjhioui et al. [104] investigated the combined effects of XG, SDS, and salt on the
XG-SDS system. They observed an increase in the viscosity of the aqueous solution of XG in
the presence of SDS. This might be due to the strong interaction of the surfactant with a
hydrophobic group of the polymer that led to the formation of an association structure between
the polymer chains, which increased the viscosity. However, this interaction may vary with the
type of surfactant. These authors also that the surface tension decreased with the increasing
concentrations of XG and SDS. The effect of salt is very important inasmuch as it is responsible
for the reduction of surface tension of the mixture. It is a consequence of the reduction in the
electrostatic repulsion between the charged head groups adsorbed at the interface [171].
Sveistrup et al. [172] have studied the influence of nonionic surfactant (i.e., Tween 80) on the
XG-SDS system. They observed that the reduction in the rheological properties of XG—
SDS—Tween 80 system was due to the complex interactions, which directly affected the helical
structure of XG. Unlike the SDS, SDS—-Tween 80 weakens the backbone of XG, which

eventually reduces the performance of the polymer in EOR. Hosseini-Nasab et al. [173]
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investigated a novel polymer-free surfactant—glycerol system for EOR. In their study, AOS and
a polymeric fluorocarbon ester were used as the surfactants. It was observed that glycerol acted
as a viscosifier effectively, and the surfactant reduced the IFT. The glycerol—surfactant system
has the potential to be utilized in EOR. Nevertheless, further studies need to be carried out
under certain reservoir conditions such as high temperature, high salinity, and low

permeability.

2.4 Alkali—surfactant—polymer (ASP) flooding

One significant mechanism of ASP flooding is the formation of soap in sifu by the reaction of
alkali with naturally available organic acids present in the crude oil. It further acts
synergistically with the surfactant, which produces ultralow IFT, increases the capillary
number, and enhances the microscopic displacing efficiency [1,16,67]. Crude oils present in
different reservoir rocks can lead to varied behaviors when they contact alkali under dissimilar
environmental conditions (such as different temperatures, salinity, hardness, and pH).
However, the researchers have converged to the point that the acidic components in the crude
oil are the most important factors for alkali flooding. Some alkalis used by various workers for
EOR are summarized in Table 2.7.

Chen et al. [174] made a comparative study between inorganic and organic alkali—
polymer flooding in which they reported that the addition of inorganic alkali reduced the
viscosity of polymer while the organic alkali increased the same. Li et al. [175] have found that
the IFT reached its minimum for the surfactant—polymer—organic alkali systems at an optimum
electrolyte concentration. The chemicals involved in ASP flooding are expensive and have a
great impact on the environment. This could be overcome by proper detection and re-injection
of the product chemical slug. Wang and Gu [176] have developed numerous methodologies for
the detection of chemical concentration in the product slug. It has been observed from the core

flood experiments that re-injected chemicals could deliver 8-20% of oil effectively.
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2.4.1 Interaction between alkali, surfactant, and polymer solutions

The interactions between acidic crude oil and alkali have been investigated by determining
their physicochemical properties [185]. The presence of the carboxylic acid group in the crude
oil was confirmed by FTIR. This group is responsible for the formation of surfactant in situ
after interaction with an alkali. The presence of an alkali increases the pH, which helps to
improve wettability during the flooding processes [186]. Ramakrishnan and Wasan [187] found
that the IFT between oil and water was sensitive to both sodium hydroxide concentration and
salinity. Depending on the rock mineralogy, alkali can interact with the reservoir rock in several
ways, which includes surface exchange and hydrolysis, congruent and incongruent dissolution,
and formation of insoluble salt by reaction with the ions, which cause hardness in the fluid and

those exchanged from the rock surface [188].

2.4.2 Influence of alkali on the rheological properties of surfactant—polymer solution

An alkali can modify the viscosity of polymer solutions in two ways. Firstly, alkali releases
cations in the polymer solution, and these cations can reduce the polymer viscosity due to the
charge-shielding mechanism. Secondly, an alkali can hydrolyze the amide groups on the
polymer chain (base hydrolysis) [24]. The viscosity of alkali—polymer solutions depends on the
alkali type, concentration, and time after initial mixing [168]. It has been reported that the
viscosity of alkali—-polymer solutions is decreased by the addition of sodium chloride and
anionic surfactants [8,9,102,189,190].

Ma and Xia [191] carried out a detailed study to determine the effect of the rheological
properties of the ASP system on the rate of residual oil recovery after water flooding. Although
the viscosity of ASP system was found to decrease, yet the total recovery rate was uplifted to
94%. Bataweel and Nasr-El-Din [192] studied the rheological properties of various

combinations of synthetic ASP solutions. They found an increase in the viscosity of the ASP
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system in the presence of a betaine-based zwitterionic surfactant. In contrast, alpha-olefin
sulfonate, which is an anionic surfactant, caused a decline in the same. The oscillation shear
test confirmed the dominating behavior of G’ over G". This confirmed the elastic behavior of
the respective ASP systems. Lei et al. [193] studied the rheological behavior of an ASP/oil
emulsion in porous media. The rheological behavior of the emulsion exhibited macroscopic
flow adjustment for regions of varying permeability with reference to the two-dimensional
positive rhythm geological model. This geological model is categorized into three layers in the
vertical direction. Generally, each layer has a thickness of 5 m with a permeability variation
coefficient of 0.75. Usually, water is first injected till its saturation attains 90%, which results
in the formation of a high permeability zone in the production zone. Considering high oil
saturation after water flooding, the next step is chemical flooding by keeping continued water
injection in the production zone.

Cao et al. [194] developed a model for the rheological behavior of crude oil and ASP
emulsion. Their study highlighted the rheological behavior, IFT, and stability mechanism of
the ASP and oil emulsion. The stability and viscosity of the oil emulsion with the ASP solution
were found to be high at the higher concentrations of the surfactant. Polymer, on the other hand,
was responsible for the stability of the oil-water emulsion inasmuch as it reduced collision of
the droplets in the emulsion. Hou et al. [ 178] studied the role of viscoelasticity of ASP solutions
in EOR. They have reported that viscoelasticity plays a beneficial role in improving the

sweeping of the residual oil from the trapped zone. The G', G" and relaxation time decreased

with increasing alkali concentration, whereas an increase in the IFT was observed at the lower
concentration of alkali.

2.4.3 Alkali-free surfactant—polymer system for EOR

The use of alkali in EOR is debatable because of various demerits of alkalis, as discussed in

Table 2.7. They are of corrosive nature and have various hazardous effects on the environment.
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Hongyan et al. [195] carried out a study on the development and application of dilute
surfactant—polymer (SP) flooding setup for the Shengli oil field (in the People's Republic of
China). In order to overcome the drawbacks associated with ASP flooding, an alkali-free SP
flooding technology was developed, and its application in the Shengli oil field was extensively
investigated. Alkali-free system was favorable for the polymer to increase viscosity, thereby
reducing the amount of polymer needed for the system. Zhang et al. [196] developed a novel
betaine surfactant from fatty acid for alkali-free SP combination flooding. This surfactant had
long-term stability at high salinity, temperature, and low permeability, in which it managed to
maintain ultra-low IFT. Alkali-free surfactant-polymer flooding can avoid scaling, strong
emulsification, and corrosion caused by the alkali, thus reducing the investment and operating

costs [197].

2.5 Chemical additive injection in pilot plant and/or actual oil field

As a result of the unfavorable mobility ratio in primary and secondary methods, several oil
fields have adopted the ASP method of EOR. Injection of surfactant, alkali, polymer, and
combination of these chemical additives can expand oil recovery in a cost-efficient way.
Beneficial performance of the mobility control agent, IFT reduction capability, wettability
modification, and flow through porous media are some of the important factors, which need to
be considered for effective EOR. Countries like China, the USA, Russia, and India have already
adopted the ASP method. Numerous factors such as selection of chemical additives, phase
behavior analysis, rheological studies, and core flooding analysis guide the operations in the
EOR method. The Daqing field (in the People's Republic of China) is the major oil field where
the ASP method was successfully implemented in 1984. In the initial stage, the oil production

rate was increased by three times after injecting the polymer.

58
TH-2841 166107111



Chapter 2

India has adopted the chemical method in the Sanand (Gujarat) oilfield. Here, field-
scale polymer flooding has been practiced for the last twelve years. Considering the high
mobility contrast and poor recovery of ~15% OOIP under depletion drive, polymer flooding
was adopted as an EOR in this field [198]. The first major oil discovery in the Barmer Basin
of India was made in the Mangala field (Rajasthan). In this field, the initial water injection
phase has been completed, and the injection of polymer slug is in progress. The polymer flood
will be followed by ASP injection for further evaluation of chemical EOR potential [199]. The
importance of EOR in the Mangala oilfield was realized soon after its discovery. As the
recovery was low using the primary method of oil recovery, the ASP chemical method was
taken into consideration. Extensive screening and laboratory and simulation studies have been
carried out, all of which have established that chemical EOR using polymer or ASP processes
has significant potential to increase the recovery in this oilfield [200]. As the recovery was less
using the primary method of oil recovery, adaptation of the ASP chemical method was taken
into consideration. Using this method, an ultimate recovery of 59.1% was obtained at the North
Gujarat oilfield [201]. Recently, a study examined the effect of micellar—polymer flooding
through the porous media of two depleted oilfields in the Bhogpara and Nahorkatiya basins
(Assam, India). Black liquor, which is used as the micelle or surfactant along with the polymer,
released much of the oil trapped in the rock, and hence the recovery was enhanced [202]. Table
2.8 discusses some of the major successful pilot/field implementations of the chemical method

of EOR worldwide.
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2.6 Economics

The cost of chemical additives and crude oil plays a vital role in the effective cost of EOR.
Around 4622 million tons of oil were consumed across the world as a primary fuel in the year
2017 [223]. It is remarkable to note that the chemical method of EOR is more economical than
the traditional methods. Numerous noteworthy progress has been achieved, and more desirable
chemical additives have been developed to achieve such a massive oil requirement [224].
Proper selection of chemical additives (based on the screening criteria) and the optimum
quantity to be injected in the reservoir (based on the pilot plant and/or core flooding
experiments) can control the cost of production of oil [225]. However, the cost of chemical
additives and the time of production can be uncertain [226].

An effective EOR process can be classified into two models, i.e., based on performance
and economics. The performance model collects inputs such as the reservoir topography and
the oil properties, depending on the strategies, selection of chemical additives, and injectivity.
On the other hand, the economics model comprises several costs such as drilling, surface
equipment, operating expenses, surface maintenance, monitoring, and verification. It also
considers the technical cost [227]. From these two models together, the profitability of flooding
can be calculated by the net present value and return on investment [228]. It is interesting to
observe that SP flooding is more effective than ASP flooding in terms of the net present value
[229].

The economic analysis gives a thorough understanding to regulate any fundamental
restriction, which can eventually direct future developments [230]. In any case, the availability,
aptness, and economic feasibility of chemical additives must be carefully considered in the
early stage of the EOR project. The commencement of the EOR project depends on funding,

risk, management, tax, and government policies [231].
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Nomenclature
c dimensionless constant
E, displacement efficiency
G’ storage modulus, Pa
G" loss modulus, Pa
K consistency factor, mPa s
n flow behavior index
S,; initial oil saturation
S, residual oil saturation
t time, s
t characteristic time of flow system, s
Greek letters
a rheological parameter
Vi rate of strain, s’
A A relaxation time, S
A A A time constants, s
n viscosity, mPa s
Mo zero-shear viscosity, mPa s
n; initial-time viscosity, mPa s
i infinite-time viscosity, mPa s
n., infinite-shear viscosity, mPa s
An',An" viscosity deficits, mPa s
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Ty

T2

Abbreviation
ASP

CAC
CMC
CTAB
DTAB
EOR
HPAM
IFT
OOIP
PAM
SDS

SP

TH-2841 166107111

stress, Pa

yield stress, Pa

stress when 77 =1,/2, Pa

alkali—surfactant—polymer

critical aggregation concentration
critical micelle concentration
cetyltrimethylammonium bromide
dodecyltrimethylammonium bromide
enhanced oil recovery

partially hydrolyzed polyacrylamide
interfacial tension

original oil in place

polyacrylamide

sodium dodecyl sulfate

surfactant polymer
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Materials and methods

In this chapter, the materials used in the experimental studies and their sources are listed.
Detailed information on the procedure of synthesis of the natural surfactant, sample

preparation methods, equipment used, and the experimental procedures are provided.

3.1 General overview

The proposed study is comprised of four stages. The first two stages of this work are dedicated
to the synthesis of the natural surfactant from the weed, Eichhornia crassipes, its
characterization, and measurement of interfacial properties. In addition, the effect of the natural
surfactant on the rheological behavior of xanthan gum (which is a conventionally-used polymer
in enhanced oil recovery) has been analyzed over a wide range of shear rate, frequency, and
temperature. The details of the major equipment used in these two stages, i.e., Fourier-
transform infrared spectrophotometer (FTIR), field-emission scanning electron microscope
(FESEM), field-emission transmission electron microscope (FETEM), nuclear magnetic
resonance (NMR) spectrophotometer, thermogravimetric analyzer (TGA), rheometer,
tensiometer, rotavapor, gas chromatograph—mass spectrophotometer (GC-MS), optical
microscope, and zeta potentiometer (available at the Department of Chemical Engineering and
Central Instruments Facility at Indian Institute of Technology Guwahati), and the experimental
procedures are presented in this chapter.

The next two stages (i.e., stages three and four) of this work are dedicated to the study
of the adsorption of the synthesized surfactant on the porous media, analysis of wettability
alteration and interfacial tension (IFT) reduction under reservoir-like conditions (i.e., at high
temperature and pressure, and under anaerobic condition), small-angle X-ray scattering
(SAXS) analysis, and performance evaluation of the synthesized surfactant by core flooding

experiments. Equipment such as FESEM, X-ray diffractometer (XRD), UV-Vis
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spectrophotometer, interfacial tensiometer (based on sessile and pendent drop methods),
optical microscope, and core flooding setup (available at the Western Australia School of
Mines: Minerals, Energy and Chemical Engineering Curtin University, Australia) were used
for these experimental studies. The details of these experimental procedures are given in this

chapter.

3.2 Materials

An eco-friendly natural surfactant developed from an aquatic plant (i.e., Eichhornia crassipes)
was used in the present study. Deuterated chloroform (99.8%), potassium bromide (99.9%),
and paraffin oil were purchased from Merck Specialties (India). Helium gas (99.99%) was
procured from Assam Air Products (India). Xanthan gum (XG) and sodium dodecyl sulfate
(SDS) (= 99.0%) were purchased from Sigma-Aldrich (India). Inorganic salts such as sodium
chloride (99.5%), magnesium chloride (= 98.0%), calcium chloride (= 98.0%), and sodium
sulfate (99.0%) were purchased from Sigma Aldrich (India). A synthetic brine was prepared
by dissolving the desired amount of salts in double-distilled water. The composition of the
brine is given in Table 3.1.

Table 3.1. Components of the synthetic brine

Ton Na* Ca* Mg"* Cl” SO;” Total

Concentration (mg dm™>)  3601.8 1344.0 36.4 7121.3 1258.4  13361.9

The sand sample was collected from the Curtin University campus (Perth, Australia). It
was rigorously washed to remove the dirt. The sample was dried at 373 K for 24 h and sieved
to 60—80 mesh. A set of sandstone rock samples was procured from the Kocurek Industries
(Caldwell, USA). Further, the rock samples were crushed and sieved to 60—80 mesh.

The crude oil used in this study was procured from Tesoro Refining and Marketing

(USA). The density, acid number, and base number were found to be 890 kg m~ (at 293 K),
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1.7KOH g and 1.2KOH g, respectively. The major composition of the oil was measured
by gas chromatography, and the details are shown in Table 3.2. The details of the compounds
recognized in the crude oil are provided Figure A1 and Table A1 (Appendix Al).

Table 3.2. Composition of the crude oil

Properties Asphaltenes Naphthenes Wax Sulfur

Content (wt. %) 31.7 26.3 3.8 3.9

A set of Berea sandstone core samples was purchased from Kocurek Industries (USA).
The permeability and porosity of the core samples were measured by using an automated gas

poro-permeameter. The results are given in Table 3.3.

Table 3.3. Details of the core samples and the chemical additives used for the core flooding

experiments
Sample Core Sample Weight Porosity Brine
No. (g) (%) Permeability
(m?)
1 Berea sandstone 180.3 20.45 1.23x10713
2 181.6 20.57 1.24x10753
3 179 20.34 121x1078
3.3 Methods

3.3.1 Synthesis of natural surfactant

Eichhornia crassipes was collected from the lakes of Indian Institute of Technology Guwahati
(India). Roots of the plants were removed, and the remaining portions were thoroughly cleaned
and air-dried. Approximately 100 g of the chopped leaves and stems were soaked overnight in
0.5 dm? of 50% (v/v) aqueous ethanol solution at 323 K. Thereafter, the samples were filtered
and the surfactant was extracted in a rotary evaporator [manufacturer: Buchi (Switzerland);
model: R300] in vacuo at 323-328 K. The solid residues left after filtration were ground and

soaked again in 0.5 dm?® of 50% (v/v) aqueous ethanol solution for 24 h. Once the extraction
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was complete, the green semi-liquid material was allowed to dry in a hot air oven at 313 K.
Around 5 g of the synthesized surfactant (which we would abbreviate as WH, based on its
common name, i.e., Water Hyacinth) was obtained from a single batch and the same was stored
in a desiccator for further use. The cost of 1 g of the synthesized natural surfactant was about
%53.56 (Appendix A2).

3.3.2 Characterization of surfactant by FTIR, GC-MS, NMR, and TGA analyses

An FTIR spectrophotometer [manufacturer: Shimadzu (Japan); model: IRAffinity-1] was
employed to characterize the functional groups of the synthesized surfactant. A thin pellet was
prepared by mixing the samples with KBr. The spectrum was obtained in the transmission
mode in the wavenumber range of 4000—400 cm™'.

The GC-MS analysis of the synthesized surfactant was conducted in a gas
chromatograph and mass spectrometer [manufacturer: Perkin Elmer (USA); model: Claurus
680 GC/Claurus 600C MS] with an Elite-5MS capillary column (length: 60 m, internal
diameter: 0.25 mm) [manufacturer: Perkin Elmer (USA)]. The oven temperature of the GC was
primarily maintained at 333 K for 3 min, then ramped with a heating rate of 278 K min™' to

473 K for 3 min, followed by another ramp with a heating rate of 279 K min™! to 673 K for 10

min. Helium gas was used as the carrier, and its flow rate was 8 cm> min™'. 2x10~ cm? of the
sample containing 0.01 wt. % WH in ethanol was injected.

The 'H NMR spectrum of the synthesized surfactant was analyzed using an NMR
spectrometer [manufacturer: Bruker (USA); model: 600 MHz]. The samples were dissolved in
CDClz filtered with a 0.2 um syringe filter, and then filled into the NMR tubes. The chemical
shift at 7.26 ppm corresponds to CDCl3, and it was considered as the internal reference.

The thermal degradability of the synthesized surfactant was analyzed by a

thermogravimetric analyzer [manufacturer: Netzsch (Germany); model: TG 209 F1 Libra].
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Around 8 mg of the sample was placed in a crucible and heated from 293 to 1373 K at the rate
of 10 K min!.

3.3.3 Measurement of interfacial properties

The surface tension of the aqueous WH solutions and the tension at the interface between the
aqueous surfactant solution and paraffin oil were measured by a tensiometer [manufacturer:
Kyowa (Japan); model: DY300] by the du Noiiy ring method at 298 K. The procedure given in
the ASTM Standard D1331-14 (2014) was followed. First, the platinum ring was burnt to
remove any contamination until it became red hot. Then the sample vessel was cleaned
thoroughly. Next, the surfactant solution was transferred to the sample vessel and carefully
placed in the measuring section of the tensiometer. The movement of the ring was controlled
by the Dynalyzer software (provided with the tensiometer). The ring was immersed inside the
surfactant solution to the appropriate depth and slowly pulled out until it detached from the
surface (i.e., the air—water interface). A decrease in surface tension was measured upon
increasing the surfactant concentration. The lowest surface tension was considered as a critical
micelle concentration (CMC).

The tension at the interface between the aqueous surfactant solution and paraffin oil
was measured by the du Nolly ring method. The procedure described in the ASTM Standard
D1331-14 (2014) was adopted. Further, the measurement mode of the tensiometer was changed
to “IFT Analysis” by using the Dynalyzer software. The sample vessel was very carefully
placed in the measuring section of the tensiometer. Next, the surfactant solution was placed in
the sample vessel, and the ring was dipped inside the aqueous phase such that it was close to
the surface of the aqueous phase. Then the paraffin oil was gradually poured over the surfactant
solution. The oil was carefully poured near the wall of the vessel using a clean glass slide. The
interface between the aqueous phase and the paraffin oil was allowed to stand for 30 min to

reach equilibrium. The IFT was measured by gently pulling the ring out through the interface.
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The conductivity of the surfactant solutions was measured by a conductivity meter
[manufacturer: Rakiro (India); model: Aquasol AM-AL-01]. The CMC obtained from the
surface tension and conductivity measurements corroborated well. All the measurements were
repeated at least three times for each sample, and the average values are reported in Chapter 4.
3.3.4 Zeta potential measurements
The zeta potential measurements of the synthesized surfactant and paraffin oil-surfactant
solution interface were measured by using a zeta potentiometer [manufacturer: Beckman
Coulter (Switzerland); model: Delsa Nano C]. The aqueous samples were injected into the flow
cell of the zeta potentiometer with the help of a syringe. The zeta potential of the paraffin oil—
surfactant solution interface was measured with the help of the Smoluchowski equation [1]

3.1
2 -

&g,

3.3.5 Morphological and mineralogy analyses

A FESEM [manufacturer: Zeiss (USA); model: GeminiSEM 300)] was used for the
morphological analysis conducted on the dried samples of WH and XG—WH. The surface of
the samples was double-coated with gold by sputtering. After this, the samples were mounted
on the stubs by using the carbon tap. A few drops of the aqueous solution were mounted on the
copper grid and dried at 313 K to analyze the detailed morphological structure using FETEM
[manufacturer: Jeol (Japan); model: 2100F].

Furthermore, a morphological analysis of the oven-dry rock samples before and after
adsorption was done with FESEM [manufacturer: Tescan (Czech Republic); model: Mira3
XMU)]. The surface of the samples was double-coated with gold by sputtering. The mineralogy
of the sandstone rock and sand was studied with XRD [manufacturer: Bruker (USA); model:

DSA].
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3.3.6 Wettability measurements at reservoir-like conditions

Wettability alteration is a commonly-used mechanism for the improvement of oil recovery.
The contact angle of the crude oil on the rock soaked with the surfactant—brine solution was
measured with an IFT measurement instrument [manufacturer: Vinci Technologies (France);
model: IFT 700]. Figure 3.1 shows the schematics of the experimental setup. A slice of the
sandstone rock was cleaned with a plasma cleaning device [manufacturer: Diener (Germany);
model: Zepto]. A rock slice was pasted on the surface with the help of an industrial super glue.
The measurements were carried out at two experimental conditions (i.e., at 298 K and 1.38
MPa, and at 333 K and 13.8 MPa).

First, the system was put in vacuo, and then immersed into a surfactant—brine solution
for 24 h under the experimental conditions. Once the equilibrium was achieved, a drop of the
crude oil was injected by a stainless-steel needle (inner diameter = 0.6 mm) on the rock sample.
A sessile drop was formed on the rock, which was used to investigate the wettability alteration
potential of the natural surfactant. The tests for each sample were repeated at least three times

to check the repeatability of the results.
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Figure 3.1. Experimental system for contact angle measurement at high temperature and

pressure.
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3.3.7 Interfacial tension measurement at reservoir-like conditions

The IFT between the crude oil and the aqueous surfactant solution was measured with the same
equipment that was used for the contact angle measurements. The pendant drop method was
used for the IFT measurements. An operational procedure similar to that adopted for the contact
angle measurements was followed, i.e., initially, the system was kept in vacuo and then
submerged into a surfactant—brine solution for 24 h under several experimental conditions.
After the equilibrium was established, a drop of the crude oil was produced at the needle tip,
and then the IFT at the oil-water interface was determined by the drop shape analysis using the
built-in software of the tensiometer. A schematic of the experimental setup is shown in Figure
3.2. The tests for each sample were repeated at least three times to check the repeatability of

the results.
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Figure 3.2. Experimental system for the measurement of interfacial tension at high

temperature and pressure.

3.3.8 Emulsion stability and size distribution of the oil droplets
The oil-water emulsion was prepared by mixing the surfactant solution (i.e., 0.1-1 wt. %) in
paraffin oil (at 5:1 ratio) using a homogenizer [manufacturer: IKA (Germany); model: T10

Basic Ultra-Turrax] at 15000 rpm. Further, the emulsion samples were transferred into flat
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bottom tubes and observed over 20 d. The emulsion systems thus prepared were analyzed by
using a microscope [manufacturer: Carl Zeiss (Germany); model: Axiostar plus]. The
microscopic images were used to determine the size of the oil droplets in the emulsion using
the Imagel® software (bundled with Java 1.8.0 172) [2].

3.3.9 Small-angle X-ray scattering

The small-angle X-ray scattering (SAXS) experiments were carried out by using a SAXS
instrument [model: NANOSTAR, manufacturer: Bruker (USA)]. An Excillum Gallium
Metaljet was used as a radiation source (wavelength 1.340 A), which was focused with crossed
Gobel mirrors and collimated with two 150 um pinholes. The emulsion sample was held in a
2-mm quartz-glass capillary and inserted into the sample holder. The structural analysis of the
emulsion was carried out by fitting the scattering data by unified Guinier exponential/power-

law equation [3].
1(g)=Gexp(~¢*R2 [3)+B(1/q") (3.2)

i = o[t (4 9)] e

3.3.10 Rheological behavior
A known amount of the XG powder was added to the required amount of Millipore water and
stirred intensely (at 300 rpm) by a magnetic stirrer for 3—5 h at 298 K. The intense stirring
helped to avoid the formation of lumps [4]. It also enabled us to prepare a homogeneous
solution. The desired solution of the surfactant was prepared, and then XG was added. These
samples were used for analyzing the effect of surfactant on the rheological properties of XG.
During sample preparation, the top of the beaker was sealed with an airtight film to avoid the
evaporation of water.

The rheological behavior of the aqueous XG solutions was investigated by using a

modular compact rheometer [manufacturer: Anton Paar (Austria); model: MCR 301]. The cone
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and plate geometry (cone angle: 1°, cone diameter: 50 mm) was used, and the gap was set at
0.1 mm. The steady shear test was carried out to study the flow behavior of the solutions over
the shear rate range of 0.01-1000 s~!. The influence of concentration, surfactant, and salinity
on the flow behavior of aqueous polymer solution was investigated at 298 K. Experiments were
also carried out to analyze the effect of temperature ranging from 293-353 K. To study the
dynamic oscillatory behavior, amplitude and frequency sweeps were carried out. The amplitude
sweep tests were carried out over the strain range of 0.1-1000% at 1 Hz to determine the linear
viscoelastic (LVE) region. Once the LVE region was determined, the frequency sweep test was
carried out by varying the frequency over the range of 0.01-100 Hz and keeping the strain
constant.

3.3.11 Interfacial shear rheology

The shear rheology of the water—paraffin oil interface (at which WH was adsorbed) was
investigated by using an interfacial theometer [manufacturer: Anton Paar (Austria); model:
MCR 301]. The biconical-bob sensor (cone angle: 5°, cone diameter: 68 mm) and a measuring
cell (height: 90 mm, diameter: 80 mm) were used. Initially, the measuring cell was filled up to
its marked limit (i.e., 110 dm?) with the aqueous WH solution. Further, the contact of the bob
with the air—water interface was confirmed by determining the normal force (see Figure 3.3).
Then, the measuring point was calculated with the help of the in-built software (i.e., RheoPlus,
version 3.62). Once the sensor reached the air—water interface, the paraffin oil was gently
poured over the aqueous phase till the measurement mark. The steady shear test was performed
to measure the interfacial shear viscosity over the shear rate range of 1-100 s~!. The dynamic
oscillatory test, on the other hand, was performed to study the viscoelastic properties of the
interfacial film of WH over a wide range of frequency (i.e., 0.001-0.1 Hz) and a constant strain

0f 0.01%.
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Figure 3.3. Gap setting in the interfacial rheometer.

3.3.12 Adsorption studies

The adsorption studies were performed in the batch mode. The sandstone and sand samples
were immersed in the surfactant solution having a concentration in the range of 1000 to 5000
mg dm>. The samples were thoroughly mixed at the desired temperature (i.e., 2908333 K) in
an orbital shaker at 100 rpm. Samples were collected at different times (i.e., 1-24 h) from the
aqueous phase and centrifuged to find the equilibrium concentration using a UV-
spectrophotometer [manufacturer: Shimadzu (Japan); model: UV-1800]. A flowchart of the
adsorption experiments is shown in Figure 3.4. The amount of surfactant adsorbed at time #

was calculated from the following equation:

(C,-C, )V (3.4)

m

q:

The effects of the concentration of surfactant, salinity, and temperature on the adsorption

characteristics of the surfactant were investigated.
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Figure 3.4. Flowchart of the adsorption experiments.

3.3.13 Core flooding measurements

The experimental setup for core flooding is shown in Figure 3.5. First, the core sample was
loaded into the core holder. The system was put in vacuo for 24 h. Thereafter, it was pressure-
saturated with the synthetic brine and then left for another 24 h to age. The crude oil was
injected into the system until the water-cut reached < 1%. The system was aged again for 24 h.
Water flooding was carried out by injecting the brine again to arrive at the residual oil
saturation. Next, the surfactant solution was injected (approximately 1.5-2.5 PV), which was
followed by the polymer flooding (approximately 2.5-5 PV). The system pressure and
temperature were maintained at 13.8 MPa and 333 K, respectively. The confining pressure was

maintained at 20.7 MPa all along the flooding process.
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Figure 3.5. Schematic of the experimental setup for core flooding.
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Nomenclature
B pre-factor specific to the type of power-law scattering
Co initial concentration of the surfactant, mg dm>
C, concentration of surfactant at time ¢z, mg dm>
G Guinier exponential pre-factor
m mass of the rock sample, g
P Porod exponent
q amount of adsorbate adsorbed, mg g!
q. scattering angle, A~
R, radius of gyration, A
S surface area, m?
AT, film thickness, A
U electrophoretic mobility, m*>V's™
Vv volume of the solution, dm?
Greek letters
& dielectric constant of the aqueous phase
& permittivity of free space, C*J ' m™
g zeta potential, V
H viscosity, Pa s
Abbreviations

FESEM field-emission scanning electron microscopy

FETEM field-emission transmission electron microscopy
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FTIR Fourier-transform infrared spectroscopy

GC-MS  gas chromatography—mass spectrometry

IFT interfacial tension
LVE linear viscoelastic region
NMR nuclear magnetic resonance

SAXS small-angle X-ray scattering

SDS sodium dodecyl sulfate

TGA thermogravimetric analysis

WH surfactant synthesized from Eichhornia crassipes (common name: Water
Hyacinth)

XRD X-ray diffractometer

XG xanthan gum
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Characterization of natural surfactant from Eichhornia crassipes

for its possible application in EOR

This chapter focuses on the characterization of the synthesized natural surfactant from
Eichhornia crassipes and study its beneficial effects on EOR. The synthesized surfactant was
characterized by several spectroscopical, morphological, and interfacial analyses.
Furthermore, the influence of the synthesized surfactant on the rheological properties of the
conventionally-used polysaccharide (i.e., xanthan gum) was studied and compared with that of

a commercially-used surfactant (i.e., sodium dodecyl sulfate).

4.1 General overview

This work is mainly focused on the characterization of a natural surfactant derived from the
weed FEichhornia crassipes. The synthesized surfactant (WH) has been characterized by the
Fourier-transform infrared spectroscopy (FTIR), gas chromatography—mass spectrometry
(GC-MS), thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR)
spectroscopy, field-emission scanning electron microscopy (FESEM), and field-emission
transmission electron microscopy (FETEM) to confirm the chemical and morphological
structures.

The critical micelle concentration (CMC) of the surfactant was determined from the
surface tension and conductivity measurements. Studies on rheological properties are important
characterization techniques for the selection of chemicals used in the oil recovery process. In
this work, linear as well as nonlinear rheological properties have been quantified to evaluate
the potential of the natural surfactant for enhanced oil recovery (EOR). The influence of the
synthesized surfactant on the rheological properties of xanthan gum (XG) has been studied and

compared with that of sodium dodecyl sulfate (SDS).
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4.2 Results and discussion
4.2.1 FTIR spectrum of the surfactant

The FTIR spectrum of the synthesized surfactant is shown in Figure 4.1. The spectrum showed

1

an absorption band at 3230 cm™', which appeared due to the O—H stretches in the phenolic

1

compounds. The presence of a peak at 2927 cm signifies the C—H stretch, which is a

characteristic of the alkane, alkene, and aromatic compounds. The peaks at 2361 and 1606 cm™!

are attributed to the stretching of C—N and C=O0, respectively. The absorption at 1434 ¢cm™!

corresponds to —CH3 and —~CH,— asymmetric stretches. The bands at 1370 and 1319 cm™!
indicate the C—O stretch, whereas the peak at 1011 cm™' corresponds to the -O—C—C bond of

the ester. The sharp peak at 600 cm™' shows the C—H bond in alkyne.

Transmittance (%)
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Figure 4.1. FTIR spectrum of WH.

4.2.2 GC-MS analysis of the surfactant

The GC-MS analysis was conducted to get information on the chemical composition of the
synthesized surfactant. The mass spectrum of the synthesized surfactant is shown in Figure 4.2.
Palmitic acid, cyclohexanecarboxylic acid, 4-methoxy-2-methyloct-5-yn-4-yl ester,

petroselenic acid, phthalic acid, hexamethylcyclotrisiloxane, and 6-ethyloct-3-yl 2-ethylhexyl
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ester, were the most prominent compounds present in the surfactant (Table 4.1). The surfactant

contained mainly fatty acids, esters, and aromatic compounds.

100

5274

52.89

38.77

10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00
Time (min)
Figure 4.2. GC-MS spectrum of WH.
Table 4.1. Compounds recognized in the synthesized surfactant
SI.  Retention  Area Compound Molecular
No. time (%) formula
(min)
1 33.70 2.54  Methyl palmitate C17H3402
2 35.92 0.85  Stearyl methacrylate C22H40,
3 38.40 1.83  Methacrylic acid, nonadecyl ester C23H4402
4 38.77 12.92  Palmitic acid Ci16H3202
5 40.55 0.89  Methacrylic acid, nonadecyl ester C23H4402
6 41.12 0.27  Oleic acid Ci1sH3402
7 42.40 5.48  Petroselenic acid Ci1sH3402
8 45.23 0.42  Hentriacontane C31He4
9 46.17 0.65  Bis (2-ethylhexyl) adipate C22H4204
10 48.48 4.28  Phthalic acid, 6-ethyloct-3-yl 2-ethylhexyl CisH4204
ester
11 51.63 1.04  Terephthalic acid, 2-ethylhexyl propyl ester C19H2804
12 51.91 1.42  Hexamethylcyclotrisiloxane CesH1303S13
13 52.77 22.28 Cyclohexanecarboxylic acid, 4-methoxy-, 2-  Ci7H2803
methyloct-5-yn-4-yl ester
14 54.00 0.80  Hexamethylcyclotrisiloxane CsH1303Si3
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Palmitic acid is a saturated fatty acid with a 16-carbon backbone and a terminal
carboxyl group. It can be produced by the hydrolysis of the fat present in the plant. It is the
main intermediate product, which is used for the production of cosmetic creams, soaps, and
emulsifiers. The emulsion formed with water and hexane in the presence of palmitic acid (i.e.,
20 mol m™) was found to be stable for a long time. Also, the interfacial tension at the
water—hexane interface decreased by 2.5 times after the addition of 50 mol m™ palmitic acid
[1]. In addition to palmitic acid, the existence of several fatty acids, such as oleic and
petroselenic acids, was also found from the GC—-MS analysis. These fatty acids are less toxic,
biodegradable, and possess surface-active properties. Besides the fatty acids, the occurrence of
esters such as methacrylic acid nonadecyl ester, stearyl methacrylate, bis (2-ethylhexyl)
adipate, phthalic acid 6-ethyloct-3-yl 2-ethylhexyl ester, terephthalic acid 2-ethylhexyl propyl
ester, and cyclohexanecarboxylic acid, 4-methoxy-, 2-methyloct-5-yn-4-yl ester signifies the

surface-active properties of the synthesized surfactant.

4.2.3 'TH NMR analysis of the surfactant

The '"H NMR analysis was carried out to affirm the structure of the surfactant (see Figure 4.3).
The chemical shift for the methyl group appeared at 0.87-0.89 mg dm>. The sharp peak at
1.24-1.35 mg dm > confirms the series of methylene functional group. The presence of allylic
carbon and carbonyl proton is confirmed at 1.78 and 2.34 mg dm>, respectively. Extensive
multiple peaks over 2.06—-2.08 and 3.71-3.75 mg dm> show the presence of the ester group.
The chemical shift at 4.69 mg dm™ is due to the hydroxylic compound, and that at 5.38 mg
dm™ corresponds to the phenolic compound. The chemical shifts discussed above clearly
demonstrate the existence of palmitic acid and the methyl ester group in the synthesized

surfactant.
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Figure 4.3. '"H NMR spectrum of WH.

4.2.4 Measurement of zeta potential

The electrophoretic mobility of the surfactant molecules was measured, and the zeta potential

was determined from their mobility. The zeta potential of the synthesized surfactant was found

to be —26.4 mV, which signifies its anionic nature. It is the result of the carboxylic acid groups

present in its structure. As mentioned in Section 2.3, the anionic surfactants are extensively

used in the EOR applications due to their relatively low adsorption on the sandstone and clays.

Also, they have low cost and good stability [2].

4.2.5 TGA of the surfactant

The results of thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses of

the synthesized surfactant under nitrogen atmosphere are shown in Figure 4.4. The heating rate

was 10 K/min. It was observed that the decomposition of cellulose and hemicellulose began in

the range of 470-590 K. About 14.1% residue of the sample was left even at 1400 K. Over the

past few decades, the chemical method of EOR has been practiced successfully over a wide
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range of reservoir temperature up to 385 K. It is remarkable that at 385 K, the surfactant

retained 96% of its mass, which demonstrates its thermal stability and usability in EOR.
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Figure 4.4. TG and DTG profiles of WH.

4.2.6 Surface tension and conductivity measurements

The surface tensions of the aqueous WH solutions are shown in Figure 4.5a. A reduction in
surface tension was noticed upon increasing the WH concentration. The lowest surface tension
was observed at ~0.25 wt. %, which indicates the saturation of the air—water interface by the
surfactant molecules. Therefore, the CMC of WH is ~0.25 wt. %. The formation of micelles
leads to abrupt modifications in the physical properties of the surfactant solution after the CMC,
which may be the reason for the slight increase in the surface tension beyond the CMC [3]. In
comparison with other natural surfactants [4—6], the surface tension of the present system is
promising inasmuch as WH can effectively reduce it by ~60%. In comparison, the CMC of
SDS is 0.23 wt. % [7].

The conductivity of the aqueous surfactant solution increased with the surfactant
concentration (see Figure 4.5b). There was a sharp increase in conductivity between 0.2 and
0.25 wt. %, and the subsequent increase was rather small and almost linear. When the ionic
surfactant is dissolved in water, it dissociates into ions. Initially, due to the small number of

ions, the conductivity is low. However, with increasing surfactant concentration, the
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conductivity increases until a point is reached where the micelles are formed. The mobility of
the micelles is lower than the surfactant molecules, and the counterions neutralize the charge
on the micelles. Hence, below the CMC, the surfactant monomers behave as strong electrolytes,
and above the CMC, the micelles are partially-ionized clusters with lower mobility. The sharp
increase in conductivity near the CMC is a characteristic of certain surfactants [8], whereas the
breakpoint in the conductivity—concentration curve is not very sharp for some surfactants [9].
Therefore, from the surface tension and the conductivity measurements, we can conclude that

the CMC of the WH was ~0.25 wt. %.
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Figure 4.5. Variation of (a) surface tension and (b) conductivity with the concentration of

the synthesized surfactant.

4.2.7 Morphological analysis

Figure 4.6 shows the morphology of WH and WH—XG systems. The surfactant extracted from
Eichhornia crassipes clearly shows the existence of fibers with a morphological diameter of
290-370 nm. On the other hand, the surfactant—polymer system indicates fibers with an
enhanced morphological diameter of 750-900 nm. Figure 4.6¢ shows the surface morphology
of the fibers present in the synthesized surfactant. It can be observed that XG adsorbed on the
surface of the fibers, which led to the formation of an associated structure (see Figure 4.6d).
The rheological properties of the polymer solution improved noticeably after the addition of

WH due to this reason, which is discussed in detail in Section 4.2.8.
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Figure 4.6. FESEM micrographs of (a) WH and (b) XG-WH, and FETEM micrographs of
(¢) WH and (d) XG-WH.
4.2.8 Rheological analysis
4.2.8.1 Steady shear flow
The addition of polymer to the reservoir increases the viscosity of the displacing fluid (i.e.,
water), which reduces its relative permeability in the reservoir. It is well known that the
viscosity of the polymer solution increases with the concentration of polymer [10]. This is due
to the increase in the formation of cross-linking bonds. For the application in EOR, it has been
reported that 0.5 wt. % XG is very suitable [11]. Therefore, we have used this concentration of
XG throughout this study. The increase in the apparent viscosity of the XG solution with the

concentration of XG is shown in Figure 4.7.
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Figure 4.7. Apparent viscosities of the XG solutions of different concentrations as a function

of shear rate at 298 K.

Figure 4.8a shows the effect of surfactant concentration on the apparent viscosity of the
aqueous XG solution at 10 s~! shear rate. Most of the flow through the porous media in the oil
reservoir occurs at this shear rate [11]. The suitability of the water-soluble polymers used in
EOR is measured by the increase in the apparent viscosity of the aqueous phase. The apparent
viscosity of 0.5 wt. % XG solution was found to be 446 mPa s at 10 s~! shear rate.

There was hardly any increase in the apparent viscosity of the XG solution after the
addition of SDS. However, WH significantly increased its apparent viscosity. This is probably
due to the strong interaction of the surfactant with the hydrophobic groups of the polymer,
leading to the formation of an association structure between the polymer chains. The dramatic
increase in the viscosity of the aqueous XG—WH solution may as well due to the presence of
the fibers in the surfactant. The XG coiled up on the surface of the fibers of WH, leading to the
formation of a complex association structure (see Figure 4.6). Considering the swelling of the
fiber and formation of the association structure, WH may be used with the polymer as an
effective viscosifier in EOR.

Figure 4.8b illustrates the flow behavior of the polymer solutions at different shear
rates. It was observed that the apparent viscosity of the polymer solutions decreased with

increasing shear rate, which indicates shear-thinning or pseudoplastic behavior. The reduction
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of apparent viscosity with increasing shear rate is due to the alignment of the polymer chains
in the flow direction and reduction in intermolecular interaction with the neighboring polymer
chains [12,13]. Beyond the shear rate of 1 s™!, the apparent viscosity of the XG—SDS solution
was almost similar to that of the XG solution, which may be due to the sudden breakup of the
association structure in the XG—-SDS complex.

Nedjhioui et al. [12] have reported an increase in the apparent viscosity of the XG
solution in the presence of SDS. On the contrary, the apparent viscosity of synthetic polymers
decreases in the presence of SDS [14,15]. The aqueous XG—WH solution had a higher apparent
viscosity than the XG and XG—SDS solutions. The fibers firmly held the association in the

XG—-WH system, and evidently, it was superior to the XG—SDS system.

(a) 1100 [—*— XG-SDS T (b) +—0.5wt. % XG
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Figure 4.8. (a) Variation of the apparent viscosity of the aqueous XG solutions with
surfactant concentration at 10 s~! shear rate and (b) variation of the apparent viscosity of

aqueous polymer solutions with shear rate (at 298 K).

The experimental data obtained from the steady shear flow tests were fitted by the

power-law model,
n=Ky"! “4.1)
The values of n for all the polymer solutions were found to be less than unity, which indicates

the shear-thinning behavior. It was also observed that n decreased with increasing polymer

concentration, which indicates the formation of a gel-like structure. The power-law model

108
TH-2841 166107111



Chapter 4

parameters for the polymer and the polymer—surfactant systems are given in Table 4.2. There
was a very little variation in the values of » and K with the increasing concentration of SDS
for the XG—SDS systems, and the variation in the flow behavior was insignificant as well. A
decrease in n and an increase in K was observed in the XG-WH system. There was a
reduction in the values of n (i.e., 0.30 to 0.23) with the increasing concentration of WH (i.e.,
0.25-0.75 wt. %) for the XG-WH systems. However, with further increment in the WH
concentration (i.e., 1 wt. %), n slightly increased to 0.27. As n <1, the polymer—surfactant

system signifies a shear thinning behavior.

Table 4.2. Power-law model parameters for polymer and polymer—surfactant systems

Sample n K R?

0.25 wt. % XG 0.48 337.3 0.97
0.5 wt. % XG 0.28 1986.1 0.98
0.75 wt. % XG 0.25 5470.2 0.99
1 wt. % XG 0.20 9078.2 0.99
0.5 wt. % XG—0.25 wt. % SDS 0.26 2290.8 0.99
0.5 wt. % XG—0.5 wt. % SDS 0.28 2118.4 0.98
0.5 wt. % XG—0.75 wt. % SDS 0.26 2558.6 0.98
0.5 wt. % XG—-1 wt. % SDS 0.25 2837.9 0.99
0.5 wt. % XG—0.25 wt. % WH 0.30 25293 0.98
0.5 wt. % XG—0.5 wt. % WH 0.27 3280.9 0.99
0.5 wt. % XG—0.75 wt. % WH 0.23 3944.5 0.99
0.5 wt. % XG—-1 wt. % WH 0.27 4345.1 0.99

The Carreau—Yasuda equation for the non-Newtonian fluids under steady shear flow is

given by [16]

n—l1

n=n, +(770+77OO)|:1+(/7,7?)“J7 4.2)
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This model has five parameters (i.e., Mo N> A, 1, and a) to describe the fluid rheology,
where « is a constant, 7, is the zero-shear viscosity, 77, is the infinite-shear viscosity, and / is
a constant (1/4 is the critical shear rate at which the viscosity begins to decrease). The power-
law slope is ( n— 1) , and the parameter a represents the width of the transition region between
n, and the power-law region. Similar to the power-law model, the solution demonstrates shear-

thinning behavior if n is less than unity. The Carreau—Yasuda model parameters for the
polymer and the polymer—surfactant systems are given in Table 4.3.

It is clear from Table 4.3 that n was less than unity, which confirms the shear-thinning
behavior of the polymer as well as the polymer—surfactant solutions. It was observed that n
decreased with increasing concentration of the additives. Among all the systems, the 0.5 wt. %

XG-1 wt.% WH solution showed the strongest shear thinning behavior with 7 =1x10"*. 7,

was maximum for this system. In fact, it was almost 3.5 times that of the 1 wt. % XG solution.
Thus, we can conclude that the 0.5 wt. % XG-1 wt.% WH system can decrease the water
mobility, which ultimately would reduce the relative permeability of water in the reservoir [17].
With an increase in the viscosity, the sweep efficiency can be improved, which would augment
the oil recovery. A comparison between the rheological behaviors of the 0.5 wt. % XG, 0.5 wt.
% XG-1 wt. % SDS, and 0.5 wt. % XG-1 wt. % WH systems have been discussed in Sections
4.2.8.24.2.8.5.

4.2.8.2 Effect of temperature and salinity

Figure 4.9(a) shows the effect of temperature (i.e., 298—373 K) on the apparent viscosity of the
polymer solutions at 10 s! shear rate. A substantial reduction in the apparent viscosity of all
the polymer solutions was observed with increasing temperature. Generally, the speed of the
molecules in liquid increases as the temperature increases. Therefore, the time they spend

interacting with their adjacent neighbors decreases. Thus, the average intermolecular forces
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decrease. The complex helical structures of XG promote strong rheological properties.
However, as temperature increases beyond 333 K, these helical structures break and disorient
into random coils. Therefore, a reduction in the apparent viscosity of XG above 333 K was
observed. A similar observation has been reported elsewhere [18].

An increase in the apparent viscosity of an aqueous solution of XG in the presence of
SDS was observed. This might be due to the strong interaction of the SDS molecules with a
hydrophobic group of the XG that led to the formation of a loose-association structure between
the polymer chains, which increased the viscosity [12]. The SDS micelles have a thermal
stability up to 328 K [19]. Therefore, a sharp decrease in the apparent viscosity of the XG—SDS
system was observed post 333 K.

The WH has a good thermal stability (discussed in Section 4.2.5). The XG coiled up on
the surface of the fibers of WH, leading to the formation of a complex association structure
(see Figure 4.6(d)). The apparent viscosity of the XG-WH was found to decrease with
temperature. However, at 373 K, it was still higher than the XG and XG—SDS. The apparent
viscosity of the solutions followed the sequence: XG—WH > XG-SDS > XG. This trend
remained the same when the temperature was increased to 373 K. However, the addition of
SDS and WH effectively increased the viscosity of the XG solution by 46.6 and 68.8%,
respectively, even at 373 K.

The influence of brine on the apparent viscosity of the polymer solutions was studied
at 298 K, and the results are shown in Figure 4.9b. A strong electroviscous effect was observed.
The addition of Na* efficiently neutralized the negative charge on the polymer chains [14],
resulting in their contraction and reduction in their hydrodynamic radius. On the other hand,
Ca?* disrupted the structure of XG by binding themselves to the negatively charged carboxyl
groups, which eventually reduced the viscosity of the polymer solution [20]. The performance

of the aqueous XG—WH solution was superior to the XG and XG—-SDS solutions. However,
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the apparent viscosity of the brine-free XG—WH solution was slightly higher than that in the

presence of brine.
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Figure 4.9. Effect of (a) temperature and (b) salinity on the flow behavior of the polymer

solutions.

4.2.8.3 Mechanical degradation

The mechanical degradation of the aqueous XG, XG-SDS, and XG—WH solutions at various

shear rates is shown in Figure 4.10. Initially, the sample was sheared from 10 to 1000 s~ for

30 min. This was followed by a relaxation period of 10 min. Finally, it was again sheared for

30 min. The mechanical degradation of the polymer sample was quantified in terms of the

viscosity loss by using the equation (4.3) [21],

Viscosity loss (%) = {
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Figure 4.10. Mechanical degradation of the polymer solutions at different shear rates after a

fixed shearing time (i.e., 30 min).
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It is observed that the XG and the XG-SDS systems experienced more viscosity loss.
This could be due to the structure disruption, which eventually reduced the viscosity. On the
other hand, the XG—WH system showed extraordinary resistance to mechanical shear. The
presence of fibers helped XG to be more stable, rigid, and provide strength to the polymer
network [22].
4.2.8.4 Oscillatory shear flow
The viscoelastic nature of the polymer solutions was studied by the oscillatory shear test. First,
the amplitude sweep test was carried out over the strain range of 0.1-1000% to determine the
linear viscoelastic (LVE) region, within which the test would be carried out without destroying
the structure of the sample. When the applied strain maintains a constant value of G', it
signifies that the structure of the sample is maintained. However, when the applied strain is too
high, the sample may break down, and the value of G’ is decreased. Figure 4.11a shows the
strain dependence of the storage and loss moduli for the aqueous polymer solutions at 298 K
at a fixed frequency (i.e., 1 Hz).

It can be observed that G’ dominated over G" across the entire strain range. Thus,
under these experimental conditions, the material behaved like a viscoelastic solid. Figure
4.11a indicates a strain-thinning feature of the aqueous polymer solutions inasmuch as G’
reduced with increasing strain amplitude. This strain-thinning feature may be due to the
destruction of the material’s internal structure while responding to an externally-imposed
stimulus [23]. The XG—WH solution was found to be more elastic, and it was characterized by
a slower relaxation mechanism [24].

From Figure 4.11a, it is observed that G" showed overshoot after 4% strain for the
XG—-WH solution. Due to the complex helical structure of XG and the fibers of WH, the
molecules aligned and united to form a loosely-associated structure [25]. With increasing

strain, this structure resisted the deformation up to a certain limit where G" increased.
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Thereafter, the structure was demolished by a large deformation over the critical strain, after
which the polymer chains aligned with the flow field and G" decreased. As the strain was
increased further, the polymer chains disentangled and then aligned with the flow field. This
effect became more significant in the anisotropic systems, which flowed more readily, and the
moduli decreased further.

After determining the LVE region, the frequency sweep tests were conducted in small
amplitude oscillatory shear flow fields to determine the viscoelasticity of the polymer solution.
Figure 4.11b shows that the linear viscoelastic behavior of these polymer solutions was
dominated by an elastic nature inasmuch as G’ > G", which showed the gel-like structure of
the polymer solutions [24]. It is also observed from Figure 4.11b that G’ of the aqueous
XG—-WH solution was higher than that of the other polymer solutions. This may be attributed
to the attractive interaction between the fibers and the helical macromolecules of XG. This
eventually formed weak polymer networks by means of hydrogen bonds and physical
entanglement [22]. In comparison with the results reported [11,14,24,26,27], the elastic nature

of the XG—WH solutions were found to be superior to the other polymer—surfactant solutions.
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Figure 4.11. (a) Amplitude sweep and (b) frequency sweep of the polymer solutions.

From Figures 4.11, it is clear that the polymer solutions may be described by a slower

relaxation mechanism. This can also be demonstrated by plotting the loss tangent, i.e.,

I:tan 5=G"(w)/ G'(a))] as a function of frequency. When tan 6 >>1, the material is usually
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liquid-like. On the other hand, fortan o <<1, a solid-like behavior is observed [28,29]. It is
clear from Figure 4.12 that tand was less than unity for all polymer solutions. Its value was

lowest for the aqueous XG—WH solution, which indicates a solid-like viscoelastic behavior.

15
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E —+— XG-WH

0.6 4

13 _\§\§\_§\.;-§ﬁ; 4 4 z 4 i—4—4
15 e S =
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VLA § T35 553548

tan &

0.2+

Frequency (Hz)

Figure 4.12. Loss tangent as a function of frequency for the polymer solutions.

4.2.8.5 Temperature sweep

The performance of the polymer solutions during heating was investigated by a temperature
sweep in which the temperature was increased from 282 to 343 K. A steady frequency (1 Hz)
and strain (5%) was maintained (see Figure 4.13). The XG solution was degraded with
increasing temperature, which made it the least suitable choice for EOR. In the case of the
aqueous XG—SDS and XG—WH solutions, the G’ and G" initially decreased but increased
rapidly after 325 K, which indicates the formation of a strong and ordered network. It is clear

that the G’ and G" for the XG—WH solution were nearly 2 to 20 times greater than those of

the XG—SDS solution. This indicates a more stable, organized, and strong structure of the

XG—-WH system.
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Figure 4.13. Effect of temperature on the G' and G” of the polymer solutions.

4.3 Conclusions

The presence of fatty acids and various esters was confirmed from FTIR, GC-MS, and 'H
NMR analyses. The composition of the synthesized surfactant justifies its surface-active
properties. Its TGA analysis showed good thermal stability. The CMC of the surfactant was
~0.25wt. %. The presence of fibers in the surfactant helped it enhance the rheological
properties of XG. The apparent viscosity of the XG—surfactant solution decreased with
increasing shear rate, which indicated a shear thinning behavior. The flow behavior index was
less than unity for the power law and the Carreau—Yasuda models, which further confirmed the
shear thinning behavior. The XG—WH system was found to be the most effective due to its
stronger shear thinning behavior in comparison with the conventional XG and XG-SDS
systems. In addition to shear, the XG-WH system was found to be more stable at high
temperatures, in saline media, and against mechanical degradation. Oscillatory shear tests
confirmed the viscoelastic behavior of the polymer solutions. The XG—WH system was found
to be better than the conventional systems over a wide range of strain and frequency. The
dominating elastic properties of the XG—WH system would be helpful in pulling the oil out
from the trapped zone as well as pushing the fluid ahead. This “push and pull” mechanism may

effectively enhance oil recovery.
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Nomenclature
a constant in equation (4.2)
G’ storage modulus, Pa
G" loss modulus, Pa
n flow behavior index
K consistency index, mPa s
Greek letters
4 shear rate, s~
n viscosity, mPa s
o zero-shear viscosity, mPa s
., infinite-shear viscosity, mPa s
A constant in equation (4.2), s
H viscosity determined after 10 min relaxation time, mPa s
Lo viscosity determined before 10 min relaxation time, mPa s
Abbreviations
CMC critical micelle concentration
DTG derivative of thermogravimetric analysis
EOR enhanced oil recovery

FESEM field-emission scanning electron microscopy
FETEM field-emission transmission electron microscopy
FTIR Fourier-transform infrared spectroscopy

GC-MS  gas chromatography—mass spectrometry

LVE linear viscoelastic region
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NMR nuclear magnetic resonance

SDS sodium dodecyl sulfate

TGA thermogravimetric analysis

WH surfactant synthesized from Eichhornia crassipes (commonly known as Water
Hyacinth)

XG xanthan gum
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Impact of mineralogy, salinity, and
temperature on the adsorption characteristics
of the synthesized natural surfactant
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Impact of mineralogy, salinity, and temperature on the

adsorption characteristics of the synthesized natural surfactant

This chapter mainly focuses on evaluating the adsorption of the synthesized natural surfactant
on the porous media. This study features the kinetics, mechanism, and equilibrium of
adsorption of the surfactant on sand and sandstone rock. This study also highlights the

influence of brine and temperature on the adsorption of the surfactant.

5.1 General overview

Loss of surfactants by adsorption on the porous rock surface is one of the significant drawbacks
of surfactant flooding. Thus, it is essential to analyze the mechanism of adsorption of the
surfactant on a porous rock under reservoir-like conditions [1-3]. Adsorption of the natural
surfactant on the sandstone and sand surfaces was investigated with the help of Langmuir,
Freundlich, Temkin, and Linear isotherms [4—7]. Details of these adsorption isotherms are

summarized in Table 5.1.

Table 5.1. Details of the adsorption isotherms

Adsorption Equation Remarks
isotherm
Langmuir _qoK;C, It is commonly used to describe the
K ,C, +1 adsorption in a monolayer system.

Freundlich 9. =K, Cel/ n It deals with adsorption on the heterogeneous
surface with several adsorption sites.

Temkin qg,=BInK,+BInC, It considers the influence of the interaction
between the adsorbate molecules on
adsorption.

Linear q,=K,C, It is established on the basis of the Henry

equation. Acceding to this isotherm, the
amount adsorbed increases linearly with the
equilibrium concentration.

The kinetics of adsorption of the surfactant on the rock surface was illustrated with the help of

the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. Furthermore,
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thermodynamics of adsorption of the natural surfactant on the rock surfaces was studied. The
fit of the models and the respective model parameters are discussed in the chapter. The details
of the experiments are given in Section 3.3.12.

5.2 Results and discussion

5.2.1 Adsorbent characterization

The mineralogical constituents of the sandstone and sand samples were characterized by the
X-ray diffractometer (XRD). It is clear from Figure 5.1 that the samples had a single-phase
structure as indicated by the single-headed peak. The major peaks at 26.82° and 26.65° in the
sandstone and sand, respectively, confirm the presence of quartz. The XRD analysis also
confirmed the presence of a few impurities such as feldspar (21.11°, in the sand), albite (23.88°,
in the sandstone), iron (36.69°, in the sand), and kaolin (42.54° and 45.93°, in the sandstone
and sand, respectively).

The surface morphology, roughness, and texture of the adsorbent (both before and after
adsorption) were analyzed using a field-emission scanning electron microscope (FESEM) (see
Figure 5.2). The surfaces of sandstone and sand were found to be porous. These characteristics
influenced the adsorption capacity and film thickness of the adsorbate molecules on the

adsorbent surface.

Q Sandstone
Sand

Q
I Al QQQ@sQ K Q Q Q Q

Q
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20()
Figure 5.1. XRD images of sandstone and sand (Q: Quartz, F: Feldspar, A: Albite, Fe: Iron,
and K: Kaolin).
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The absorbance of the surfactant solutions from its solutions at different concentrations was

measured by the UV—visible spectrophotometer. Figure 5.3 shows that a significant absorbance

was observed in the wavelength range of 194-218 nm at all surfactant concentrations. The

average wavelength (i.e., 206 nm) was set to obtain the calibration curve (see Figure 5.3b).
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Figure 5.3. (a) Absorbance spectra and (b) calibration curve for the natural surfactant (x is the

concentration and y is the absorbance).

Adsorption of the surfactant on the sandstone and sand surfaces at varying surfactant

concentrations was measured, and the results are shown in Figure 5.4. It is evident that the

amount of surfactant adsorbed increased with increasing surfactant concentration. The

TH-2841 166107111
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electrostatic force between the hydrophilic portion of the surfactant and the negatively-charged
adsorbent, chemical interaction between the fatty acids and the rock surface, and the
hydrophobic effect govern the adsorption of the surfactant molecules. A similar result has been
reported by numerous researchers [8,9]. Generally, a monolayer of the surfactant molecules is
developed over the rock surface at the lower concentrations of the surfactant. As the surfactant
concentration increased beyond the critical micellar concentration (CMC), the molecules self-
assembled to form micelles. The adsorption of the surfactant increased after the CMC due to
the presence of micelles in the bulk phase [10].

5.2.3 Analysis of adsorption data by isotherms

5.2.3.1 Langmuir isotherm

Figure 5.5 shows the fit of the Langmuir isotherm to the experimental data for both types of

rock surfaces. The parameters of this isotherm, obtained by curve fitting, are given in Table

5.2. The separation factor (RL) for the Langmuir isotherm is given by
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Figure 5.4. Variation of equilibrium adsorption with the initial surfactant concentration on

(a) sandstone and (b) sand.

(5.1)
1

LT14K,C,

The adsorption of surfactant on rock is considered favorable for 0 <R, <1. However, the
values of R, at the CMC of the surfactant (i.e., 2500 mg dm™) for sandstone and sand were
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found to be around 0.52 and 0.68, respectively, which indicate favorable adsorption of the
surfactant on these rocks.

5.2.3.2 Freundlich isotherm

Analysis of the experimental data with the Freundlich isotherm, and its parameters are shown
in Figure 5.5 and Table 5.2, respectively. A good agreement was observed between the
experimental data and the fitted isotherm for both samples. The higher values of the adsorption
capacity indicate a significant adsorption of the surfactant on both sandstone and sand.

5.2.3.3 Temkin isotherm
The experimental data were fitted by the Temkin isotherm, as shown in Figure 5.5. It is apparent
from the isotherm parameters (see Table 5.2) that the Temkin model is inappropriate to explain
the adsorption of the surfactant on the rock samples.
5.2.3.4 Linear isotherm
The linear isotherm also failed to fit the experimental data. The fit of the model is shown in

Figure 5.5, and the values of K, are given in Table 5.2.
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Figure 5.5. Effect of concentration of surfactant on the adsorption, and the fit of the

adsorption isotherms for (a) sandstone and (b) sand.
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Table 5.2. Parameters of the adsorption isotherms

Isotherm Sandstone Sand

Langmuir K, (dm’mg") ¢,(mgg’) R* K,(dm’mg') ¢,(mgg’) R?

4.22 %107 39.46 0.98 3.00x107* 56.11 0.99

Freundlich K, (dm’ mg™) n R>  K,(dm’mg™) n R?
0.33 1.92 0.98 0.15 1.56 0.98

Temkin K, (dm* mg™) B R*> K (dm’mg?) B R?
3.63x10°° 9.20 098 320x10° 11.60 0.96

Linear K, (dm’ m™?) R? K, (dm’ m?) R?
4.30%10 0.95 6.90x10 0.97

5.2.4 Effect of salinity on the adsorption of surfactant

Salinity is among the most critical factors, which affect the adsorption of surfactant [11].
Adsorption of the surfactant increased in the saline medium (see Figure 5.6). It was mainly due
to the physicochemical interactions between the surfactant molecules, rock particles, and salt
ions [12]. The reduction of the electrostatic repulsion between the surfactant molecules led to
the enhancement in the surfactant adsorption on the rock surface [13]. In addition, salt
counterions may adsorb on the surface of the surfactant, which eventually reduces the charge

of the surface [14]. The values of the parameters of the isotherm are reported in Table 5.3.

35 35
® Sandstone - (b) e Sand
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Figure 5.6. Effect of salinity on the adsorption of the surfactant on the (a) sandstone and (b)

sand samples, and the fit of the adsorption isotherms.
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Table 5.3. Effect of salinity on the adsorption of surfactant on the rock surfaces, and the

parameters of the adsorption models

Isotherm Sandstone Sand

Langmuir K, (dm’mg') ¢, (mgg") R* K, dm’mg’) ¢, (mgg") R?

1.24%107* 95.71 0.97 3.14x107* 56.28 0.97

Freundlich K, (dm’® mg™) n R* K, (dm* mg™") n R?
0.06 1.32 0.97 0.20 1.61 0.97

Temkin K, (dm’ mg™) B R K, (dm’mg™") B R
223%10°3 13.80 0.91 3.65%107° 11.68 0.95

Linear K, (dm® m?) R? K;; (dm®> m™?) R?
7x107° 0.98 7x107° 0.96

5.2.5 Impact of temperature on the adsorption of surfactant

The influence of temperature on the adsorption of the surfactant is one of the necessary aspects
for screening the surfactant. In this study, a substantial reduction in the adsorption was observed
with increasing temperature. This suggests that the adsorption was exothermic [8]. The impact
of temperature on surfactant adsorption is subject to the adsorption density. Reduction in the
adsorption occurred due to the increase in the kinetic energy of the surfactant molecules
[15,16]. The fits of the models to the experimental data at different temperatures are shown in
Figures 5.7 and 5.8, and the values of the parameters of the isotherms are reported in Tables

5.4 and 5.5.
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Figure 5.7. Effect of temperature on the adsorption of surfactant on sandstone, and the fit of

(a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Linear adsorption isotherms.

Table 5.4. Parameters of the isotherms for the adsorption of the surfactant on the sandstone

surface at 313-333 K

Isotherm Temperature Isotherm Parameters
(K)
Langmuir K, (dm® mg™h) q, (mgg™) R?
313 290x10™ 43.12 0.97
323 2.46x107* 42.98 0.95
333 217x10™* 42.51 0.95
Freundlich K, (dm’mg™") n R?
313 0.16 1.66 0.96
323 0.11 1.57 0.94
333 0.08 1.50 0.92
Temkin K, (dm*mg™) B R?
313 2.66x107° 9.64 0.96
323 237%x107° 9.38 0.95
333 2.02x10°° 9.44 0.97
Linear K, (dm’ m™) R?
313 44x107 0.94
323 4.2%107 0.92
333 4.0%x1073 0.89
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Figure 5.8. Effect of temperature on the adsorption of surfactant on sand, and the fit of (a)

Langmuir, (b) Freundlich, (c) Temkin, and (d) Linear adsorption isotherms.

Table 5.5. Parameters of the isotherms for the adsorption of the surfactant on the sand surface

at 313-333 K

Isotherm Temperature Isotherm Parameters
K)

Langmuir K, dm’mg’) ¢, (mgg) R
313 233x107* 59.51 0.95
323 1.54%107* 79.84 0.90
333 1.33x107* 70.35 0.88

Freundlich K, (dm?® mg™) n R?
313 0.094 1.66 0.94
323 0.045 1.26 0.88
333 0.035 1.25 0.87

Temkin K, (dm®> mg™) B R’
313 2.60x1073 11.84 0.95
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323 220x%x107° 13.12 0.91
333 1.88%x1073 11.75 0.90
Linear K, (dm*m?) R’
313 6.5%x107 0.93
323 7.7%1073 0.88
333 6.0x107 0.87

5.2.6 Kinetics of adsorption

Adsorption involves solid—liquid interaction and transfer of mass from the liquid phase to the
solid surface. The rate and mechanism of adsorption can be well-described by studying the
adsorption kinetics. There are mainly three types of adsorption kinetics, which are discussed in

the following sections. The studies on adsorption kinetics were carried out by measuring the

amount of surfactant adsorbed at different times (see Figure 5.9).
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Figure 5.9. Amount of the surfactant adsorbed at different times on (a) sandstone and (b)
sand.
5.2.6.1 Pseudo-first-order Kinetic model
The pseudo-first-order kinetic model is given by the following equation:
In(q. —q,)=mn(Kq,)-Kit (5-2)

This model was fitted to the experimental data, and the model parameters (i.e., K, and ¢g,) for

both sandstone and sand are given in Table 5.6. Based on the R* values (i.e., R* <0.9), it is
apparent that this model was unable to explain the adsorption kinetics for most of the systems,
especially at the high surfactant concentrations. However, this model was able to describe the
adsorption kinetics at the lower surfactant concentrations.

Table 5.6. Parameters of the pseudo-first-order model for adsorption of the surfactant on the

rock surfaces

Concentration Sandstone Sand
(mg dm™) K, q, R’ K, q, R’
(™ (mgg™) () (mgg™)
1000 0.311 10.16 0.99 0.374 8.20 0.92
1500 0.387 12.60 0.95 0.628 10.10 0.88
2000 0.410 16.64 0.94 0.725 14.86 0.82
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2500 0.681 17.57 0.79 0.593 18.99 0.89
3000 0.837 19.70 0.82 0.611 21.12 0.79
3500 1.081 21.10 0.77 0.773 20.95 0.79
4000 1.617 21.91 0.84 1.069 23.61 0.61
4500 1.637 25.10 0.97 0.974 25.38 0.63
5000 2.322 26.11 0.92 1.413 27.11 0.63
5.2.6.2 Pseudo-second-order kinetic model
The pseudo-second-order model is given by the following equation:
Lo = 53
qt K2qez qe ( ’ )

The values of K, and g, were calculated from the slope and intercept of the fitted line (Figure
5.10), and they are given in Table 5.7. An increment in the calculated values of g, was observed
with increasing surfactant concentration. Both the calculated and experimental values of ¢,
were close to each other. This finding, together with the fact that the coefficient of

determination (Rz) was greater than 0.99, show that the pseudo-second-order model gave the

best fit. This supports the pseudo-second-order model's assumption that the adsorption was

chemisorption, with more than one-step possibly involved in it [17].

(a) 25| ® 1000 mgdm 3 (b) 304 ® 1000mgdm?®
® 2000 mg dm y j e 2000 mgdm” /,.i
® 3000 mgdm” 25| ® 3000mgdm’ /
204 ® 4000 mgdm’ e 4000 mg dm’ P
e 5000 mgdm’ P ® 5000 mgdm”®
~ = ~ 20 5
P:En 7 - ] —E - g
= i j o 15 » s
£ = : = 7
r 1.0 / .
:.9.- P el . g i p _a
: - .
o . /4 ® —e
0.5+ ,I"/ 4 .
. . as 2 e ==
e e
e rj;—l——-"
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Figure 5.10. The fit of the pseudo-second-order model to the exponential data for the

t(h)

adsorption of surfactant on (a) sandstone and (b) sand.
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Table 5.7. Parameters of the pseudo-second-order model for adsorption of surfactant on the

rock surface

Concentration Sandstone Sand
(mg dm™) K, q, R? K, q, R?
(gmg'h) (mgg™) (gmg™'h™) (mgg™)
1000 0.03 11.52 0.99 0.05 9.28 0.99
1500 0.07 12.31 0.98 0.06 11.43 0.99
2000 0.03 18.11 0.99 0.06 16.34 0.99
2500 0.06 18.87 0.99 0.05 20.24 0.99
3000 0.08 20.67 0.99 0.03 23.64 0.99
3500 0.12 21.93 0.99 0.06 22.52 0.99
4000 0.30 22.32 0.99 0.06 25.84 0.99
4500 0.29 25.51 0.99 0.05 27.85 0.99
5000 0.32 26.17 0.99 0.05 29.94 0.99

5.2.6.3 Intra-particle diffusion model

The pseudo-first-order and pseudo-second-order kinetic models are helpful to comprehend the
reaction type and rate constants during adsorption of surfactant on the rock surface. However,
these models are not effective to understand internal and external diffusion processes. Hence,
the intra-particle diffusion model (i.e., equation 5.4) can be used to explain the diffusion

process [10].

q, =Kit*+C (5.4)
This model was fitted to the experimental data, and the parameters were determined (Table
5.8). Figure 5.11 shows the amount of surfactant adsorbed as a function of (t)0'5 . It is evident

from Table 5.8 that the values of R* are much less than unity. This is possibly because of the
variation in the rate of mass transfer in the initial and final stages of adsorption [8]. Hence,

intra-particle diffusion was not the rate-limiting step in adsorption.
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Figure 5.11. Fit of the intra-particle diffusion model to the experimental data for the adsorption

of surfactant on (a) sandstone and (b) sand.

Table 5.8. Parameters of the intra-particle diffusion model for adsorption of surfactant on rock

surface
Concentration Sandstone Sand
(mg dm™) K, c R? K; c R?
(mg g™ h™) (mg g™ h)
1000 1.87 2.38 0.81 1.41 2.47 0.71
1500 1.85 4.65 0.52 1.27 5.28 0.81
2000 2.55 6.24 0.76 1.62 8.78 0.71
2500 1.91 10.22 0.71 2.28 10.01 0.64
3000 1.77 12.99 0.66 2.62 11.09 0.77
3500 1.45 15.78 0.63 2.08 13.10 0.68
4000 0.84 18.94 0.49 1.90 16.96 0.78
4500 0.90 21.88 0.46 2.25 17.41 0.83
5000 0.45 24.52 0.39 1.80 21.20 0.89

5.2.7 Thermodynamics of adsorption

Thermodynamic parameters [i.e., the changes in standard Gibbs free energy (AG®), enthalpy

(AH®), and entropy (AS°)] were calculated for the adsorption of the natural surfactant on the

rock surfaces. AG° was calculated from the following equations:

TH-2841 166107111

AG°=—-RTInK"
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o A0 (AF°/R) 66
R T

The method suggested in the literature [10,18,19] was used to calculate the standard

equilibrium constant (K°). As per its definition given by the IUPAC [20], K° must be

dimensionless for calculating the true value of AG°. Therefore, K° was calculated (from
equation 5.7) [18].

K°=555x10" MK, (5.7)
As discussed in Sections 4.2.2 and 4.2.3, palmitic acid was confirmed as the dominant

constituent in the synthesized natural surfactant by "H NMR and GC-MS analyses. Therefore,

the molecular weight of adsorbate (M ) was taken as 256.43 g mol'. A plot of InK°vs. 1/T

was prepared to determine the thermodynamic parameters (see Figure 5.12). The values of
AG®° and AH° were found to be negative, which signifies the spontaneous, feasible, and
exothermic nature of the adsorption [21]. Besides, small positive values of AS® signify a minor
randomness of at the solid—liquid interface [22]. The thermodynamic parameters for the
adsorption of the surfactant on the sandstone and sand surfaces at different temperatures are

shown in Table 5.9.

9.2 —
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9.0 - e Sand
8.8 -
Sandstone )
B84 | InK°=1900.1 (1/T) + 2.296 el
R =098 AT
o 8.4 - /_’:,,—- *
X - _/_/./
c 8.2 ,‘?/

8.0 %z/ r-a

7.8+
Sand

In K* = 2428.6 (1/T) + 0.246
R*=0.96
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P
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Figure 5.12. Plot of In K° vs. 1/T to determine the AH°and AS°.

137

TH-2841 166107111



Chapter 5

Table 5.9. Thermodynamic parameters for adsorption of the surfactant on the rock surfaces

Temperature Sandstone Sand
K AG° AH° AS° AG° AH?® AS°
(kJ mol™)) (kJ mol') (kJmol! (kJ mol') (kJ mol!) (kJ mol!

K1) K1)

298 —21.48 —-15.80 0.02 —20.80 —20.19 0.002

313 -21.77 —20.83

323 -21.96 —20.85

333 —22.15 —20.87

5.3 Conclusions

Equilibrium and kinetics of adsorption of the synthesized surfactant on sandstone and sand

were studied. The experimental data were analyzed with four adsorption isotherms and three

kinetic models. Thermodynamic parameters for adsorption were also determined. Based on the

experimental data and model-fitting, the following conclusions have been made:

1.

The amount of surfactant adsorbed increased with increasing surfactant concentration. This
was due to the concentration gradient between the bulk solution and the solid surface.

The adsorption of the surfactant on both types of rock surfaces was well-represented by the
Langmuir adsorption isotherm. The pseudo-second-order model explained the adsorption
kinetics well.

Salinity had an active role in the adsorption process, inasmuch as it increased the adsorption
of the surfactant on the rock surfaces due to electrostatic screening.

Reduction in the adsorption occurred with increasing temperature, which demonstrated that
the adsorption was an exothermic process.

Negative values of AG® and AH® specify the spontaneous and exothermic nature of the

adsorption process.
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Nomenclature

B Temkin isotherm constant
C intercept in equation (5.4)
C, equilibrium concentration of the surfactant, mg dm>
K° standard equilibrium constant
K, pseudo-first-order rate constant, h™!
K, pseudo-second-order rate constant, g mg™' h™!
K, Freundlich isotherm constant, dm® mg™!
Ky linear isotherm constant, dm® m2
K. intra-particle diffusion rate constant, mg g~' h™!
K, Langmuir isotherm constant, dm?® mg™!
K, equilibrium binding constant, dm® mg!
m mass of rock sample, g
M molecular weight of adsorbate, g mol™!
9o maximum amount of adsorbate that can be adsorbed, mg g™
e amount of surfactant adsorbed, mg g!
q, amount of surfactant adsorbed on the surface of the rock at time ¢, mg g!
R correlation coefficient
R, separation factor
V volume of the solution, dm?
Greek letters
AG® standard Gibbs free energy change, kJ mol!
AH® standard enthalpy change, kJ mol !
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AS° standard entropy change, kJ mol! K
Abbreviations
CMC critical micellar concentration
EOR enhanced oil recovery
FESEM field-emission scanning electron microscopy
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Chapter 6

The Role of Adsorption of a Natural Surfactant
at Oil-Water Interface in Enhanced Oil
Recovery: Interfacial Structural Analysis and
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Chapter 6

The Role of Adsorption of a Natural Surfactant at Oil-Water
Interface in Enhanced QOil Recovery: Interfacial Structural

Analysis and Rheology

This chapter highlights the impact of the synthesized natural surfactant on the properties of the
oil-water interface, and further correlates with its possible application in the EOR. It involves
studies on interfacial shear rheology of the oil-water interface, which helps to characterize the
flow behavior and the viscoelastic properties of the interfacial film. Furthermore, the
adsorption of the surfactant molecules at the oil-water interface is studied using small-angle

X-ray scattering, zeta potential, and morphological analyses.

6.1 General overview
Numerous analyses such as the measurement of surface tension and interfacial tension (IFT),
wettability, adsorption, rheological characteristics, phase behavior, and core flooding are
widely carried out to study the performance of the chemical additives for enhanced oil recovery
(EOR) [1-5]. However, the chemical additives injected into the oil reservoir interact with the
crude oil and adsorb on the oil-water interface, forming a complex interfacial film. Therefore,
explicit knowledge of the film characteristics is essential for interpreting the displacement of
the entrapped oil from the reservoir [6]. This depends on the interfacial properties of the oil—
water system, which are controlled by the physicochemical properties of the crude oil and water
chemistry [7-10].

Generally, the surfactant adsorbs spontaneously from the bulk phase at the oil-water
interface, where the resultant free energy is lesser than that in the bulk of the solution. The
adsorbed surfactant not only changes the IFT but also develops an interfacial film with

viscoelastic properties [11]. An interfacial rheology is a potential tool that can be used to study
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the structural properties of the interfacial film and its stability [12,13]. It illustrates the
functional association between the stress applied at the interface and its deformation.

The analysis of phase behavior and the electrical properties of the interface are some of
the most important aspects of understanding the formation of the film at the oil-water interface
by the self-assembly of the surface-active agents [14,15]. However, it has been observed that a
significant aspect of the development and stabilization of the interfacial film is not
comprehended through these analyses. Therefore, along with the aforesaid analyses, small-
angle X-ray scattering (SAXS) can provide more insight into the characteristics of this film

[16].

6.2 Results and discussion

6.2.1 Interfacial tension

The tension at the interface between the aqueous surfactant solution and paraffin oil was
measured. A significant reduction in the IFT was observed in the presence of the surfactant
(see Figure 6.1). The IFT decreased with increasing surfactant concentration and reached a
minimum value at 0.2 wt. %, which indicates the saturation of the oil-water interface by the
surfactant molecules. The presence of micelles leads to an abrupt modification in the physical
properties of the surfactant solution after the critical micelle concentration (CMC), which may
be the reason for the slight increase in the IFT beyond the CMC [17,18]. In comparison with
other natural surfactants [19-21], the IFT of the present system are promising inasmuch as WH
can effectively reduce it by ~50%. Alpandi et al. [22] have measured the IFT between paraffin
oil and water in the presence of a natural surfactant derived from the Vernonia amygdalina

plant. They observed that the minimum IFT was attained in the presence of 6 wt. % surfactant.
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Figure 6.1. Variation of (a) IFT with WH concentration, (b) IFT with logarithm WH

concentration, and (c) I"with WH concentration.

The surface excess concentration (I') has been determined using the Gibbs adsorption

equation:

U dy
2RT dlnc

(6.1)

The IFT data were plotted in Figure 6.1(b) as IFT (7/) vs. In(c). The data were fitted by a

second-order polynomial equation:

y=-1.8916(Inc)’ —14.5156(In¢) +10.3133 (6.2)
Further,
6.3
‘Z =-3.7832(Inc)~14.5156 (63)
C
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From, Figure 6.1(c), it is clear that the concentration of WH molecules at the oil-water interface

increases with increasing WH concentration.

6.2.2 Zeta potential analysis

The electrostatic charge at the interface generated by the surface-active chemical additives is
an essential aspect of the EOR [23]. The effect of electric charge on the oil droplets on the
emulsion stability was studied by measuring the zeta potential. The zeta potential gives a
measure of the electrostatic repulsive force between the oil droplets in the emulsion system
[24]. The effect of surfactant concentration on the zeta potential is shown in Figure 6.2. The
emulsion droplets were negatively charged because the fatty acids and esters present in the
surfactant (discussed in Section 4.2.1) adsorbed on their surfaces [25]. An increase in the zeta
potential from -25.2 to —37.2 mV was observed with the increase in the surfactant
concentration (i.e., 0.1 — 1 wt. %). An increase in the density of the surfactant molecules at the
oil-water interface (and consequent increment in the interfacial charge density) can be inferred
from the increase in the zeta potential [26]. As the surfactant concentration increased above the
CMC (i.e., 0.25 wt. %), probably a multilayer of the surfactant molecules on the oil-water
interface was formed. The density of the surfactant molecules at the interface increased,
resulting in a higher zeta potential. The values of the zeta potential reflect the good stability of

the emulsion [27].

6.2.3 Phase behavior
The effect of surfactant concentration (i.e., 0.1 — 1 wt. %) on the paraffin oil-water emulsion
characteristics was observed for 20 d (see Figure 6.3). It is evident from Figure 6.3 that the

emulsion became creamier and thicker with increasing surfactant concentration. Below the

CMC (i.e., 0.25 wt. %) (discussed in Chapter 4), the emulsion became clear (after 20 d), which
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Figure 6.2. Variation of zeta potential at the paraffin oil-surfactant solution interface at
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can be a result of its poor stability. Further, the emulsion's stability improved with increasing
surfactant concentration. This is due to the enhanced adsorption of the surfactant molecules on

the oil droplets [28].

(a) 0.1 wt. % WH 02 wt. % WH 0.3 wt. % WH 0.4 wt %WH 0.3 wt % WH 0.6 wt. % WH 0.7 wt % WH 08wt % WH 0.5 wt % WH Lwt % WH
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(h) 0.1 wt. % WH 0.2 wt. % WH 0.3 wt. % WH 0.4 wt % WH 0.3 wt. % WH 0.6 wi. % WH 0.7 wt % WH 0.8 wt. % WH 09wt % WH 1wt 2 WH

“LEEEE-

Figure 6.3. Stability of emulsions at different surfactant concentrations for (a) t = 0 and (b)
t=20d.

Furthermore, we have studied the influence of surfactant concentration on the emulsion
characteristics using microscopic analysis (see Figure 6.4). The amount of oil in the emulsion
was found to increase with increasing surfactant concentration. The number of oil droplets was
rather small for the 0.1 wt. % WH system [see Figure 6.4a]. This was due to a small amount of
surfactant adsorbed on the surface of the oil droplets [29]. The presence of bigger oil droplets
(i.e., 20-140 pum) is also evident from Figure 6.4a. These droplets were prone to quick

coalescence, and hence the emulsion stability decreased. However, it is obvious from Figures
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6.4b and 6.4c that the extent of emulsification increased at 0.25 and 1 wt. % WH, which was
due to the more adsorption of the surfactant molecules on the oil droplets. Furthermore, the
number of small oil droplets was found to be increasing with surfactant concentration (see
Figure 6.4b and 6.4c). An increase in the number of dispersed oil droplets and more stability
of the emulsion promoted a higher removal of the trapped oil, which improved the oil recovery
[30].

Low molecular weight fatty acids (which are the main components of the synthesized
natural surfactant) have a high tendency to adsorb at the oil-water interface [13]. Generally,
the adsorption of surfactant on the oil droplets is a two-step process. At the low surfactant
concentrations (i.e., below the CMC), the adsorption occurs rapidly due to the presence of
vacant sites at the interface. At the CMC, a monolayer of the surfactant molecules is formed
on the interface. The negatively-charged groups of the surfactant molecules lead to the
development of an electrostatic double layer at the oil-water interface, and hence around the
oil droplets [31]. When the oil droplets approach each other, the ions of the diffuse double layer
are confined to a narrow space, which is entropically unfavorable. This leads to the repulsive
disjoining pressure between the oil droplets, and the coalescence of the droplets is minimized.
In addition, the force of repulsion between the droplets is proportional to their size [32].

When the surfactant concentration is higher than the CMC, the micelles present in the
film tend to be ousted when two oil droplets are brought close to each other [33,34]. It is clear
from Figure 6.4b that the stability of the emulsion at the higher surfactant concentration (i.e.,
above 0.7 wt. % WH) was unchanged even after 20 d. At the CMC, the surfactant molecules
form a monolayer on the oil droplets and cover the entire surface. As the concentration of
surfactant is increased, further adsorption may lead to the development of multilayers at the

interface [35,36]
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with the micelles present in the film. This phenomenon is termed as the stratification, which
promotes structural repulsion [37]. The strong structural repulsion inhibits the coalescence of
the droplets, even at small distances [see Figure 6.4c].

Figure 6.5 demonstrate the interaction between the dispersed oil droplet for 1 wt. %
WH emulsion system. The presence of stable emulsion stabilized by the surfactant is well-
comprehensible from Figure 6.5. Furthermore, it is evident that two adjacent oil-in-water bulk
phases approached close to each other driven by the capillary pressure arising due to the
difference in curvature of the interfaces, as described by the Young—Laplace equation [38]. The
pressure difference across the curved surfaces eventually led to the merger of the two adjacent
surfaces. However, the structural repulsion between the oil droplets hindered coalescence,
which led to the encapsulation of the oil droplets [see Figure 6.5a—c]. Several studies have

suggested that such encapsulation improved oil recovery by 17-43.3 % [39,40].
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Figure 6.5. Demonstration of (a—c) oil encapsulation and (d—f) film formation.

6.2.4 Shear rheology of the surfactant layer at the oil-water interface

Interfacial viscosity is one of the crucial parameters for understanding the capillary phenomena

[41]. These phenomena in oil recovery correlate with the displacement efficiency of crude oil

in the reservoir. Figure 6.6a demonstrates the influence of surfactant concentration on the

interfacial viscosity of the oil-water interface at 10 s™' shear rate. A significant increment in

the interfacial shear viscosity was observed with increasing surfactant concentration. This

demonstrates the formation of a viscous layer by the adsorption of the surfactant molecules at

the oil-water interface [42]. The interfacial shear viscosity of 1 wt. % WH-oil system was

foundto be 1.7 mPasmat 10 s
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Figure 6.6. Variation of interfacial shear viscosity at different surfactant concentrations (a)

at the constant shear rate of 10 s! and (b) at varying shear rates (i.e., 1 — 100 s™1).

Figure 6.6b demonstrates the influence of shear rate on the surfactant layer at the oil—

water interface. It was observed that the interfacial viscosity reduced with increasing shear rate,
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which depicts a shear-thinning behavior. It happened mainly because of the slow weakening of
the microstructure of the surfactant layer at the interface. After the CMC (i.e., 0.25 wt. %) was
reached, a very nominal increment in the interfacial shear viscosity was observed, which
justifies the saturation of the oil-water interface. The interfacial film stability is mainly
governed by the extent of adsorption of the surfactant molecules at the oil-water interface
[43,44] and the interaction between them. At low concentration, the number of surfactant
molecules adsorbed at the oil-water interface is rather small, and therefore, a weak interfacial
film is formed. As the surfactant concentration increased, the interfacial viscosity of the film
increased [45].

Lin et al. [46] studied the adsorption of asphaltenes (a natural surfactant present in the
crude oil) at both air—water and oil-water interfaces using a combination of interfacial shear
rheology and visualization approaches. The interfacial viscosity of air—water and decane oil—
water interfaces (in presence of 0.4 ug cm 2 asphaltene) was reported to be 10 and 102 Pa s
m, respectively, at 1 s”!. In another study, Badri and Ghosh [47] studied the interfacial shear
rheological properties of hexadecyltrimethylammonium bromide (HTAB) (a cationic
surfactant used for the EOR applications) and silica (SiO2) nanoparticles at the air—water
interface. The adsorption of HTAB-SiO2 composites at the air—water interface has been
verified by bulk rheology, interfacial rheology, and zeta potential analyses. The interfacial
viscosity of the 0.1 mol m~> HTAB-0.5 wt. % SiO» composite was observed to be decreasing

with increasing shear rate, which implies a pseudoplastic or shear-thinning behavior. Besides,

the interfacial viscosity was reported to be 2x10* Pasmat 1 s

The Boussinesq number provides a valuable information on the rate of deformation of
the interfacial film. It is the ratio of the surface to bulk viscous effects (see equation 1.1). It is
clear from Figure 6.7 that the Bo was greater than the unity, which indicates that the surfactant

molecules mostly covered the oil-water interface [23]. As the concentration of surfactant
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increased, the oil-water interface became saturated, and hence, only small changes in Bo were

observed in the 0.5 and 1 wt. % WH systems.
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Figure 6.7. Boussinesq number as a function of shear rate for different concentrations of the

surfactant.

The impact of surfactant concentration on the viscoelasticity of the oil-water interface
was investigated through the frequency sweep tests (see Figure 6.8). A similar approach was
adopted by Santini et al. [48]. It is clear from Figure 6.8 that the interface between the paraffin
oil and the surfactant solution depicted viscoelastic behavior. The tendency to form the
viscoelastic interfacial film can also be correlated with the density of the surfactant molecules
at the interface. In the event of less packing density, the surfactant molecules are capable of
orienting in such a manner that the interaction with the neighbor molecules would reduce. Thus,

when the oscillatory shear was applied, the interface acted like a fluid (i.e., G’ > G'). On the

other hand, when the density of the surfactant molecules was high, the resultant interaction

increased, and the interface acted more like an elastic solid (i.e., G| > G) [49].

Unlike the interfacial shear viscosity, a minor modification in the viscoelastic properties
was noticed for the 0.1 — 0.5 wt. % WH systems. This is possibly due to the viscoelastic
deformation and sensitivity of the oil-water interface. However, a substantial improvement in

the viscoelasticity of the interface was observed for the 1 wt. % WH system. The increase in

153
TH-2841 166107111



Chapter 6

the interfacial film stability with increasing surfactant concentration can be correlated with the
dominating elasticity (i.e., G/ >G") at the high frequency. Generally, the elastic stress

developed as a result of the viscoelastic deformation of the oil-water interface. This elastic

stress helped in pulling the residual oil out from the trapped region [42].
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Figure 6.8. Interfacial storage (G!) and loss (G”) moduli for the surfactant layer at the oil—

water interface at different surfactant concentrations.

The viscoelasticity of the film was further demonstrated from the interfacial complex
modulus data (see Figure 6.9). At low frequency, the surfactant molecules could adsorb or
desorb for establishing an equilibrium between the bulk and adsorbed layers. Furthermore, a
dynamic equilibrium was established at a higher frequency range because of the exchange of

the surfactant molecules and change in the interface area.
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Figure 6.9. Variation of the interfacial complex modulus (G:) with frequency.
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6.2.5 Small-angle X-ray scattering (SAXS)

The SAXS analysis was used to investigate the characteristics of the film at the interface at the
molecular level. Figure 6.10 shows the SAXS profile for emulsion scattering. The zeta potential
for the paraffin oil-1 wt. % WH emulsion system was —37.2 mV. The scattering profile
indicates the protonation state of the fatty acids, aromatic compounds, and esters within the
surfactant that influence the properties of the interfacial film. It is possible that the strong
electrostatic interactions and structural forces promoted the formation of a stable emulsion
system [24,50]. Based on the scattering results, we have determined the droplet size and the
respective unified Guinier-exponential power-law parameters (using equations 3.2 and 3.3),

which are shown in Table 6.1.
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Figure 6.10. SAXS data (i.e., intensity versus scattering angle) for the paraffin oil-1 wt. %

WH emulsion system.

The emulsion had surface fractals since 4 > P >3, which confirms the formation of
spherical droplets [51]. The surface fractal scattering may possibly be restrained by the
agglomeration of the surfactant molecules on the oil droplets [52]. The radius of gyration of
the small droplets was found to be 28.56 A. The film thickness (ATs) was found to be 18.52 A

(calculated using equation 6.4).

AT, = J12R, (6.4)
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Furthermore, the surface area to volume ratio in the paraffin oil-surfactant emulsion system

was 1396.3 m?cm.

Table 6.1. Parameters of the unified Guinier-exponential power law for the paraffin oil-1 wt.

% WH emulsion system

Parameters
G R (A) B P
Large droplets 0.00 10.00'° 1.44x10°° 3.12
Small droplets 12.01 28.56 8.85x107° 4.00

6.3 Conclusion

Adsorption of a natural surfactant synthesized from Eichhornia Crassipes at the oil-water

interface was investigated. The phase behavior, zeta potential, interfacial rheology, and SAXS

were studied to understand the emulsion stability and interfacial film properties. Based on the

experimental outcomes, the conclusions are as follows:

1.

The number of oil droplets, and eventually, the stability of emulsion, increased with
increasing surfactant concentration.

An increase in zeta potential confirms the adsorption of surfactant molecules at the oil—
water interface.

The spherical shape of the emulsion and the surface fractal scattering were confirmed
by the SAXS analysis.

The adsorption of the surfactant molecules at the oil-water interface led to an
enhancement in the interfacial shear viscosity and the complex moduli.

Viscoelastic films acted as a mechanical barrier to coalescence, which aided emulsion

stability.
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Nomenclature
B pre-factor specific to the type of power-law scattering
G exponential Guinier pre-factor
G! interfacial storage modulus, Pa m
G’ interfacial loss modulus, Pa m
G interfacial complex modulus, Pa m
P Porod exponent
q scattering angle, A™!
R, radius of gyration, A
S surface area, m?
V volume, cm ™
Greek letters
AT, film thickness, A
Abbreviation
CMC critical micelle concentration
EOR enhanced oil recovery
IFT interfacial tension
SAXS small-angle X-ray scattering
WH

TH-2841 166107111

surfactant synthesized from Eichhornia crassipes (commonly known as Water

Hyacinth)
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Performance assessment of the natural surfactant—polymer

additive under reservoir-like conditions

This chapter highlights the evaluation of the synthesized natural surfactant for its potential
application in the EOR under reservoir-like conditions (i.e., under high temperature and
pressure). It includes the analysis of wettability alteration and IFT reduction capabilities of
the synthesized surfactant. The ability of the surfactant to stabilize the oil-water emulsion was
studied by the phase behavior analysis. Based on the aforesaid studies, an optimized amount
of the chemical additives was selected and used in the core flooding experiments. An effective
reduction of IFT and wettability, and enhancement in the oil recovery suggest that the

synthesized surfactant is promising for EOR applications.

7.1 General overview

The wettability alteration and interfacial tension (IFT) reduction abilities at the reservoir-like
conditions is critical inasmuch as they provide a better insight into the performance of the
surfactant for enhanced oil recovery (EOR). Most studies have reported the alteration of rock
from the oil-wet to the water-wet condition by saturating the rock samples in oil at a specific
temperature. To the best of the authors' knowledge, the potential of the plant-based natural
surfactants for wettability alteration and IFT modification under reservoir-like conditions (i.e.,
high temperature and pressure) has not been studied so far. Furthermore, the contact angle and
IFT measurements summarized in Table 2.6 were measured under aerobic and ambient
conditions. Air brings significant modifications to the interfacial properties of the liquids.
Hence, it is imperative to maintain anaerobic conditions [1-3].

The present study focuses on the analysis of wettability alteration and IFT reduction at
reservoir-like conditions (i.e., at high temperature and pressure, and under anaerobic

condition). Based on the screening criteria established by numerous researchers for the
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chemical method of EOR [4—6], primarily, two experimental conditions were adopted, i.e., (i)
298 K and 1.38 MPa, and (ii) 333 K and 13.8 MPa. The ability of the natural surfactant to
stabilize the crude oil-water emulsion was studied by the phase behavior analysis. The
rheological properties of xanthan gum (XG) in association with the natural surfactant were
examined by steady and oscillatory shear flow tests, which highlighted the flow behavior and
viscoelastic properties of the polymer—surfactant solutions. Based on the aforesaid studies, an
optimal proportion of the chemical additives was determined and used in the core flooding
experiments.

7.2 Results and discussion

7.2.1 Wettability alteration
The contact angle (9) measurements were carried out to analyze the wettability alteration

potential of the natural surfactant in the presence of brine. The contact angle was found to
decrease with the increasing concentration of the surfactant (see Figure 7.1). At 298 K and 1.38
MPa, & was found to decrease from 65.74 to 37.5° with the increase in surfactant
concentration (i.e., 0 to 1 wt. %). On the other hand, at 333 K and 13.8 MPa, a minor reduction
in @ was observed, i.c., from 60.4 to 34.5°. Under both experimental conditions, the values of
6 were less than 90°, which justifies the water-wet characteristics [7]. A comparison between
the values of & at 298 and 333 K indicates that the increase in temperature led to a dominating
water-wet surface. This result confirms the useful wettability alteration potential of the natural
surfactant. However, pressure had a nominal influence on wettability alteration.

The water-wet characteristics was developed due to the presence of a thin film of brine
(containing the surfactant) between the sandstone rock and the crude oil droplet [8]. The contact
between oil, water, and rock can generally be divided into three regions, as explained in Figure

7.2 [8,9]. Generally, the wettability of rock is achievable due to the change in the repulsive
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Figure 7.1. Variation of oil-water contact angle with surfactant concentration at (a) 298 K

and 1.38 MPa, and (b) 333 K and 13.8 MPa.

force between the rock—water and water—oil interfaces [10]. The addition of the surfactant was
responsible for governing the repulsive force at the oil-surfactant-rock interface. However, as
the oil droplet comes close to the rock surface, the thin brine layer between them thins and
eventually ruptures. Further, the adsorption of surfactant molecules at the oil-water interface

facilitates the reduction of the tension between them, and hence the contact angle.

Rock sample

* Region 1: Thin WH-brine film between oil and

rock

Oil droplet

* Region 2: Contact region between WH-brine

and rock

* Region 3: Contact region between brine and oil

‘WH-brine solution

Figure 7.2. Oil-water—rock contact regions.
Adsorption at the rock—oil interface (i.e., Region 1) also plays a significant role in
wettability alteration due to the strong adhesion of oil to the rock surface [1]. Generally, oil
components adsorb on the rock surface with their polar heads oriented toward the high-energy

surface. At low temperature, the oil components do not desorb, and hence the contact angle
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increases. At the higher temperatures, adsorption reduces and the oil components desorb from
the rock surface. These phenomena eventually help in the reduction of contact angle, and hence
the rock surface becomes more water-wet [11]. Generally, the water-wet surface initiates water
upsurge through the porous rock, which further improves the displacement of the trapped oil
[12].

7.2.2 Interfacial tension

The IFT between crude oil and aqueous surfactant solution was measured under high
temperature and pressure. A reduction in the IFT was observed with increasing surfactant
concentration (see Figure 7.3). This mainly resulted from the adsorption of the surfactant
molecules at the oil-water interface. Generally, such adsorption leads to the development of a
rigid film at the interface under anaerobic conditions [13]. The interaction between the polar
compounds present in the crude oil (i.e., asphaltenes) and chemical additives promoted the
development of this film [1]. The ionic salts accumulated at the interface alleviated the rigid
film structure [14].

The tendency to develop a rigid film at the oil-water interface is reduces with increasing
temperature [1]. At higher temperature, desorption of the surfactant takes place, which reduces
the film at the interface. Therefore, a little increase in the IFT was observed with increasing
temperature. The reduction in IFT helped to increase the microscopic displacement efficiency,
which eventually enhanced the oil recovery [15]. Increase in the temperature upsurged the
diffusion and adsorption velocities of the surfactant molecules at the interface [16]. Therefore,
a little increase in the IFT was observed at 333 K and 13.8 MPa. However, similar to wettability

alteration, a minimal impact of pressure was observed on the IFT.
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Figure 7.3. Influence of temperature and pressure on the IFT.

7.2.3 Phase behavior
Emulsion stability of the oil-surfactant system is a critical factor in evaluating the performance
of the chemical additives [17]. Therefore, emulsion screening tests were carried out for the
crude oil-WH system. Figure 7.4 demonstrates the emulsion stability over a wide range of
surfactant concentration (i.e., 0.25-1 wt. %). It is clear from Figure 7.4 that the emulsions
stabilized with WH developed dense creaming layers with increasing surfactant concentration.
These systems were observed for 20 d, and the stability of emulsion improved as a result of
more adsorption of the surfactant molecules on the oil droplet [18]. Besides, an oil layer was
formed on top of the creaming layer. Furthermore, the adsorption of WH at the oil-water
interface helped to stabilize the emulsion by generating a repulsive disjoining pressure in the
thin aqueous film. Stable emulsions promote enhancement of both displacement and sweep
efficiencies, resulting in a better recovery factor [19,20].

Similar to Figure 7.4, the emulsion was denser with increasing surfactant concentration,
even in saline medium (see Figure 7.5). However, a minor modification at the curvature of the
oil droplet was observed in the presence of brine. This is possibly due to the charge interaction

between the oil, brine, and surfactant [21]. This could also be due to the coalescence of the oil
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droplets in the presence of brine [22]. Generally, salt lowers the electrostatic repulsion between

the oil droplets. This allows them to come closer to each other, and then coalesce.

0.25 wt. % 0.5 wt. % 0.75 wt. % 1 wt. %
I

t=0day

t =20 days

Figure 7.4. Stability of emulsions over a wide range of surfactant concentration.

0.25 wt. % 0.5 wt. % 0.75 wt. % 1 wt. %
t =0 day

t =20 days

Figure 7.5. Effect of salt on the stability of the emulsions over a wide range of

surfactant concentration.
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The impact of surfactant concentration on the emulsion characteristics was further
studied with the microscopic analysis of the emulsions (see Figure 7.6). It has been observed
that the number of oil droplets increased with increasing surfactant concentration. At 0.25 wt.
% WH, a small number of oil droplets was seen due to inadequate adsorption of the surfactant
molecules on the surface of the oil droplets. Larger droplets were formed, which experienced
fast coalescence, and the emulsion stability reduced. However, it is evident from Figure 7.6
that the number of droplets increased at the higher surfactant concentrations. This is governed
by the adsorption of surfactant molecules on the drop surface. Enhancement in the number of
oil droplets and emulsion stability make the removal of trapped oil possible, which leads to its

superior recovery [7].

©

Figure 7.6. Influence of surfactant concentration on the emulsion: (a) 0.25 wt. % WH, (b) 0.5

wt. % WH, and (¢) 1 wt. % WH.
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7.2.4 Rheological measurement

The injection of a polymer solution to the reservoir enhances the apparent viscosity of the
displacing fluid, which reduces its relative permeability in the reservoir. Figure 7.7
demonstrates the impact of surfactant concentration on the apparent viscosity of the aqueous
XG solution over a wide range of shear rate. It has been observed that WH significantly
increased the apparent viscosity of XG, as shown in Figure 7.7. Such improvement in the
viscosity was possible because of the synergy of the WH with the hydrophobic groups of XG.
This resulted in the development of an association structure between the polymer chains. Figure
7.7 also illustrates the shear-thinning behavior of the XG—WH solutions as the apparent
viscosity of the solutions decreased with increasing shear rate. This is possibly due to the

arrangement of the polymer chains in the course of flow, and decrease in the intermolecular

interaction with the adjacent polymer chains [12,23].

Figure 7.7. Variation of apparent viscosity of the polymeric solutions with shear rate (at 298

K).

The experimental data acquired from the analysis of flow behavior of the XG—WH solutions
under shear rate were fitted by several non-Newtonian fluid models (e.g., power-law, Carreau-

Yasuda, and Cross models). The details of these models are given in Table 7.1, and the
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respective model fittings and parameters for the different XG—WH solutions are given in Figure

7.8 and Tables 7.2—-7.4, respectively.

Table 7.1. Non-Newtonian fluid models

Model

Equation

Power-law

Carreau—Yasuda

Cross

- n—1

n=Ky
n-1
n=n,+(m-n.)|1+(2)" |
n-n, __ 1
My~N. 1+(Ky)'

Note:
For shear-thinning behavior, n<1

For shear-thickening behavior, n > 1

— Carreau-Yasuda model fit

— Carreau-Yasuda model fit
A 05w % WH-0.2 wt. % XG
—— Carreau-Yasuda model fit

—— Carreau-Yasuda model fit

W 05w % WH-0.1wt % XG

® 1wl % WH-0.1wt % XG

* 1wh % WH-0.2 wt. % XG

(a) 10000 § B 05wt % WH-0.1wl % XG (b) o000
- Power law model fit
o 1wl % WH-0.1wt % XG
s N —— Power-law model fit —_—
o = A 05wl % WH-02wt % XG [ *
& 10004 —— Power-law madel fit S o000y L e, .
E * 1wt % WH-0.2 wt. % XG £
= Poweraw madel fit -
=y 2
[ 0
3 1004 S 100
B @
> >
- -
o =
e e
g 104 8 104
o [
< <
1 T T T T 1 = i
0.01 01 1 10 100 0.01 01

Shear rate (s™)

(©

Apparent viscosity (mPa s)

= 05w % WH-0.1wt. % XG
—— Cross model fit

® 1wt % WH-0.1wt. % XG
—— Cross model fit

A 05w, % WH-02wt. % XG
—— Cross model fit
* 1wt % WH-02wt. % XG
— Cross model fit
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Figure 7.8. Fit of the (a) power law, (b) Carreau—Yasuda, and (c¢) Cross models for the

surfactant—polymer systems.
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Table 7.2. Power-law model parameters for the surfactant—polymer systems

Sample n K R?
(mPa s)
0.5 wt. % WH-0.1 wt. % XG 0.59 77.09 0.99
1 wt. % WH-0.1 wt. % XG 0.61 92.25 0.98
0.5 wt. % WH-0.2 wt. % XG 0.56 230.67 0.96
1 wt. % WH-0.2 wt. % XG 0.53 302.00 0.95
Table 7.3. Carreau—Yasuda model parameters for the surfactant—polymer systems
Sample Ty ., A a n R?
(mPa s) (mPas) )
0.5 wt. % WH-0.1 wt. % XG 814.67 1x107° 9252 1.65 0.75 099
1 wt. % WH-0.1 wt. % XG 645.97 1x10°¢ 9654 123 071 098
0.5 wt. % WH-0.2 wt. % XG 1144.75 0.001 546 136 0.60 0.99
1 wt. % WH-0.2 wt. % XG 4229.35 0.001 6.75 3.58 0.84 0.98
Table 7.4. Cross model parameters for the surfactant—polymer systems
Sample M ., K n R?
(mPa s) (mPa s) (mPas)
0.5 wt. % WH-0.1 wt. % XG 1223.99 1.38 367.91 0.45 0.99
1 wt. % WH-0.1 wt. % XG 1099.64 0.38 271.90 0.40 0.98
0.5 wt. % WH-0.2 wt. % XG 871.97 25.32 1.99 0.89 0.99
1 wt. % WH-0.2 wt. % XG 1216.76 59.31 1.95 0.80 0.98

The power-law model parameters for the XG—WH solutions imply a strong shear-

thinning as well as gel-like behavior, as a result of the reduction in » and increment in K with

increasing surfactant concentration. The value of » for all the models was less than unity. Both

of these conditions confirm the shear-thinning behavior of the XG—WH solutions. Therefore,

it can be concluded that the XG—WH solutions were able to reduce the water mobility and the

relative permeability of water. It was also able to improve the sweep efficiency, and eventually

promote additional oil recovery [24].
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Figure 7.9 demonstrates the strain dependence of the storage and loss moduli for the
aqueous polymeric solutions at 298 K, at a fixed frequency of 1 Hz. It can be seen that G’ > G”
for the 0.2 wt. % XG and WH solutions throughout the strain range. Thus, under these
circumstances, a solid-like behavior was observed in the material. Figure 7.9 indicates the
strain-thinning characteristics of the XG—WH solutions inasmuch as G’ decreased with the
increase in strain amplitude. The strain-thinning characteristic is observed perhaps because of
the rupture of their internal structure due to the application of the strain [25]. The 0.2 wt. %
XG—WH solution was more elastic, and it was characterized by a slower relaxation mechanism
[26]. However, the 0.1 wt. % XG solution, at different surfactant concentrations, demonstrated

the viscoelastic liquid-like behavior as G" > G'.

—=— G'0.5Wt. % WH-0.1 wt. % XG
—— G" 0.5 wt. % WH-0.1 wt. % XG
10 e G'1wt % WH-01wt % XG
G" 1wt % WH-0.1 wt. % XG
—4— G'0.5Wt. % WH-0.2 wt. % XG
—— G"0.5 wt. % WH-0.2 wt. % XG
*— G'1wt % WH-0.2wt % XG
14 =— G" 1wt % WH-0.2 wt. % XG
i : ..

G'and G" (Pa)

0.01 — &

Strain (%)

Figure 7.9. Storage modulus (G”) and loss modulus (G”) for the polymeric solutions as a

function of strain (i.e., 0.1-1000%) at a constant frequency (i.e., 1 Hz).

Based on the established linear viscoelastic region, the frequency sweep tests were
conducted to determine the viscoelasticity of the XG—WH solutions. Figure 7.10 demonstrates
that the viscoelastic nature of the 0.2 wt. % XG—1 wt. % WH solution was governed by an
elastic nature inasmuch as G’ > G”, which shows the gel-like assembly of the polymeric
solutions [26]. However, the 0.1 wt. % XG—1 wt. % WH solution exhibited viscoelastic liquid-

like behavior.
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Figure 7.10. Variation of storage and loss moduli with frequency.

The slower relaxation mechanism can be verified by plotting the loss tangent
[tan§ =G"(w)/ G'(a))] against frequency. The value of tan S should be less than unity for

a solid-like behavior. If its value is greater than unity, a liquid-like nature is indicated [27]. It
is clear from Figure 7.11 that tand was less than unity for the 1 wt. % WH-0.2 wt. % XG
solution, which signifies its solid-like viscoelastic behavior. The 1 wt. % WH-0.1 wt. % XG

solution, on the other hand, demonstrated a liquid-like viscoelastic behavior (as tand >>1).

Figure 7.11. Loss tangent of the polymer—surfactant solution.
Figure 7.12a shows the influence of temperature (i.e., 298338 K) on the apparent
viscosity of XG-WH solutions at a constant 10 s shear rate. A moderate reduction in the

apparent viscosity was observed over this temperature range. Similar to Figure 7.7, the apparent
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viscosity of the 1 wt. % WH-0.2 wt. % XG system was greater than the 1 wt. % WH-0.1 wt.
% XG system. At 320 K, a remarkable drop in the apparent viscosity of the XG—WH solutions
was observed (see Figure 7.12a). Around 45% reduction in the apparent viscosity was noticed
at the end of the experiment.

A set of experiments was conducted at different temperatures (i.e., 298—338 K) at
constant strain (i.e., 5%) and frequency (i.e., 1 Hz) (see Figure 7.12b). The 1 wt. % WH-0.1
wt. % XG solution was the least suitable choice for EOR as G” > G'. It is also important to
note that the viscoelastic properties of the 1 wt. % WH—0.1 wt. % XG solution became unstable
with increasing temperature. However, injection of the 1 wt. % WH-0.2 wt. % XG solution in
the reservoir could be a better option as the G’ was mostly stable over the entire temperature
range. This signifies a steady, well-organized, and strong structure of the 1 wt. % WH-0.2 wt.
% XG system. Hence, it can be concluded that the 0.2 wt. % XG-1 wt. % WH solution was

superior to the other polymer solutions.

1000
(@) o1 wt. % WH-0.1 wt. % XG (b) ~—G'1wt. % WH-0.1 wt. % XG
1wt % WH-0.2 wt. % XG 10 4 —— G"1 wt. % WH-0.1 wt. % XG

—— G"1 wt. % WH-0.2 wt. % XG
G" 1 wt. % WH-0.1 wt. % XG
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Figure 7.12. Effect of temperature on the (a) flow behavior, and (b) G’ and G" of the XG-WH

Temperature (K)

solutions.

7.2.5 Core flooding measurement

Figure 7.13 shows the oil recovery using surfactant—polymer flooding. Initially, water flooding
experiments were carried out, which recovered ~40% of oil. Then varying concentrations of

XG (i.e., 0.05 — 0.2 wt. %) and 1 wt. % WH were injected into the core sample containing
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residual oil. An additional 7 — 8% oil was recovered due to the injection of 1 wt. % WH alone.
The additional oil recovery was achieved due to the wettability alteration and reduction in the
IFT. These facilitate the movement of trapped oil droplets through the reservoir (discussed in
Sections 1.2.1-1.2.2, 6.2.1, and 7.2.1-7.2.2) [6]. The formation of a stable oil-in-water
emulsion also plays an important role in the additional oil recovery. The adsorption of the
surfactant at the oil-water interface improves the strength of the interfacial film, which
encapsulates the oil droplet, prevents drop coalescence, and improves the mobility ratio [19]

(discussed in Sections 1.2.3, 6.2.3—6.2.4, and 7.2.3).

70

—m—0.05 wt. % XG—1 wt. % WH
—o—0.1wt % XG-1 wt. % WH
601 —a— 0.2 wt. % XG-1 wt. % WH

Water
50 flooding Polymer

flooding

40

Surfactant

flooding
30

20

Cumulative oil recovery (% OIP)
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Chemical additives (wt. %)
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00 05 10 15 20 25 30 35 40 45 50

Injected volume (PV)

Figure 7.13. Variation of oil recovery with the injected volume at various concentrations of

XG and at a fixed concentration of WH.

Polymer flooding also played a significant role in the recovery of residual oil in the core
sample. Oil recovery was enhanced from 12.04% to 22.40% with increasing concentration of
XG. Table 7.5 shows the oil recovery achieved using surfactant—polymer flooding. It is clear
from Section 7.2.4 that the 0.1 wt. % XG—-1 wt. % WH solution demonstrated liquid-like
behavior as G" > G'. However, it has been observed that oil recovery can be improved by the
elasticity of the polymer [28]. Therefore, the dominating elastic properties of the 0.2 wt. %

XG-1 wt. % WH system were able to deliver ~22.4% additional oil to the surface.
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Improvement in the oil recovery depends on the elasticity of the polymer solution. Typically,
the normal stress between the oil and the polymer solution becomes more governing than the
shear stress due to the polymer's higher elasticity. The normal stress aids in pulling the oil from
the trapped zone as well as pushing the fluid ahead [6]. This is called the “push-and-pull”
mechanism [29]. The mechanism has been discussed in detail in Section 1.2.5 and the
corresponding results are discussed in Section 7.2.4. The displacement efficiency can be

advanced with the higher elasticity of the polymer [30].

Table 7.5. Oil recovery achieved using surfactant—polymer flooding

Test Chemical Water Surfactant ~ Polymer Total Cumulative
No. composition flooding flooding flooding tertiary oil
(A) recovery recovery recovery recovery
(% OOIP) (B) ©) (D=B+C) (A+D)
(% OOIP) (% OOIP) (% OOIP) (% OOIP)
1. 0.05 wt. % XG— 41.92 7.23 4.81 12.04 53.96
1 wt. % WH
2. 0.1 wt. % XG-1 40.71 8.04 11.24 19.28 59.99
wt. % WH
3. 0.2 wt. % XG-1 40.24 7.86 14.56 22.42 62.66
wt. % WH

7.3 Conclusion

Potential application of the synthesized surfactant for EOR has been investigated in reservoir-
like conditions. The surfactant effectively altered the contact angle from 65.74 to 37.5° (at 298
K and 1.38 MPa), and 60.4 to 34.5° (at 333 K and 13.8 MPa). A substantial decrease in the oil—
water IFT was observed in the reservoir-like conditions. An increase in temperature enhanced
the wettability alteration and IFT reduction abilities of the surfactant. The adsorption of
surfactant at the oil-water interface was confirmed from the phase behavior analysis. The
stability of emulsion improved as the concentration of surfactant increased. A similar emulsion

but with a slightly larger oil droplets was observed in the saline medium. The surfactant
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improved the rheological behavior of XG. Reduction in the apparent viscosity of the XG—WH
solutions depicted a shear-thinning behavior. The viscoelastic behavior of the XG-WH
solutions was confirmed from the oscillation shear flow tests. A significant enhancement in the

oil recovery (i.e., ~22.4%) was achieved by injecting the XG—WH solution.
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Nomenclature
a constant in the Carreau—Yasuda model equation
G’ storage modulus, Pa
G" loss modulus, Pa
n flow behavior index
K consistency index, mPa s
Greek letters

shear rate, s~

n viscosity, mPa s
o zero-shear viscosity, mPa s
., infinite-shear viscosity, mPa s
A time constant in the Carreau—Yasuda model equation, s
Abbreviation
EOR enhanced oil recovery
IFT interfacial tension
WH surfactant synthesized from Eichhornia crassipes (commonly known as Water
Hyacinth)
XG xanthan gum
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Chapter 8

Summary and future perspectives

This chapter provides a summary of the work and provides new ideas for future research.

8.1 Summary

The present study explores the possible application of a novel anionic surfactant derived from
the weed, Eichhornia Crassipes. The synthesis and characterization of this natural surfactant
have been discussed thoroughly. The presence of fatty acids (mainly palmitic, oleic, and
petroselenic), aromatic compounds, and esters have been confirmed by the GC-MS and 'H
NMR analyses. The composition justifies its surface-active properties. The critical micelle
concentration of the synthesized natural surfactant was found to be 0.25 wt. %. The surfactant
improved the rheological behavior of xanthan gum. Reduction in the apparent viscosity of the
xanthan gum—surfactant solutions depicted a shear-thinning behavior. The values of the flow
behavior index were found to be less than unity for the power-law and Carreau—Yasuda non-
Newtonian fluid models, which corroborated the shear-thinning behavior. The viscoelastic
behavior of the xanthan gum—surfactant solutions was confirmed from the oscillation shear
flow tests.

The mechanism and kinetics of adsorption of the synthesized surfactant on two different
adsorbents (i.e., sandstone and sand) have been studied. Based on the experimental data and
model-fitting, the Langmuir adsorption isotherm and pseudo-second-order model explained the
adsorption mechanism and kinetics, respectively. An increment in the surfactant adsorption on
the rock surfaces was observed in the saline medium. Moreover, the adsorption of the surfactant
on the rock surfaces decreased as the temperature increased, indicating that the adsorption was
an exothermic process. The phase behavior and small-angle X-ray scattering analyses were
performed to study the emulsion stability. Further, zeta potential and interfacial analyses were

carried out to investigate the adsorption of the surfactant at the oil-water interface. The

183
TH-2841 166107111



Chapter 8

adsorption of surfactant molecules at the oil-water interface led to an improvement in the
emulsion stability and interfacial rheological properties.

The surfactant effectively altered the wettability of the rock. Moreover, a substantial
reduction in the oil-water interfacial tension was observed in the reservoir-like conditions (i.e.,
high temperature and pressure). An increase in temperature enhanced the wettability alteration
and interfacial tension reduction abilities of the surfactant. Based on the core flooding
experiments, the inclusion of the surfactant resulted in an additional 7-8% oil recovery.
Furthermore, 22.4% additional oil recovery was achieved by injecting the xanthan gum-—
surfactant solution. The synthesized natural surfactant was found to be a more cost-efficient
alternative than the traditional synthetic surfactants. Depending on the aforesaid results and
their interpretations, the performance of the synthesized surfactant is promising for the

enhanced oil recovery applications.

8.2 Future work

Based on the scope of work covered in this Ph.D. thesis, the following research areas have been

identified for consideration in the near future:

8.2.1 Examination of the performance of the synthesized natural surfactant in heterogeneous
sandstone reservoir: Heterogeneity is one of the crucial aspects of the reservoir that influences
crude oil recovery. Heterogeneity in a reservoir can refer to differences in porosity,
permeability, and numerous geological properties. During the chemical enhanced oil recovery
process, reservoir heterogeneity influences the flood and sweep patterns of the chemical
additives, which results in retention of chemical additives, higher loss of surfactant, and
reduction in sweep efficiency. Therefore, a systematic study assessing synthesized natural
surfactant in heterogeneous sandstone reservoirs will give more insights into its applicability

in enhanced oil recovery.
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8.2.2 Implementation of conventionally-used synthetic polymers (such as polyacrylamide and
partially-hydrolyzed polyacrylamide) in association with the synthesized natural surfactant for
enhanced oil recovery: The present study observed a marginal impact of salinity on the natural
surfactant—xanthan gum system. Synthetic polymers such as polyacrylamide and partially
hydrolyzed polyacrylamide are extensively practiced for enhanced oil recovery.
Polyacrylamide and partially hydrolyzed polyacrylamide have a greater resistance to the
enzymes and are tolerant to strong mechanical and bacterial attacks. However, high salinity
can noticeably reduce the performance of polyacrylamide and partially hydrolyzed
polyacrylamide. Therefore, it will be interesting to study the performance of polyacrylamide
and partially hydrolyzed polyacrylamide in association with the natural surfactant for enhanced

oil recovery.

8.2.3 Analysis of the flooding experiments and flow visualization of the synthesized
surfactant—polymer by using a 2D microfluidic micromodel: The core flooding experimental
setups mimic the reservoir, and they are widely utilized to study the performance of the
chemical additives in reservoir-like conditions for enhanced oil recovery. Visualization of the
flow of chemical additives through the porous media can give a better insight into the
displacement of trapped oil through it. This is possible by attaching the core flooding
experimental setup to the x-ray micro-computed tomography setup. However, such setups are
expensive and difficult to handle. To overcome such limitations, numerous researchers are
utilizing the 2D microfluidic micromodels, which are cost-efficient, and easy to construct and
handle as per the requirement. Therefore, it will be interesting to study flow visualization using
a 2D microfluidic micromodel and further correlating the interfacial, rheological, and

physicochemical properties of the surfactant—polymer solutions to oil recovery.

185
TH-2841 166107111



Chapter 8

8.2.4 Examination of the nonlinear rheological properties of the natural surfactant—polymer
system using large amplitude oscillatory shear: At high deformation, polymeric solutions
exhibit nonlinear rheological behavior, which can be explored using large amplitude oscillatory
shear (LAOS). In the present study, the author has studied the nonlinear rheological properties
of the natural surfactant—polymer system using small amplitude oscillatory shear tests (which
includes frequency and temperature sweeps). However, the utilization of LAOS can provide
more insight into the nonlinear rheological properties of the natural surfactant—polymer system,
which can be correlated with the fragmentation, fingering, and flow characteristics of such

system in the reservoir.
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Compounds recognized in the crude oil by GC-MS

Partial chromatogram obtained from analysis of the whole
oil by GC-MS
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Figure A1. GC-MS spectrum of crude oil.

Table A2. Compounds recognized in the crude oil

Compound Content Compound Content
(wt. %) (wt. %)
Isobutane (A) - 2-methylhexane/2,3-dimethylpentane (P) 1.5
n-butane (B) — 3-methylhexane (Q) 4.9
Isopentane (C) — 1 cis-3-dimethylcyclopentane (R) 1.6
n-pentane (D) — 1 trans-3-dimethylcyclopentane (S) 1.6
2,2-dimethylbutane (E) - 1 trans-2-dimethylcyclopentane (T) 24
2,3-dimethylbutane (F+G) - n-heptane (U) 2.5
2-methylpentane (H) 0.8 Methylcyclohexane (V) 13.7
3-methylpentane (I) 1.1 1 cis-2-dimethylcyclopentane (W) 1.7
n-hexane (J) 0.5 Toluene (X) 2.5
Methylcyclopentane (K) 2.1 n-octane (Y) 10.2
2,4-dimethylpentane (L) — Ethylbenzene (Z) 7.8
Benzene (M) — m- + p-xylene (AA) 35.7
Cyclohexane (N) 2.4 o-xylene (BB) 6.2
1,1-dimethylcyclopentane 0.8
©)
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Appendix A2: Cost Estimation for Surfactant Production
(The cost of different materials based on the present rate of the Year 2020)

Basis of calculation: 1 batch

1. Raw material

The Eichhornia crassipes plants were the main raw materials used in this work. They were

collected from the lakes in the IIT Guwahati campus, free of cost.

2. Solvent
Ethanol: cost of 1 dm?: 2600

Requirement per batch: 0.25 dm?; cost: 150
3. Electricity
Electricity cost = Equipment power rating x Hours of equipment use x Electricity tariff

3.1. Grinder
Electricity cost =0.75x0.17x7.35 =%0.94

3.2. Rotavapor
Electricity cost = 0.15x6x7.35=36.62
3.3. Hot air oven

Electricity cost =1.25x12x7.35 =%110.25

4. Overall cost
Overall cost for a single batch =150 +0.94 + 6.62 + 110.25 = 3267.81

5 g of the natural surfactant can be produced from a single batch.
Therefore, synthesis cost of 1 g of the natural surfactant under the laboratory conditions will

be ¥53.56.
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