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Abstract

The leading technologies employed in gas processing operations, including gas pipeline transport,
are generally chemical based technologies. Chemical based substances are widely used as
surfactants in these operations, including hydrate formation prevention and control. Surfactants
usage in oil and gas processes stem from their tensioactive capabilities. However, dosage and
environmental compatibility continue to be an issue arising from the use of these chemical
surfactants. More so, chemical surfactants are being used as hydrate formation inhibitors. This is
because, the effect of pipe plugging (due to hydrate formation) could be devastating as it may lead
to the eventual shut down of operation. Besides, economics of unplugging and maintenance is a
huge burden to the industry. Biosurfactants, on the other hand, are low-dosage and environmentally
friendly surfactants. Their application was tested and therefore has been established to serve as
alternative to conventional chemical surfactants in enhanced oil recovery (EOR). However, the
application of biosurfactants in multiphase methane/water system under field operating conditions
has not been duly investigated and reported. Thus, this provided the primary motivation for this
study.

In view of the above, this novel research study experimentally investigated the potential of sodium
surfactin as methane-water hydrate formation inhibitor. The investigation was conducted in three
(3) phases using sodium surfactin. Evaluation was made considering surfactant’s macro size (dosage)
and its interaction in the solution, temperature stability and salinity tolerance. Parameters that were
employed for the experimental investigation were: temperature in the range of 1 to 50 °C, surfactant
dosages of 0.025 to 1 % and 0.1 to 1.5 M saline (NaCl) concentration.

Phase | of the study investigated the physicochemical (density, pH, electrical conductivity,
functional group) and thermal characteristics of surfactin. The results revealed that surfactin was
effectively soluble and foams in aqueous medium. This confirmed the surfactant’s adsorptivity, a
critical property that enhance performance at reducing surface tension. However, the characteristics
were significantly affected by salinity at 1.0 Molarity (M) and above. Dispersion and adsorptivity
potential were further confirmed by the lowest density value of 996.641 kgm™ at 0.075 and 0.5 %
surfactin dosages. More so, temperature increase resulted in density decrease to a minimum value
of 988.262 kgm at 50 °C. Nonetheless, density was significantly affected by changes in salinity.
Aqueous surfactin will pose no threat of corrosion in pipeline, with pH value of 6.68 and 7.31
respectively at 0.025 and 1.0 % surfactin dosage. Functional group analysis indicated that surfactin
is cyclic and contains aliphatic chains (—CHs; —CH>-), carbonyl group (C=0), CO-N bond and
aromatic C—H group. The cyclic nature of the molecule confirms its ability for surface adhering
properties. Also, thermal stability test showed that surfactin is thermally stable within the
temperature range of -20 to 170 °C.

Flow behaviour of surfactin was investigated in the phase Il of the study. This was performed using
rheology as the basis for the investigation, at variable temperature and salinity. Findings revealed
that surfactin exhibited pseudoplastic flow behaviour characteristic based on viscosity-shear rate
interactions. More so, solution of surfactin satisfied the shear rates for situations involving mixing
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and stirring and pipe flow which are respectively in the range of 10* to 10% s and 10° to 103 s™.
This finding is an indication of ease of flow of surfactin solution during fluid transport in pipes.

Phase Il investigated the effect of surfactin on methane-water surface tension (ST) using rising
bubble technique at different operating conditions. The finding showed that surfactin effectively
reduced methane-water surface tension from 72 to 34.13 mN/m at 32.5 °C and pressure of 7.58 MPa.
As a key indicator of surfactant’s ability to alter fluids interfacial interaction, the ST result further
demonstrated that surfactin can potentially confer on multiphase gas/water system. Hence the
potential of sodium surfactin as hydrate formation inhibitor.

Hydrate formation is a surface activity and therefore surfactants must effectively adhere at fluids
surface to efficiently be able to reduce surface tension. Dispersion and adsorptivity characteristics
are key indicators of surface activities which were confirmed by density and surface tension
measurements. Furthermore, surfactin will flow to delivery point in pipeline without failure
(considering both laminar and turbulent flow regime). More so, utilization of surfactin is expected
to be safe without risk of corrosion based on the pH and electrical conductivity results. Therefore,
sodium surfactin can be said to be a potential hydrate-formation inhibitor. These new experimental
data will provide a basis for further investigation into mechanism of biosurfactant’s effect on
methane-water hydrate formation inhibition.

XXi



CHAPTER ONE

1 INTRODUCTION

1.1 Chapter Overview

Chapter one of this report introduces the concept and motivation for this study. Background and
stimulus prompting the evaluation and potentials of sodium surfactin has been outlined in Section
1.2. Moreover, the need and justification for conducting the research study is presented in Section
1.3. Furthermore, Section 1.4 presents the significance and impact of the study to body of
knowledge. Research aim and objectives were further presented in Section 1.5 and Section 1.6

present to the reader an outline of how the research report was structured.

1.2 Research Background

The technologies mostly employed in the oil and gas operations, such as enhanced oil recovery
(EOR), enhanced gas recovery (EGR), hydrate-formation inhibition during gas transport in pipelines
are chemically based technologies. They are widely used due to ease of application and availability
of wide range of chemicals, most of which are a derivative of petroleum. Principles behind the
application of these chemicals, known as surfactants, rely on their tensioactive capabilities. Studies
have indicated that chemically based (synthetic) surfactants can effectively reduce surface tension
of oil/water, oil/gas and gas/water systems. Despite the significant features of synthetic surfactants,
industry operators are becoming critical of their continuous usage. Besides, environmental
legislation regarding disposal and exposure of chemical substances to the environment continue to
increase. Furthermore, toxicity and difficulty of chemically derived surfactants to be broken down
through the action of microorganisms becomes a great concern. Additionally, it is important that
materials disposed into the environment are biodegradable mainly to; assess their damage-causing
potential to the ecosystem, and prevent the possibility of future harm due to accumulation in the
environment. Consequently, environmental compatibility becomes increasingly important in
industrial processes with respect to selection of chemicals. Moreover, economics (in terms of dosage
use), sustainability and use of renewable resources is a stimulant for a shift towards green resources.
Hence the need for environmentally friendly surfactants, that will serve as alternative to chemically

derived surfactants. This class of surfactants are known as biosurfactants.

Biosurfactants or microbial surfactants, like chemical surfactants, are surface active molecules.

However, unlike their chemical counterparts which are derived from chemical processes,
1



biosurfactants are derived from biological or biochemical processes. They have been proven to be
non-toxic, biodegradable, and can be produced from various sources. Additionally, studies have
indicated the effectiveness of biosurfactants at lowering surface and interfacial tension (IFT)
between water-oil system, Carbon (IV) oxide (COgz)-water-oil system. This is in addition to their
effective utilization as emulsifiers/demulsifiers, foaming agents, and solubilizers. Details of these

features are discussed in Section 2.2.3.

Applications of biosurfactants in different fields results from their tensioactive characteristics, and
therefore suitability in oil and gas operations. Moreover, oil and gas processes are operations
involving multiphase components which are fundamentally surface-process dependent. Surface
processes govern material transfer or transport at either macro or micro level. Therefore, knowledge
of surface properties will significantly, if not completely, influence control and management of mass
transport phenomenon during oil and gas operations (including methane (CHa) hydrate — formation

inhibition). Principal among these surface properties is surface and interfacial tension.

Interface and surface tension are critical surface activities. Interface refers to a boundary between
any two immiscible phases; whereas surface, in this context, may represents an interface involving
a gas phase, usually air (Rosen & Kunjappu, 2012). At molecular level, interfacial and surface
tension are phenomena that occurs due to energy differential between molecules at a fluid interface
when compared to their bulk counterparts (Berry et al., 2015). Therefore, interface is a thin layer
(film) that separates two or more (solid-liquid, gas-liquid or solid-liquid-gas) phases, thereby
creating a boundary between them. The thin layer region exists due to intermolecular force
imbalance resulting from physical attraction between the molecules at interface and bulk fluid. Force
field exists at fluid interface than in the bulk phase. Consequently, the molecules at the interface
possess different chemical potential, intermolecular spacing and internal pressure. It therefore
creates a tension at the interface which can only be overcome by excess surface free energy or
increasing surface area along the interface. For example, during gas (e.g. methane) hydrate
formation, hydrogen bonded water molecules envelopes and trapped the hydrocarbon molecule
thereby forming a cage-patterned crystal around it (Palodkar & Jana, 2017). Typically, hydrate
structure is formed at favourable equilibrium temperature and pressure conditions. Formation and
stability of the ice-like crystal largely depends on the intermolecular imbalance between
hydrocarbon ‘guest’ and adjacent water molecules. Moreover, the imbalance shortens the surface
area available for hydrocarbon molecules, hence making it an easy ‘guest’ to be trapped by the water

molecule. This phenomenon, therefore, becomes one of the most dominant factors affecting



interface mass transfer during hydrate formation process. In addition to other physicochemical
characteristics relating to surface activities (adsorption), This research study, therefore, focus on the
measurement of surface tension (ST), along with other parameters, as an indicative measure of

hydrate—formation inhibition potential of biosurfactant.

As previously noted, inhibiting the caging of hydrocarbon molecule is made possible by increasing
surface area available for the hydrocarbon molecule. Before this study, this has been achieved by
the use chemical surfactants, such as sodium dodecyl sulphate (SDS). However, studies also
indicated that the use of such surfactants contribute to environmental degradation, prompting the
need for environmentally friendly alternatives. Furthermore, continuous studies in the area of

hydrate inhibition are still required due to the cost of managing hydrate deposits on pipe walls

(plugs).
1.3 Research Justification

Several studies have been conducted to understand the dynamics and mechanism of gas hydrate-
formation inhibition in pipelines. Efficiency, efficacy and sustainability of numerous synthetic
surfactants, as inhibitors, were studied by many authors (Kim et al., 2018; Nguyen et al., 2017; Sohn
et al., 2015). Thermodynamic hydrate inhibitors (THIs), such as methanol and glycols were used to
shift hydrate formation equilibrium conditions. Aside being environmentally unfriendly, THIs
requires high dosage which could be 50-60 % in deep seabed zones. Similarly, kinetic inhibitors
such as polyvinylcaprolactom (PVCap), ensures that the nucleation proceed at a very slow rate.
Despite this, however, surface behaviours involved in gas hydrate formation is dynamic. Facility
installation environment, type and composition of hydrocarbon gas, type and amount of impurities,
and the operational conditions (Koh et al., 2002) plays vital role in hydrate formation. Moreover,
the goal of all studies is to ensure that an effective and sustainable means of hydrate prevention is
achieved.

Studies have indicated successful and effective use of biosurfactants in oil and gas operations
involving surface behaviours. Many authors (de Araujo et al., 2019; Geetha et al., 2018b; Hadia et
al., 2019; Haq et al., 2019; Purwasena et al., 2019; Veshareh & Ayatollahi, 2019) noted use of
surfactin for EOR. The authors employed the use of either surfactant physicochemical
characterization, core flooding experiments or measurement of physical removal of oil from packed
sand samples. Characteristics analysed include emulsification index, functional group analysis and
reduction of water surface tension at variable temperature, pH and salinity and contact angle

measurement. It is therefore safe to note that results of physicochemical characterizations can be
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employed to infer potential applications of biosurfactants. However, it must be clearly established
that correct and acceptable experimental analysis procedure was followed. In line with this,
Madihalli, Sudhakar and Doble, (2016) noted use of Mannosylerythritol Lipid-A as pour point
depressant to enhance fluidity of biodiesel at low temperature. The authors findings indicated
effective reduction in cloud point to as low as 1.5 °C. This therefore demonstrates that biosurfactants
are capable of effective performance at low temperature similar to hydrate-forming condition.
Additionally, success of these studies relies on the wettability alteration and surface tension
reduction, details of which are discussed in Section 2.2.3.5.

Further to surface characteristics applications in gas systems, Park et al., (2017) studied (through
contact angle and IFT and measurement) capability of lipopeptide biosurfactant—surfactin (isolated
from Bacillus subtilis strain ATCC6633), in enhancing geological carbon storage. The authors noted
that secretion of surfactin decreased CO> and brine ST from: 49.5 to 30 mN/m (~39 % for COx(g));
28.5 to 13 mN/m (54 % for COz()); and 32.5 to 18.5 mN/m (~43 % for supercritical CO2). The
study was conducted at conditions of 3 MPa, 30 °C for gaseous CO2; 10 MPa, 28 °C for liquid COg;
and 10 MPa, 37 °C for supercritical CO2. This indeed indicates the potential of using biosurfactant
for gaseous systems. Furthermore, formation of hydrates at ocean sediments (seabed) may be
influenced by the presence of biosurfactant-producing microorganisms. As a result, studies on how
biosurfactant influenced the mechanism (as promoters) of hydrate formation were also conducted.
Zhang et al., (2007) investigated influence of surfactin on gas hydrate formation at seabed and their
findings revealed that surfactin remarkably catalyzed induction time and consequently gas hydrate
formation rate. Similarly, Arora et al., (2016) noted that rate of methane hydrate formation increased
by 42.97 % when 1000 ppm of rhamnolipids solution is used in silica gel (C type) bed system.
Consequently, the induction time reduced by 22.63 %.

Conversely, Altamash et al., (2017) investigated the capability of amino acid-biomolecules ((L-
Alanine, Glycine, L-Histidine, L-Phenylalanine and L-Asparagine) and their synergy effect when
combined with synthetic surfactant in CH4 hydrate formation inhibition. The authors revealed the
suitability of the biomolecules, combined with synergists (PVCap and PEO), for increased kinetic
inhibition. At process pressure condition (up to 55 bars), the synergy increased (shift) hydrate
formation time up to 35 h. Hydrophobic effect is an essential characteristics behaviour of
biosurfactant particularly when in aqueous or saline medium. Besides, amphipathic surfactants
efficiently reduce surface tension compared to linearly structured surfactants. Similarly, Altamash
etal., (2017); Hou, Liang and L.i, (2018); Lee et al., (2019) indicates anti-agglomeration of methane
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hydrate using biosurfactants. These are indicators of potential uses of biosurfactant in multiphase
CH4-H20 system.

Though there were studies on use of biosurfactant for gas-water systems, only Park et al., (2017)
and Zhang et al., (2007) reported case of use of surfactin. Moreover, Park et al., reported use of
surfactin on COz/water system while Zhang et al., reported use of surfactin as hydrate promoter
adopting hydrate induction time in a sand packed column. Additionally, biosurfactants promote or
reduces formation of gas hydrate when water is associated to the hydrophilic head of the surfactant
molecule and the hydrophobic tail attracts hydrocarbon gas. One of the effective and promising way
of associating structured water/hydrocarbon gas is by means of micelle formation (Rogers et al.,
2003). It is shown in Section 2.2.3.3 that biosurfactants form micelles at concentration beyond the
critical micelle concentration (CMC). This is a threshold beyond which increasing biosurfactants
will result to no further surface tension decrease. This is because as surfactant saturation increase,
hydrophilic heads form an assembly around the border edge of the sphere while at the same time
forming a core composing of hydrophobic tail. The arrangement pave way for the core to readily
solubilize adjacent hydrocarbon gas and may resultantly become a nucleation centre for hydrate
crystals to form. Conversely, below the CMC, saturation of biosurfactant molecule is low and
therefore core formation condition becomes unattainable. Consequently, solubilisation of
hydrocarbon gas becomes impossible hindering hydrate crystallization. This principle is what will

be adopted as the basis for potential of sodium surfactin in preventing CH4 hydrate formation.

1.4 Research Contribution

Undoubtedly, fossil fuels will continue to dominate as major global fuel source to the ever-
increasing world population. To improve availability, sufficiency and ensure fuel demands are met,
gas hydrates has been highlighted as potential energy source. Consequently, means to improve its
formation is being enhanced including use of biosurfactants. However, efficient and sustainable
field operations involving gas transport for processing, storage or utilization is also hindered by gas
hydrate formation leading to pipeline blockage. Cost of maintaining, controlling and cleaning of
pipelines has also been a burden to the operating companies. Moreover, the need to abide by the
increasing stringent environmental regulation necessitate that an environmentally friendly

alternatives are utilized in process operations. In view of these, therefore, this study will;

a. Highlight the role surfactin, an environmentally friendly surfactant, in increasing surface

area thereby preventing methane-water hydrate formation.



b.

Establish surfactin optimal performance condition as potential methane-water hydrate

formation inhibitor.

1.5 Research Aim and Objectives
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Research aim

The overall goal of the study is to evaluate the potential of sodium surfactin as a CH4 hydrate-

formation inhibitor.

1.5.2

Research objectives

The following research objectives are geared towards achieving the set aim of this study:

a.

153

To experimentally characterize the physicochemical and thermal properties of sodium
surfactin as a potential hydrate inhibitor. This will be accomplished taking into consideration
solute (macro) size (dosage) and its interaction in the solution, in addition to evaluating
temperature and salinity effect.

To investigate, experimentally, the flow behaviour of sodium surfactin by evaluating
viscosity response to changes in shear rate, temperature and salt concentration at different
surfactant dosage.

To investigate effect of sodium surfactin on ST of methane-distilled water system at variable
conditions of temperature, pressure and surfactin dosage.

To optimize effect of sodium surfactin on ST of methane-distilled water system.

Research questions

The study will seek to answer the following questions pertaining to application of surfactin in

surface activity.

What is the dispersive nature of surfactin in aqueous and saline media?

How safe is surfactin, relating to corrosion in pipes and personnel safety, when utilized in
gas pipeline?

How will surfactin behaves when subjected to pipeline flow under laminar and turbulent
regime?

To what degree will surfactin reduce tension between multiphase methane-water system?



1.6 Structure of the Report

This PhD thesis report is organized in chapter formats, with each chapter providing the set of

information and actions performed as contained in the body of the research report as follows:
Chapter One: Introduction

Chapter one of this report introduces the concept of hydrate formation, use of surfactants for hydrate
formation prevention and motivation for this study. Background, stimulus prompting the study,
justification, impact of the study to body of knowledge, research aim, and research objectives were

discussed in the chapter.

Chapter Two: Review on biosurfactants (production, characteristics and applications) and

gas hydrates and surface tension

Review of previous related investigations regarding biosurfactant, their production, characteristics,
classes and applications are presented in this chapter. Arrangements of biosurfactants when
introduced in an aqueous medium and at water/oil/gas boundaries, due to their amphipathic
characteristics is reviewed and presented in this chapter. More so, biosurfactant producing

microorganisms and production processes were identified and critically discussed in chapter two.

Gas hydrate formation is a physical surface (interphase) phenomenon involving interaction between
gas molecule, as ‘guest’, and water molecule as (‘host”). Chapter two further present a review of
previous related investigations on CH4 hydrate; formation mechanism and condition, classes, role
of surface and interfacial tension in hydrate formation and various methods for surface tension

measurement.
Chapter Three: Materials, experimental design and method

Chapter four outlined the techniques adopted to successfully achieve the set aim and objectives.
Details of experimental procedures that were carefully followed to investigate each feature of
surfactin and standards adopted, where necessary, are highlighted in this chapter. Additionally,
sources of errors associated with each procedure/technique were also indicated. Experimental

design for surface tension measurement, including software used, was further detailed in the chapter.
Chapter Four: Results and discussion

After careful implementation of experimental procedure in chapter three, data (observations)

obtained for each of the characteristics investigated are presented in this chapter. These were
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carefully evaluated using applicable plots and discussed accordingly. Tables of average repeatable
values generated from the experiments were arranged and presented in the Appendix section of the

report.
Chapter Five: Conclusion and recommendations

Evaluation of the characteristics investigated and presented in chapter five were eventually noted
down in the body of the text. Consequently, these were summarily presented in chapter six as

conclusions. Further research to enhance the current study were as well presented as future work.



CHAPTER TWO

2 REVIEW ON BIOSURFACTANTS, METHANE HYDRATE
AND SURFACE TENSION

2.1 Chapter Overview

Surfactants are a class of either organic or inorganic molecules used as surface active agents. These
molecules are classified into two categories; synthetic or chemical surfactants, which are derived
from chemical processes, and biosurfactants which are derived from biological/biochemical
processes. Numerous types of surfactants, and their mixtures, have been employed in the oil and gas
operations, including enhanced gas recovery, drilling mud preparation, emulsion preparations, site
and equipment cleaning. Traditionally, petrochemical-derived surfactants have been in use, until
recently. Although these chemically derived surfactants had, for example, proven to be a promising
method to recover trapped oil through IFT reduction (Jia et al., 2019) and wettability alteration
(Hosseini et al., 2019). Concerns are, however, increasing on the dosage involved and the continuing
damage of these chemicals on the environment. Alternatively, surfactant from biological and
renewable sources (biosurfactants) are now being employed in these applications in recent time
(Paraszkiewicz et al., 2018). Use of biosurfactant, including surfactin, stem from their having better
characteristics, compared to chemical surfactants, in terms of toxicity, selectivity, and higher
efficiency in terms of surface and interface properties (Torres et al., 2011; Zhang et al., 2015). These

sterling properties of biosurfactants, and many more, are discussed in this chapter.

Therefore, chapter two (2) present an aspect of the research study report which critically reviews
articles, studies and analyses relating to the authors’ subject area of research. In particular, aspect
relating to general overview of biosurfactants, their origins, classification, and characteristic
behaviours were critically analysed. Therefore, a discussion on specific family of biosurfactant,

surfactin, was made and presented in Section 2.4.4.

Additionally, critical review of studies conducted on gas hydrate; formation, characteristics,
class/types and prevention methods were also reported. Discussion on various hydrate formation
inhibition technologies will include classes of surfactants used, elaborating on both their strength
and limitations. More so, review of surface tension and its relation to hydrate formation and

inhibition is discussed in this chapter.



2.2 Biosurfactants

Surfactants simply refers to surface-active materials that are amphiphilic. Biosurfactants are
therefore surfactants originating from different biological sources. The sources include, but not
limited to, bacteria, fungi and yeasts (Santos et al., 2016). Structurally, they are diverse group of
surfactant molecules which are mainly synthesized by microorganisms. As such, they exhibit broad
spectrum multi-variant function. For this reason different sectors of industries employ the use of
biosurfactant for different purposes including agricultural, oil and gas, food, cosmetic,
biotechnological and pharmaceutical industries (Fracchia et al., 2019; Kubicki et al., 2019;
Naughton et al., 2019; Varjani & Upasani, 2017). Increasing interest in the applications of
biosurfactants by many industrial sectors stem from their higher competing qualities compared to
chemical surfactants. These have been indicated in the reports of Silva et al., (2014); Vijayakuma
and Saravanan, (2015); McClements and Gumus, (2016); Santos et al., (2018) to include higher
biodegradability, low toxicity, better environmental compatibility and effective performance

characteristics at extreme pH, temperature and salinity.

Additionally, application of biosurfactants for any purpose mediated from their amphipathic
characteristics (Marchant & Banat, 2012a). Amphipathic characteristics is a situation where both
hydrophobic and hydrophilic moieties (shown in Figure 2.1) are attached to one entity of
biosurfactant (Liu et al., 2015). The hydrophobic moiety, often referred to as tail, is either a long-
chain or hydroxy fatty acid of varying length, and the hydrophilic moiety (head) could be an amino

acid, carbohydrate, phosphate, carboxylic acid, alcohol or peptide.

H hobic tail
ydrophobic tai S\_.‘i Hydrophilic head

Figure 2.1 Amphipathic assembly of biosurfactant showing hydrophilic head and
hydrophobic tail (Santos et al., 2016)

Amphiphilic nature of biosurfactants offers them an affinity to adhere to gas-liquid and liquid-liquid
interfaces. Once exposed to such interfaces, the surfactant molecules orient themselves so that their
hydrophilic head groups are in the aqueous phase and their hydrophobic tails are in the gas phase,
satisfying both ends of the molecule (Salaguer, 2002). Surfactant’s molecules adsorption/orientation

at gas—water interface is shown in Figure 2.2.
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Water

Figure 2.2 Orientation of surfactants when adhered at gas — liquid interphase

Characteristic ability of biosurfactant to orientate themselves at fluid interface enhances their
potential and ability in many oil and gas operations. These include tertiary oil recovery, known as
microbial enhanced oil recovery (MEOR), crude oil emulsification, wettability alteration and
enhanced sweep efficiency for geological carbon (iv) oxide (CO.) injection and storage. Details of

these applications are presented in Section 2.2.5 of this report.

Despite the abilities mentioned in the last preceding paragraph, variability in the chain length and
organic building molecules making up the amphiphiles results in the surfactants having variable
molecular structures. Therefore, when considering the likely and potential applications of
biosurfactants, emphasis on diversity of their microorganisms becomes critical. Consequently, their
chemical assemblies and surface and interfacial characteristics differ. That is to say, different group
of microorganism produces surfactants of different chemical structure, hence potential applications.
However, surfactants belonging to same class of producing microbe exhibit same or very near

characteristics.

It therefore becomes significant for the author of this report to review various sources from which
biosurfactants are produced. Doing so will not only identify potential sources, but as well make

analysis of biosurfactants’ characteristics behaviour and identification easier.
2.2.1 Biosurfactant producing microorganisms

Biosurfactants exhibits varying characteristics, and specific superior applications. In their study,
Ron and Rosenberg (Ron & Rosenberg, 2001) indicated that biosurfactants can accomplish many
roles of physiological nature which include;

emulsification of water-insoluble substrates, through increasing of surface area,
e increasing bioavailability of hydrophobic substrates,

e binding of heavy metals,

« pathogenic activity involvement,

e possession of antimicrobial activity,
11



This physiological performance is critical to the success of bioprocesses. However, superiority of
these roles and robustness of biosurfactants is predominantly dictated by the characteristic nature of
the microbes and substrate. Substrate concentration and chemical features have been reported to
affect physiological properties of biosurfactants. Details of these effects are presented in Section
2.2.2.

Biosurfactants are produced from various sources, largely bacteria, yeast and fungi. Specific
microorganisms, belonging to class of bacteria, fungi or yeast, have been isolated from various
sources for biosurfactant production. Adopted from the work of Chen, Juang and Wei, (2015), Table

2.1 gives an overview of some biosurfactant producing microbes.
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Table 2.1 Some biosurfactants and their respective producing microorganism

Biosurfactants Origins Reference
Rhamnolipids Pseudomonas (P.) aeruginosa, P. (Hrtizova et al., 2019; M. Jadhav et al., 2011; Joy et al., 2019; Twigg et
desmolyticum NCIM-2112, Achromobacter sp, al., 2019)

KT2440 Marinobacter sp. and P. mendocina,

Sophorolipids Starmerella bombicola, Candida bombicola,
Torulopsis species, Trichosporon ashii
Cellobiolipids Ustilago cynodontis, ustilago maydis
Mannosylerythritol lipids Pseudozyma species, Candida species,

Ustilago scitaminea

Trehalose lipids Rhodococcus species, Fusarium fujikuroi,
Serrawettin Serratia species

Surfactin Bacillus species

Subtilisin Bacillus species
Viscosin, amphisin and Pseudomonas species, Leuconostoc

putisolvin mesenteriods

Syringafactin Pseudomonas species
Liposan Candida lipolytica

Emulsan, Biodispersan Acinetobacter calcoaceticus
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(J. V. Jadhav et al., 2019) (Chandran, 2010; Daverey & Pakshirajan,
2010; Desai & Banat, 1997; Finnerty, 1991)
(Morita et al., 2008; Sandra et al., 2005)
(Fan et al., 2016; Morita et al., 2012; Niu et al., 2019; Yu et al., 2015)

(Bages-Estopa et al., 2018; Reis et al., 2018; White et al., 2013)

(Matsuyama et al., 2011; Su et al., 2016)
(Q. Wu etal., 2019; Zhi et al., 2017a; D. Zhou et al., 2019)
(Mechri et al., 2019; Sung et al., 2010)
(Kruijt, Tran and Raaijmakers, 2009; Banat et al., 2010; Rokni-Zadeh et
al., 2012; Oni et al., 2019)
(Geissler et al., 2019; Zouari et al., 2019)
(Cirigliano & Carman, 1985)
(P. Das et al., 2008; Finnerty, 1991; Shabtai & Gutnick, 1985)



Although protozoa and algae form important members of microbial community, reports of their
utilization as biosurfactant producing microbes for oil and gas applications are scanty. This is
because of difficulty, in terms of economics, in synthesizing active ingredients from them.
Additionally, few of the biosurfactant-producing microorganisms are however used on an industrial
scale for mass biosurfactant production. This is because maximizing yield and production comes at
a great expense, in addition to downstream processing of tailoring biomolecules to specific
applications (Marchant & Banat, 2012b). Nonetheless, emerging biosurfactant production
technology is bridging the challenging gap, through engineered functionality production procedure
(Singh et al., 2019; Wu et al., 2019; Zhang et al., 2009), enhanced production through use of gene
cloning (Sekhon et al., 2011), production process optimization including kinetic study (Heryani &
Putra, 2017; Sallada et al., 2019), and use of cheap agro industrial waste as substrate. Moreover,
addition of solid carriers, such as activated carbon or clay was reported to increase surfactin
production 36-fold higher that that without carrier (Yeh et al., 2005). Combination of these

innovations have enhanced sustainable cost-effective biosurfactant production.

Section 2.2.2 presents to an aspect of the report which reviews various procedures for biosurfactant
production from various sources. Specific emphasis was made of production of surfactin from

various species of Bacillus.
2.2.2 Biosurfactant production

Legislation regarding use and disposal of chemical substances is on the rise. Additionally, dynamic
nature of process industries in meeting up with market demands as well as legislation compliance
is compelling. Consequently, demand for biosurfactant as a sustainable alternative is steadily
increasing due to rise in environmental consciousness (Gudifia et al., 2015). Sustainable and
profitable field operations require that materials withstand variable operational conditions and can
be obtained at low cost. Satisfactorily, biosurfactants are competitive with synthetic surfactants in
this regard. Both laboratory and field reports indicates production of biosurfactants from renewable
resources and their stability at extreme environmental conditions (Gudifia et al., 2015). These
sterling characteristics of biosurfactants are as result of their molecular and functional makeup.
Biosurfactant fingerprint are developed during production, part of which could be deliberate to suite
application. As a result, many components and unit operations are involved in biosurfactant
production. In addition to producing microbes, biosurfactant can be produced from many substrates
(Santos et al., 2016), which include soap stocks, whey, molasses, frying oils, oil mill effluent,
starchy substrates, and corn steep liquor.
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Thus far, biosurfactants have been produced employing various technology and materials. Isolates
are prepared from interaction of microorganisms with nutrients sources (for growth). This include
carbon source and insoluble substrate sources, such as hydrocarbons, carbohydrates, and vegetable
oils (Gautam & Tyagi, 2006). Molecular interaction of producing organism with nutrients in the
culture medium ensure the amphipathic characteristics of biosurfactants. However, large scale
biosurfactant production remain a challenge economically, because the acquisition of substrates
required for their production is at high expense. Accordingly, low-cost substrates especially from
agro industrial waste are now been used for biosurfactant production (Batista et al., 2018; Cruz et
al., 2018; Das & Kumar, 2018; Radzuan et al., 2017; Rane et al., 2017; Tazdait et al., 2018; Vecino
et al., 2017). Furthermore, isolates from animal-based microbes is being employed biosurfactant
production. However, exploring the use of plant-based sources of biosurfactant production by
researchers is increasing. For instance, Adnan, et al., (Adnan et al., 2018) characterized and
evaluated potential application of Xylaria regalis, an Endphytic fungi, as strong promoter of plant
growth. In vivo testing of the biosurfactant basically resulted in significant increase in root and shoot
root length of chilli seedlings. Additionally, Hussien et al., (2019) indicated use of BIO-TERGE®
AS-40 (coconut-based surfactant) as fracking fluid for improving shale gas production. The study
further indicates that the biosurfactant reduced methane-water surface tension from about 69 mN/m
to 32.49 mN/m. BIO-TERGE® AS-40 was however used as cosurfactant in the study.

In order to produce plant growth promoting traits, and as well degrade crude petroleum, Baoune et
al., (2018) isolated endophytic Streptomyces species from plants grown in contaminated sandy soil
of Ouargla, southern Algeria. There is need to enhance these studies to improve not only the clean-
up of crude oil-polluted environments but also soil viability for agricultural activities. Nonetheless,
these studies were targeted at specific biosurfactant utilization— sustainable soil utilization after

bioremediation.

Generally, biosurfactants production from various strains of microorganism is accomplished

following basically the steps below;

a. identification and preparation of culture media,

b. isolation of strain of microbial strain for inoculation,

o

inoculation of strain in nutrient rich media for biosurfactant production,

o

test for yield, and identification of produced biosurfactant,

e. biosurfactant characterization and performance test.
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In addition to these general stages of biosurfactant production, and depending on requirement, an
additional downstream purification, and sometimes drying stages may be employed. Cost of which
is the principle factor in economics of biosurfactant production. The purification, and the technique,
is usually employed when shelf life, storage and ease of transport of isolated strain becomes a factor
to be considered. Section 2.2.2.2 briefly describes some of the industrial scale biosurfactant

purification methods used.

Likewise, different routes/methods of detecting biosurfactant production can be adopted. For
example, Youssef et al., (2004) compared oil spreading, drop collapse and blood agar lysis methods
to detect biosurfactant production from 205 environmental strains. The authors’ findings indicated
that the three methods gave conflicting results. While sixteen percent of the strains tested positive
using blood agar test, the same strains tested negative with the other two methods for biosurfactant
production. No significant surface tension reduction was noticed with the oil spread and drop
collapse methods, having values above 60 mN/m. Nevertheless, thirty eight percent of the tested
strains was confirmed positive with oil spread and drop collapse methods as against blood agar lysis
technique. Confirmation of biosurfactant production was validated by surface tension measurement
which yielded value of about 35 mN/m. Similarly, Burch et al., (2010), (2011) indicated that
atomized oil assay is used to detect biosurfactant at much lower concentration compared to drop

collapse assay.

Please note that the steps mentioned above are generic for all class of biosurfactants, applicable to
different types of microorganism, details of which can be found in studies by Youssef et al., (2004);
Sekhon, Khanna and Cameotra, (2011); Gomes et al., (2018); Innemanova et al., (2018); Jahanbani
Veshareh et al., (2018); Mouafo, Mbawala and Ndjouenkeu, (2018); Teixeira Souza et al., (2018).

Having the right culture media for isolation of potential biosurfactant-producing strain may be very
important, but not enough to guarantee sustainable yield. That is because both nutritional and
environmental factors (Guerra-Santos et al., 1986) affect the production process. These factors have
been reported by llori, Amobi and Odocha, (2005); Franzetti et al., (2009), on a broad perspective,
to include incubation period, temperature, pH, salinity, type and concentrations of nutrients such as
carbon, nitrogen, iron, and phosphorus. For instance, Atlas (Atlas, 1985) stated that when a major
oil spill occurs in marine and freshwater environments, supply of carbon becomes increased
significantly and hence availability of phosphorus and nitrogen become the limiting factor for oil

degradation.
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Therefore, to ensure sustainable and cost-effective biosurfactant production, the bioprocess
parameters may be optimized. Different design methods and approach have been reported in
bioprocess optimization for biosurfactant production. Response surface methodology and statistical
methods have been used to optimize production parameters (Hema et al., 2019; Sharma et al., 2019;
Vera et al., 2018). The studies suggest favourable nutrient source that increase production.
Additionally, promising emerging technology/approach such as use of Artificial Neural Intelligence
coupled with Genetic Algorithm and recombinant DNA technology is been tested (Jovic et al., 2019;
Kandasamy et al., 2019). Various producing microbes in different nutrient sources were analysed
for the bioprocess. Sustainability, efficiency and efficacy of each the process strongly relies on
ability of microbe to metabolize nutrient for growth. More so, optimization studies however
indicated that effect of these factors varies. Section 2.2.2.1 reviews the various factors affecting
biosurfactant production process.

2.2.2.1 Factors affecting biosurfactant production process

Sensitivity of microorganisms to their growing environment as well as the surrounding environment
is high. For example, Rhamnolipids production was reported to be influenced by two categories of
factors, environmental and nutritional factors (Varjani, 2018). As a result, changes occurring in

either growing or surrounding environment could potentially affect yield of biosurfactant.

2.2.2.1.1 Effect of nutrients: carbon, nitrogen and trace elements

Biosurfactant production requires appropriate condition (media) for the growth of producing-
microbe. Generally biosurfactant production media contains, majorly, sources of carbon and
nitrogen components, along with buffering agent such as phosphorous, phosphates, and trace of
metal salts such as Mn®*, Mg?*, Fe®*, etc. (Geetha et al., 2018a). Carbon sources may consist of
carbohydrates, lipids, hydrocarbons in stand-alone or as combinations, and nitrogen sources in the
form of yeast extract, nitrate salts, ammonium salts. Ali Khan et al., (2017) indicated that

maintaining appropriate level of nutrients is vital in improving biosurfactant production.

In their study, Antoniou et al., (2015), extracted two biosurfactant-lipid mixtures; Rhamnolipids and
Sophorolipids, from bacterial strains and marine hydrocarbon-degrading groups. The authors
indicated that biosurfactant yield, using crude oil and molasses as carbon source, is low and remains
constant. It further that the yield is independent of the carbon source, temperature and total biomass
culture. However, Ramirez et al., (2015) reported 191.46 mg/l and 8.78 mg/l Rhamnolipid optimal
production respectively at 10 %(w/v) and 2 %(w/v) oil mill waste as carbon source compared to

glycerol and waste frying oil. In the same study, surfactin production was 3.12 mg/l and 0.057 mg/I
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at 2 %(w/v) and 10 %(w/v) respectively. The studies indicated that the nutrient effect is also
dependent on the class of producing microbes. This is similar to those reported by Sharma, Sangwan
and Kaur, (2019). Paraszkiewicz et al., (2018) further confirmed the combined effect of nutrient and
producing microbes when they noted, regardless of the used growth medium, KP7 strain of Bacillus
subtilis produced more surfactin than iturin, while I'-1a strain overproduced iturin with only traces

of surfactin.

While studying effect of carbon sources on biosurfactant production using strains of Lactobacillus
spp. Mouafo, Mbawala and Ndjouenkeu, (2018) indicated that using molasses as carbon source
yielded maximum of 3.03+0.09 g/l compared to glycerol which yielded 2.82+0.05 g/I. Similarly,
Meena et al., (2018) found that use of sorbitol (among sucrose, fructose, glucose, starch and maltose)
as carbon source had highest yield of 1900 mg/l of lipopeptide biosurfactant produced from B.
velezensis. On the other hand, in the same study, beef-extract (among ammonium sulphate, peptone,
sodium nitrate, ammonium nitrate, ammonium chloride and yeast extract) had optimal lipopeptide
yield of 1852 mg/Il. Additionally, Anjum et al., (2015) noted higher production from Bacillus spp.
using glycerol in combination with soybean oil at 1:1 ratio as carbon source. Result was similar to
that of De Franc,a et al., (2015), which indicated 1290 mg/l yield of biosurfactant using Bacillus
subtilis ICA56.

Other constituents in the culture medium, other than source of carbon, were reported to affect yield
of biosurfactant (Varjani & Upasani, 2016). For Rhamnolipid production by Pseudomonas 44T1
and Rhodocuccus ST-5 nitrates remains the choice for source of nitrogen when they are respectively
grown on olive oil and paraffins. Similarly, production of surfactin by Bacillus subtilis in dissolved
oxygen-depleted nitrate limited media results in very high yield (Davis et al., 1999). Addition of
manganese and iron to the culture medium was reported to increase the production of biosurfactant
by Bacillus subtilis (Wei et al., 2003). Likewise, Cruz et al., (2018) noted that 5 %(v/v) of glycerol

and 0.05mM of manganese was the best combination to produce biosurfactant using Bacillus subtilis.

2.2.2.1.2 Effect of growth conditions

Conditions of culture medium may favour or mare the growth of producing microbes. Reactor
temperature, speed of agitation, amount of dissolved oxygen and pH were reported to affect yield
of biosurfactant (Desai & Banat, 1997). Candida glabrata UCP 1002, and Candida. batistae, both
species of the genus Candida had maximum biosurfactant yields respectively at pH 5.7 and pH 6.0
(Konishi et al., 2008; Sarubbo et al., 2006). Equally, Kiran et al., (2009) showed that Aspergillus

ustus produce maximum biosurfactant yield at pH 7.0. Therefore, while some producing microbes
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are stable and yield better at slightly acidic pH, it becomes unfavourable for other species and yield

better at neutral or alkaline pH.

Temperature is known to affect diverse bioprocesses in different ways, sometimes by the slightest
change. 30 °C temperature was observed to favour optimal biosurfactant production from species of
Candida, viz. Candida spp. SY16, and C. batistae (Kim et al., 1999; Konishi et al., 2008). However,
maximum vyield of biosurfactant from C. lipolytica occurs at 27 °C. Additionally, Meena et al.,
(2018) noted that 30 °C temperature and pH 7 are the optimum condition for lipopeptide production
from Bacillus velezensis. Although both conditions of temperature and pH separately affect yield of
biosurfactants, optimal yield thus take into consideration combine effect of all factors.

Accordingly, growth time (incubation period) could play a significant role on biosurfactant yield.
Besides, different organisms are made up of diverse molecules. As such, yield of biosurfactants
from producing-microbe is likely to occur at different time intervals. Optimal biosurfactant yield by
C. bombicola occurs between seven and eleven days (Felse et al., 2007), and 68 hours when grown
in animal fat (Santa Anna et al., 2001). Besides, increasing agitation speed was shown to have
increased biosurfactant accumulation by Pseudomonas aeruginosa UCP 0992 when grown in
glycerol (Silva et al., 2010). Similarly, cultivation of P. alcaligenes on palm oil was found to be
affected when agitation is increased from 50 — 200 rpm (Oliveira et al., 2009). This finding suggests
that surface tension reduction was favoured by rotation velocity increase. The cell-free broth surface
tension reduced to 27.6 mN/m. Contrary to this however, Cunha et al., (2004) findings using
Serratia spp. SVGG16 grown in a hydrocarbon culture indicates negative effect of agitation speed
increase on surface tension reduction. This therefore indicates that effect of growth conditions does

not only depend on the type of producing microbe but also on the growing culture medium.

2.2.2.2 Biosurfactant purification processes
Many methods are employed by different producing companies for biosurfactant purification and
recovery as revealed in Table 2.2.
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Table 2.2 Property-based biosurfactant recovery methods and their relative advantages, adopted
from (Mukherjee et al., 2006)

Downstream
recovery
procedure

Biosurfactant property
responsible for separation

Instrument/set-up
required

Advantages

Acid precipitation

Biosurfactants become
insoluble at low pH values

No set-up required

Low cost, efficient in
crude biosurfactants
recovery

Organic solvent
extraction

Biosurfactants are soluble in
organic solvents due to the
presence of hydrophobic end

No set-up required

Efficient in crude
biosurfactant recovery
and partial purification,
reusable nature

Ammonium
sulphate
precipitation

Salting-out of the polymeric or
protein rich biosurfactant

No set-up required

Effective in isolation of
certain type of polymeric
biosurfactants

Centrifugation

Insoluble biosurfactants get
precipitated because of
centrifugal force

Centrifuge required

Reusable, effective in
crude biosurfactants
recovery

Foam fractionation

Biosurfactants, due to surface
activity, form and partition into
foam

Specially designed
bioreactors that facilitate
foam recovery during
fermentation

Useful in continuous
recovery procedures,
high purity of product

Membrane
ultrafiltration

Biosurfactants form micelles
above their CMC which are
trapped by polymeric
membranes

Ultrafiltration units with
porous polymer
membrane

Fast, one-step recovery,
high level of purity

Adsorption on
polystyrene resin

Biosurfactants are adsorbed on
polymer resins and
subsequently desorbed with
organic solvents

Polystyrene resin packed
in glass columns

Fast, one-step recovery,
high level of purity,
reusability

Adsorption on
wood-activated
carbon

Biosurfactants are adsorbed on
activated carbon and can be
desorbed using organic solvent

No setup required, can be
added to culture broth,
can also be packed in

glass columns

biosurfactants, cheaper,
reusability, recovery
from continuous culture

lon-exchange
chromatography

Charged biosurfactants are
attached to ion-exchange resins
and can be eluted with proper
buffer

lon-exchange resins
packed in columns

High purity, reusability,
fast recovery

Solvent extraction
(using Methyl
tertiary-butyl ether)

Biosurfactants dissolve in
organic solvents owing to the
hydrophobic ends in the
molecule

No set-up required

Less toxic than
conventional solvents,
reusable and cheap
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2.2.3 Physicochemical characteristics of biosurfactant

The uniqueness and superiority of biosurfactants, for various commercial applications, over
synthetic surfactants are because of their distinct characteristics. These distinguishing characteristics
of biosurfactants are linked to their low toxicity, biodegradability, tensioactive capability, stability
at different pH, ionic strength and temperature (Chakrabarti, 2012) among others. Moreover, Belhaj
et al., (2019) in their review indicated that surfactant adsorption during EOR is dependent on many
factors. These include surfactant type, surfactant dosage, ionic strength, pH, salinity, and

temperature. The key characteristic features of biosurfactants are discussed in Section 2.2.3.

2.2.3.1 Biodegradability

The ease of interaction of biosurfactant with degrading microorganism makes them biodegradable
(Gregorich et al., 2015). Moreover, studies showed that, compared to synthetic surfactants, range of
toxicity effects of biosurfactant are less (Shah et al., 2016). Likewise, biosurfactants degrades at
faster rate when disposed in comparison to synthetic surfactants such as sodium dodecyl sulphate
(SDS). In support of this, Lima et al., (2011), noted that much lesser CO, was released when
bacterial culture in soil microcosms is mixed with SDS compared to those containing biosurfactants.
Intensity of the SDS degradation was about 10 times lower than that of biosurfactant degradation
by Pseudomonas sp. LBBMA 101B.

Similarly, test on ease of sophorolipids (produced by yeast Candida bombicola) biodegradability
showed that the biosurfactants starts degrading immediately after cultivation. Additionally, the
biodegradability, after 8 days of cultivation was able to reach 61 % (Klosowska-Chomiczewsca et
al., 2009). Likewise, (Hirata et al., 2009) noted that surfactin and arthrofactin exhibited related

biodegradability behaviour as sophorolipids.

Environmental and aerating conditions may affect rate of biodegradability behaviour. On this note
Mohan, Nakhla and Yanful, (2006) showed that rhamnolipid biosurfactants are capable degrading
under both anaerobic and aerobic environments. Efficiency of soluble chemical oxygen demand
removal COD) was 74 % after 10 days and decreased to 47.2 % after 6 days. On the other hand,
same study indicated that under anaerobic conditions Triton X-100 (a chemical surfactant) is non-
biodegradable. However, it partially biodegrades under aerated experimental conditions (soluble
COD removal efficiency of 47.1 % after 10 days at concentrations below 900 mg/L).

21



2.2.3.2 Temperature, pH and ionic strength stability

Considering the various operational fields of biosurfactants applications; pharmaceutical, cosmetics,
food and agro industries and oil and gas, one may infer of their stability in different conditions.
Besides, it was indicated that biosurfactants are mostly stable at varying conditions of pH,
temperature, and salinity (Ben Ayed et al., 2014). In addition, continued interest in utilising
biosurfactants is an affirmation of their characteristic functions are rarely altered by changes in

operating parameters.

Studies by Mouafi, Abo Elsoud and Moharam, (2016) indicated that biosurfactant produced by
Bacillus brevis is thermally stable in the range of 30 — 80 °C and at pH 4 to 9. Moreover, Ben Ayed
et al., (2014) noted diesel solubilisation and emulsification index of biosurfactant produced by
Bacillus mojavensis was optimal at 60 °C (pH 6 —10) and 20 — 80 °C (pH 6). These suggest that the
biosurfactant can be used in environment of extreme condition similar to that of oil and gas industry.
By measure of surface tension and emulsification index (after 24 hours), (Zhang et al., 2016)
indicated that biosurfactant produced by Bacillus atrophaeus 5-2a is stable at conditions of pH 6-
13, 20-120 °C and salinity up to 15 %. Similar stability was exhibited by non-Bacillus sp. producing
microbes. Stability of biosurfactants produced by Cryptococcus strain YLF and Wickerhamomyces
anomalus CCMA 0358 were respectively studied by Derguine-Mecheri et al., (2017); Teixeira
Souza et al., (2018). The authors both noted stability of the biosurfactants produced at conditions of
100 °C, pH 12 and 10 % NaCl salinity. Chen et al., (2018) further indicated that biosurfactant
produced by Pseudomonas aeruginosa is stable at 20 — 100 °C temperature, 6 — 12 pH, and salinity
of 2 — 20 w/v%. These data are indications that biosurfactants are stable at near-neutral to basic pH,
an average of 20 — 80 °C and average salinity up to 15 %. This is unlike synthetic surfactants which
was indicated by Santos et al., (2016) to become inactive above 2 % NaCl concentration.

It is worth noting that produced biosurfactants mentioned are harvested isolates of the microbes.
Dissolution of the biosurfactants, after purification and drying, may be affected by NaCl
concentration above 0.5 Molarity (M), as indicated in study by Salihu et al., (2018). Fouling of, and
scale formation on operational equipments are possible consequence of partial dissolution of

surfactants generally.

2.2.3.3 Critical micelle concentration (CMC)
Behaviour of surfactants at an interface is determined by their concentration in the bulk solution. As
the bulk surfactant concentration is increased the number of surfactant molecules adsorbed to the

interface rises, causing the surface activity to fall in a concentration dependent manner. However,
22



there is a limit to the number of surfactant molecules that can adsorb to a surface before saturation
level is reached, leaving no ‘room’ for further rearrangement of surfactant molecules. The surfactant
concentration at which this saturation level is reached is termed critical micelle concentration (CMC)
(Drew, 2006; Krister et al., 2003). At this point the surface activity is at minimum. Further addition
of surfactant molecules does not significantly alter the surface activity because no more adsorption
to the surface can occur. Instead increasing the concentration of surfactant in the bulk leads to self-
assembly of the surfactant molecules, which aggregate into various types of structure (micelles)
depending on concentration and the specific properties of the surfactant. Campos et al., (2013) noted
this point to be the point at which lowest stable surface tension is achieved. Figure 2.3 shows the
general relationship between surfactant surface coverage and surface activity (surface/interfacial
tension). When the CMC is reached the surface becomes fully covered with a monolayer of
surfactant molecules and further increasing the surfactant concentration leads to aggregation and

the formation of micelles in the bulk solution.

Increasing surface
coverage (below CMC)

CMC
Point of surface saturation

Surface/Interfacial Tension
(mN/m)

/\

Micelle formation Decreasing surface
coverage (above CMC)

Surfactant concentration (mg/l)

Figure 2.3 Effect of surfactant concentration at below, and above CMC, modified from
(Santos et al., 2016)

The aggregation of surfactants in solution leading to formation of micelles is known as micellization.

Figure 2.4 shows sequence of activities on introduction of surfactant in aqueous surfactant into air

— water system, leading to formation of micelles above CMC.
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No adherence of surfactant at surface
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Adherence of surfactant at surface due
to increasing dosage (below CMC)

c d
Air
0 e 9 o
Increased adherence at surface due to Water

increasing dosage (at CMC)
Micelle formation (above CMC)

Figure 2.4 Sequence of surfactant activities in aqueous solution leading to micellization

Surfactants generally display varying CMC, depending on their molecular architecture. However,
as a characteristic that significantly influenced their tensioactive property. Biosurfactants have very
low CMC compared to surfactants from chemical processes. Gargouri et al., (2017) reported
biosurfactants’ CMC to be 10 to 40 times lower than synthetic surfactants. Having a low CMC
ensures that maximum efficiency is achieved using low surfactant dosage. That is why researchers

(Yanagisawa et al., 2018) are devising means of reducing surfactants’ CMC.

2.2.3.4 Rheological characteristics

Fluids rheology deals with the science of how fluids behave when they become exposed to any form
of applied force. These could be in the form of applied stress or stress resulting from changes in
pressure. For example, in oil and gas industry operations where mass transport are principally
through pipelines, the form of stress process fluids becomes exposed to are in the form of pressure
(Kumaran, 2010). Combined with impact of other process variables such as temperature and salt
concentration, effect of pressure on fluids flow could be critical. Flow failure and/or aggregation
may be one of the consequences.

Biosurfactants are materials that composed of highly complex structures. They formed molecular
interactions of various complex organic molecules at a molecular level. Hence, they exhibit specific

properties and functionalities, either in aqueous or saline medium. These structures could be bound
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by weak forces, causing them to be easily deformed by an applied force. However, biosurfactant
molecules can form highly organized structures through spontaneous self-assembly. Biosurfactant
plays a critical role in many processes that impact on human lives. In upstream oil and gas operations,
biosurfactants are critical in secondary/and or tertiary recovery of oil and gas. Similarly,
downstream operations rely on surfactants during production post-production activities such as

equipment clean up. Flow behaviour of biosurfactants during these operations are critical to their

performance in achieving efficiency.

Characterization of fluids behaviour could be done in terms of shear stress — shear rate behaviour or
viscosity — shear rate responses. While stress — rate characterization defines the flow behaviour (see

Figure 2.5), viscosity — rate characterization defines the fluids viscosity response to rate of shear.

LEGEND
Bingham plastic

Yield-pseudoplastic
Pseudoplastic

Newtonian fluid

Shear stress

Dilatant fluid

Shear rate

Figure 2.5 Shear stress — shear rate behaviour of fluid flow (Chhabra, 2010)

Viscosity — shear rate response of fluid behaviour, for non-Newtonian fluids, is shown in Figure 2.6.
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Figure 2.6 Viscosity — shear rate behaviour of non-Newtonian fluids (Kumaran, 2010)

Detail studies on rheological characteristic behaviour of biosurfactant are still scarcely reported,
particularly that of surfactin. Available studies have however noted biosurfactant behaviour to be
pseudoplastic. For instance, de Oliveira, Amaral and Burkert, (2018) noted that exopolysaccharide
EPS-M816 produced by Mesorhizobium loti, exhibited pseudoplastic non-Newtonian fluid
behaviour at 1.0 w/v%. Similarly, studies by Maalej et al., (2016); Castellane et al., (2017) showed
that viscosity of biosurfactants produced from Rhizobium tropici and Pseudomonas stutzeri AS22
respectively decreases concomitantly with increase in shear rate. This led to the biomolecules
exhibiting shear-thinning fluid behaviour.

Various approach is adopted for characterizing biomolecules depending on the intended application.
For oil and gas application, for instance, interaction of working fluids with formation water (which
is saline) is very common. More so, fluctuations in operating parameters, either deliberate or
otherwise, is associated with oil and gas process such hydrate-formation control. As such, to sustain
efficient performance of working fluid, their interactions with saline environment and fluctuations
in operational variables should not affect their physical or chemical makeup. Consequently, flow
behaviour study of biosurfactant under variable temperature and salt concentration will be helpful
in evaluating their resilience in these conditions. While temperature may influence hydrophobic
effect in terms of molecular average kinetic energy, salt effect influences electrostatic coalescence
or repulsion. Study on effect of temperature and salt concentration on rheology of surfactin was
presented by Salihu et al., (2019). Similarly, Machale et al., (2019) indicated that addition of 1 wt%
biosurfactant synthesized from water hyacinth was able to improve rheology 0.5 wt% Xanthan gum

polymer for EOR. In the same study, addition of the biosurfactant was shown to be thermally stable
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by stabilizing xanthan gum polymer at different temperatures. This study affirms thermal stability

of biosurfactants and their suitability in different conditions.

2.2.3.,5 Surface and interface activity

Sustainable proficiency and effectiveness are generally indispensable characteristics of a good
surfactant. CMC is a measure of surfactant proficiency, while its efficiency is associated to surface
activity, particularly interfacial and surface tensions (Barros et al., 2007). Biosurfactant’s CMC is
in the range of 1 to 2000 mg/L, whereas oil/water interfacial and surface tensions are approximately
1 and 30 mN/m respectively (Santos et al., 2016). Sub-sections 2.2.3.5.1 and 2.2.3.5.2 discuss the
surface activity of biosurfactants.

2.2.3.5.1 Emulsification characteristics

Biosurfactants are identified for their outstanding surface performance activity involving formation
and stabilization of emulsions. When in solution, biosurfactant confer on fluids surface/interface by
adhering unto the surface (Uzoigwe et al., 2015), consequently enhancing dispersion of droplets of
one liquid into an immiscible liquid. Mixing of the two immiscible liquids, through dispersion, is
referred to emulsification (Maurya & Mandal, 2018). However, the droplets in some mixtures
coalesce to create an unstable emulsion. As a result, emulsifiers, such as surfactants are required to
provide resistance to the droplets coalescing, and consequently ensure emulsion stability.
Biosurfactants have been reported to have both emulsifying and demulsifying features.
Emulsification capability of biosurfactants are measured in terms of their emulsifying index (Eza4),
usually assessed after twenty four hours, as noted by Kanmani et al., 2017; Akshatha et al., (2018).
Equation (2.1) defines how emulsification index is calculated.

Height of emulsion layer

%) =
E24(%) Total height of liquid * 100 (2.1)

Different strains of biosurfactant producing-microbes exhibits variable index of emulsification.
Kanmani et al., (2017) indicated 54.79 % emulsification activity of biosurfactant produced from
Bacillus sp. using crude oil. Similarly, (Ndlovu et al., 2016) showed that bacteria isolates from waste
water were able emulsify diesel, kerosene and mineral oil at 90, 77 and 29.7 % respectively. This
finding suggests that the emulsifying activity depends on the complexity of the hydrocarbon
molecule. Study by (Shavandi et al., 2011) validate this assertion. In their findings, Rhodococcus

sp. strain TA6 emulsifies n-pentane, kerosene, n-Heptane, Toluene, n-hexadecane, gas oil, motor

27



oil and light crude oil at variable index. Motor oil was emulsified at index of about 80% and light

crude oil at about only 10%.

External factors were reported to have considerable effect on emulsification index of biosurfactants.
Long et al., (2017) indicated that surfactin biosurfactant was able to emulsify crude oil up to 98 %
at pH 11. However, the index was completely lost when pH was reduced to strongly acidic level
(3.0). Biosurfactants were shown in section 2.2.3.2 to be stable in the pH range of 6—12. The
sensitivity is, although, dependent on the type of producing-microbe. Contrary to Long et al., (2017)
reports, Gargouri et al., (2017) noted that emulsification activity of Stenotrophomonas biosurfactant

B-2 was stable at pH range of 2—6.

2.2.3.5.2 Surface/interfacial tension reduction

Inclusive of the measure of effectiveness of biosurfactants is their extent to which they reduce
surface and interfacial tensions to lowest minimum value. On this note, Mulligan, (2005) noted that
good surfactants reduces oil-water interfacial tension from 72 to 35 mN/m, and n-hexadecane IFT
from 40 to 1 mN/m. However, (Shaligram & Singhal, 2010) indicated that surfactin isolated from
strain of Bacillus subtilis is able to reduce water surface tension from 72 to 27 mN/m. Study by
Jahanbani Veshareh et al., (2018) showed isolates of Bacillus subtilis MJO1 reduced surface tension
of distil water to 29 mN/m. Similar results were presented by Pereira et al., (2013); Wang et al.,

(2018) for both surfactin product and its isoform (Ci3, C14, and C1s isoforms).

Unlike biosurfactants, synthetic surfactants were reported to have less tensioactive effect on some
systems. For example, Urum and Pekdemir, (2004) reported decrease in interfacial tension of
Ekofisk crude oil-water system by SDS (7.0 mN/m), lecithin (5.0 mN/m), rhamnolipid (4.5mN/m),
saponin (6.0 mN/m) and tannin (4.5 mN/m). Similarly, Pereira et al., (2013) compared surface
activity of three isolate strains of Bacillus subtilis, in terms of crude oil recovery, with synthetic
surfactants (Enordet and Petrostep). The authors found that use of biosurfactant strains recovered
more oil compared to the synthetic surfactants.

The variations in the physicochemical characteristics exhibited by biosurfactants, as discussed in
Section 2.2.3, indicates differences in their complexes. As such, biosurfactants of same or similar
complexes exhibits analogous features hence their classification. Therefore, Section 2.2.4 will

present to the reader of this report different classes of biosurfactants.
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2.2.4 Classification of biosurfactants

Biosurfactants are primarily classified based on their chemical complexes and microbial origin. This
is unlike their chemically synthesized counterpart whose classification are based on their functional
group polarity (Muthusamy et al., 2008; Vijayakuma & Saravanan, 2015). Additionally, Karlapudi
et al., (2018) indicated that biosurfactants are classified, based on molecular weight, into two; low,
and high molecular weight compounds. The low molecular weight class of surfactants are efficient
in lowering interfacial and surface tension, while high molecular weight, such as biopolymer, are
efficiently used as stabilizing and emulsifying agents. Surfactin, rhamnolipids, iturin and
sophorolipids are examples of low molecular weight biomolecules while emulsan, mannoproteins

are examples of high molecular weight biomolecules

Depending on the chemical composition, Karanth, Deo and Veenanadig, (1999) classified
biosurfactants into glycolipids, phospholipids (fatty acids), polymeric, particulate and lipopeptide
(lipoproteins). These classes are summarily discussed in the subsections below.

2.2.4.1 Glycolipids

Glycolipids class of lipids biomolecule which are important in the bioprocess industries. They are
the most known biosurfactants (Muthusamy et al., 2008). Glycolipids belongs to a class of
carbohydrates attached to fatty acids chain. The attachment is by means of an ester group or ether.
Sophorolipids, rhamnolipids, cellobiolipid, Mannosylerythritol lipids, Trehalose lipids are
examples of glycolipid biosurfactants. However, the most commonly known of this class are
rhamnolipids, trehalolipids and sophorolipids (Rikalovi¢ et al., 2015). Characteristics of each of

these class are summarized as follows.

2.2.4.1.1 Rhamnolipids

These are class of glycolipids that consist of either one or two (l)-rhamnose molecules linked to
glycosidic B-hydroxy fatty acids (Chong & Li, 2017; Nickzad & Deziel, 2016). The rhamnose
molecule make up the hydrophilic head while B-hydroxy fatty acids make up the hydrophobic tail
of the surfactant. Rhamnolipids biosurfactants can be produced from various species Pseudomonas,
details of which is presented in Table 2.1. Many industrial applications of rhamnolipids have been
reported. These include EOR, bioremediation of soil, dispersant in pesticides, foaming and wetting

agent, and anticancer agent. Figure 2.7 indicates rhamnolipid chemical structure.
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Figure 2.7 Structure of rhamnolipid (Abdel-Mawgoud & Stephanopoulos, 2018)

2.2.4.1.2 Trehalose lipids

Trehalose, shown in Figure 2.8, is a form of glycolipid consisting of disaccharide sugar attached to
long chain fatty acids of mycolic acid at the 6™ position of trehalose carbon backbone (Karlapudi et
al., 2018). Size and structure of the mycolic acid vary from one organism to another. Arthrobacter
sp. and Rhodococcus erythropolis produce trehalose lipids that effectively reduces interfacial and
surface tension in the growth medium (Sharma et al., 2016). Like Rhamnolipids, Trehalose lipids

have wide applications including medical and bioremediation.
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Figure 2.8 Structure of trehalose lipids (Muthusamy et al., 2008)

2.2.4.1.3 Sophorolipids

Primarily, sophorolipids are produced by yeast including Torulopsis bombicola (Cooper & Paddock,
1984), T. petrophilum and T. apicola. They consist of a dimeric carbohydrate (disaccharide)
sophorose linked to a long chain hydroxyl fatty acid. These biosurfactants are a combination of 6 to
9 different hydrophobic sophorolipids (Muthusamy et al., 2008). Sophorolipids generally occur as

a mixture of free acid form and macrolactones (see Figure 2.9).
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Figure 2.9 Structure of free-acid form of sophorolipids (Muthusamy et al., 2008)

2.2.4.2 Phospholipids and fatty acids

Phospholipids and fatty acid biosurfactants are synthesized by numerous forms of bacteria and yeast
particularly when grown on a medium rich in n-alkane. Acinetobacter sp. produces rich vesicles of
phosphatidylethanolamine which form microemulsions that are clear in water. Rhodococcus
erythropolis produce phosphatidylethanolamine when grown on n-alkane (Helfrich et al., 2015).

Phosphatidylcholine is commonly occurring phospholipids, whose structure is given in Figure 2.10.
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Figure 2.10 Structure of Phosphatidylcholine, a phospholipid (Korathar, 2018)

2.2.4.3 Polymeric biosurfactants

These are high molecular weight biomolecule used as surface active agents. The unsurpassed
polymeric biosurfactants studied include liposan, emulsan, liposan, lipomannan, alasan, and other
polysaccharide—protein complexes (Muthusamy et al., 2008; Santos et al., 2016). Additionally, at
very low surfactant dosage of 0.001 to 0.01 %, emulsan can effectively emulsify hydrocarbons
molecules in water (Zosim et al., 1982). Polymeric biomolecules can be synthesized from different

organisms including acinetobacter calcoaceticus RAG-1 and Candida lypolytica.
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2.2.4.4 Lipopeptide and lipoproteins

These classes of biosurfactants generally consists of many cyclic lipopeptides linked to a fatty acid.
Biosurfactants in this class include serrawettin, surfactin/iturin/fengycin, and Lychenysin.
Numerous bacteria have been used for the isolation and production lipopeptide molecules.
Predominantly the cyclic lipopeptide, surfactin, produced by Bacillus subtilis, stand to be among
the most active and effective biosurfactants (Ron & Rosenberg, 2001). More so, surfactin is made
of seven ring structure of amino acids, joined to fatty acid chain by a lactone linkage. It was reported
by (Nguyen & Go0tz, 2016) that surfactin can reduce surface tension below 28 mN/m.

Surfactin (shown in Figure 2.11) is synthesized from different Bacillus strains, apart from Bacillus
subtilis. These include Bacillus pumilus (Nieminen et al., 2007), Bacillus mojavensis (From et al.,
2007), Bacillus licheniformis (Liu et al., 2016b; Pecci et al., 2010), Bacillus atrophaeus (J. Zhang
et al., 2016) and Bacillus amyloliquefaciens (Nam et al., 2016; Zhi et al., 2017b). However, strains
of Bacillus subtilis remains the most widely utilized isolates for surfactin production.

Moreover, Perfumo, Banat and Marchant, (2018) indicated in their review that biosurfactant of
Bacillus sp. origin can be produced from very low-temperature (4—32 °C) environment. This
indicates that surfactin may be utilized in low-temperature operations. Gas hydrate phenomenon
occurs and is favoured by low temperature region. Therefore, surfactants for the prevention of

hydrate must maintain its effectiveness (withstand) in low temperature conditions.
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Figure 2.11 Structure of surfactin adopted from (Kaneka, 2017)

Reader may recall that surfactin is the biosurfactant of interest in this study, whose characteristics
performance feature has been improved through increased alkalinity with sodium. Consequently,

the biosurfactant bears the name ‘sodium surfactin’.

Section 2.2.4.5 summarily describe the properties and potentials of sodium surfactin as biosurfactant

and its choice for this study.

2.2.4.5 Sodium surfactin

Sodium surfactin (branded as Kaneka surfactin) as define in the preceding section belongs to the
lipopeptide class of biosurfactants. It is a cyclic biosurfactant produced by a non-pathogenic
bacterium, Bacillus subtilis, through fermentation process. The biosurfactant displays distinctive
characteristics resulting from its cyclic structure consisting of seven (7) amino acids. Due to the
cyclic structure, Kaneka surfactin is able to function effectively at low surfactant dosage of 3 ppm
(Kaneka, 2017). Besides, performance of some chemical surfactants such as linear alkylbenzene

sulfonate (LAS) and SDS shows multiplying effect improvement when in synergy with surfactin.

Accompanying brochure indicates that sodium surfactin is distributed as white powder, soluble in
aqueous solvents. However, forms precipitate at acidic pH or with alkaline earth metal ions such as
Mg?*, Ca®*. The surfactant was initially produced in 2001 as cosmetic ingredient. However, its
potential application and effective performance in other areas, particularly in enhanced oil recovery
(EOR), has been tested (Saito et al., 2016), details of which is discussed in Section 2.2.5. Similarly,
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Park et al., (2017) investigated effectiveness of surfactin on CO./water system and indicated that
surfactin effectively reduces CO./water surface tension. These examples show that; surfactin has
been tested in oil and gas field, and that it is effective for gas/water system. However, characteristics
of CO: differs from that of CHys, particularly its density, hence the need for further evaluation of the

surfactant.
2.2.5 Biosurfactant applications

Industry operators, in recent years, are becoming critical of the most widely used chemically
synthesized surfactant. Instead, biosurfactants are increasing being tested in every aspect of
industrial process. This is due to their broad range of functionality and various abilities. Most
important of these features is being environmentally friendly, for their ease of biodegradation and
low toxicity than synthetic surfactants. Additionally, owing to their natural origin and environmental
compatibility, biosurfactants use has been applied in many industries. These include food,

agriculture, pharmaceutical and biomedical, cosmetic, environmental and oil and gas.

Review study conducted by Bezerra et al., (2018) indicated use of saponins as formulating agents
in cosmetic products, such as shampoos. Adopting metal-biosurfactant complexes formation, Singh,
Glick and Rathore, (2018) noted that biosurfactant can be employed to make nutrients available to
plants via soil solubilization and mobilization. Biosurfactant has also been utilized in environmental
bioremediation of hydrocarbon spill and disposal. Biodegradation of diesel-contaminated water was
enhanced through the use rhamnolipid and surfactin (Whang et al., 2008). Addition of 40mg/I of
surfactin increased diesel biodegradation by 94%, whereas addition of rhamnolipid up to 80mg/I
increased diesel degradation up to 100%. Soil fertility and environmental clean-up has also been
reported through bioremediation of soil contaminated due to oil spill or disposal. Dadrasnia and
Ismail (Dadrasnia & Ismail, 2015) indicated 71.5% lubricating oil degradation in 20 days using
biosurfactant from Bacillus salmalaya. Similarly, (Liu et al., 2016a; Marti et al., 2014; Sharma et
al., 2018; de Silva et al., 2014) have also reported significant biodegradation and bioremediation of
soil contaminated due to oil spill. These applications are in addition to the use biosurfactants in
enhanced oil recovery (EOR), known as microbial (MEOR). MEOR is effective through many
techniques including surface and IFT reduction, reducing the viscosity of heavy oil by
biodegradation, selective plugging of highly porous rocks, wettability alterations, and oil/water or
water/oil emulsion formation (Joshi et al., 2016). Two isolates of Bacillus amyloliquefaciens SAS-
1 and Bacillus subtilis BR-15 accounted, respectively, for 56.91 £ 1.52 and 66.31 + 2.32% EOR in

sand packed column (Sharma et al., 2018). Similarly, (Al-Bahry et al., 2013; Fernandes et al., 2016;
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Liu et al., 2014; Pereira et al., 2013; Saito et al., 2016; Zhao & Wen, 2017) noted potential

application of biosurfactant produced from Bacillus sp. for EOR.

Efficiency of biosurfactant from Bacullus subtilis strain for residual oil recovery was enhanced from
30 % (100 % biosurfactant) to about 48% when mixed with 25 % chemical surfactant in the ratio
75:25 (Al-Sulaimani et al., 2012). Finding in this study indicates the possibility of synergy between
biosurfactants and synthetic surfactants. Similar findings were also reported by (Al-Wahaibi et al.,
2016), where efficiency increased to 34 % at 50:50 surfactant ratio. The synergy could reduce the
potential environmental effect synthetic surfactants. Experimental studies to ascertain this effect
will be an addition to the field of biosurfactant utilization.

As one of the promising methodologies for geological carbon storage, injection and storage of CO>
has been recently enhanced through understanding of mechanism of wettability alteration by
biosurfactant, surfactin. In their study, Park et al., (2017) investigates effect of surfactin on
COq/water/quartz systems IFT reduction and contact angle alteration, under a laboratory setup
simulating in situ reservoir conditions. Their findings revealed that surfactin was able reduce CO-
brine ST by; 39 % for gaseous CO2, 54 % for liquid CO>, and 43 % for supercritical CO. The
finding in the study further suggest that technique of geological CO> storage can be enhanced
through biostimulation with biosurfactant, either by in situ production or ex situ (through injection).

2.3 Gas (Methane) Hydrate Formation and Structures

Blockage of gas pipelines were revealed, by field operators, to be due to presence of ice-like solid
structures deposited in the pipeline, particularly at permafrost regions. Consequently, seamless flow
assurance of gas became difficult. Studies were then conducted to identify and determine the cause
of the ice-like structure. Therefore, in 1934, Hammerschmidt discovered that the solid structure is
indeed not of ice but hydrate of transported gas (Hammerschmidt, 1934; Makogon et al., 2007).
Decades after this discovery, the subject and occurrence of gas pipeline plugging as a result of gas
hydrates remains a critical concern particularly in the gas industry. This is due to potential threats
to production equipment, personnel and the significant economics associated with gas hydrate

control and cleaning.

Gas hydrates, depending on the intended application, could have both beneficial and hazardous
consequences. For instance, in situ natural gas hydrates commonly originating in permafrost regions

and underneath ocean bed could be emerging potential energy resources (Qin et al., 2016). Contrary
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to this, however, existence of gas hydrates in oil and gas pipelines, production and/or transport
equipment leaves an undesirable consequence, such as plugging (Sloan, 2003). Field experience

indicates that unplugging and eventual cleaning of pipelines is done at great economic expense.
2.3.1 Formation of gas hydrates

Gas hydrates are ice-like, non-stoichiometric crystalline substances comprising of suitable gas
molecule, such as CHa, enveloped by water (H20) molecule under equilibrium temperature and
pressure condition (Palodkar & Jana, 2017; Sloan & Koh, 2008). The water molecule (being host)
forms a cage-like hydrogen-bonded structure which physically envelopes the guest gas molecules
(see Figure 2.12). To prevent the cage-like structure from collapsing, the enveloped gas molecules
exert a multi-directional force (Sloan, 2003). This sort of interaction by host-guest causes gas
hydrates to become thermodynamically stable. Therefore, hydrates are formed when suitable
amounts of water and gas molecules exist, typically at low temperatures and high pressures (Zerpa
et al., 2011). Moreover, the interface allying host and guest phases in hydrocarbon production

systems constitute a perfect site for gas hydrate formation.

Hydrogen bond

Trapped methane
molecule

Water molecule

Figure 2.12 Illustration of trapped methane molecule surrounded by water molecules,
modified from (Crystallography365, 2014)

However, notwithstanding the favourable thermodynamic equilibrium conditions at the gas-water
interface, many other complimentary factors significantly affect formation and stability of gas
hydrate. These factors include hydrocarbon gas composition, amount of impurities and composition
of the aqueous phase (Makogon et al., 2007). Furthermore, Mondal et al., (2018) noted that early
formation of encapsulated CH4 hydrate depends on the geometry and relative stability of small host
clusters, weak van der Waals type of force, integrity and cavity radius of water molecules and

presence of CHa guest.

These conditions can be explored to the advantage of researchers in order to enhance or inhibit

hydrates formation. For example, Daraboina, Pachitsas and VVon Solms (Daraboina et al., 2015)
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indicated that complexity in behaviour of natural gas-aqueous-crude oil system can affect natural
gas hydrate formation and stability. Moreover, hydrate can as well easily form, under specific
temperature and pressure conditions, in the presence of nonhydrocarbon components (nitrogen, CO>
and hydrogen sulphides) and light hydrocarbons (methane, ethane, propane, isobutene).
Furthermore, in order to investigate proficiency of carbon capture from flue gas, Linga, Kumar and
Englezos, (2007) noted that under same condition of vessel pressure and 273.7 K temperature,
hydrate growth in CO2/H> mixture was faster than those of CO2/N. system. Obviously, at favourable
equilibrium condition, presence of Hz in the system enhances ‘caging’ of the gas mixture by water
molecule through hydrogen bonding. Hydrogen easily form dipole-dipole attraction with oxygen
compared to N2 which forms covalent bonding. To investigate and promote storage of natural gas
using clathrates, Veluswamy et al., (Veluswamy et al., 2016) noted that use of tetrahydrofuran
rapidly promotes formation of methane hydrates. The use of tetrahydrofuran altered both the
equilibrium and kinetic condition, hence acted as thermodynamic and kinetic hydrate-formation

promoter.

The preceding case studies outlined in the above paragraphs of section 2.3.1 indicated cases where
the needs for promoting gas hydrate formation exist. Moreover, instances requiring natural gas
storage or transport do exist. Consequently, optimal and fastest hydrate-forming processing route
need to be assessed, case of which is reported in the work of (Rajnauth et al., 2012). While some
hydrate forming processes are desirable, some are problems to the entire oil and gas operations

leading to economic loss.

During oil and gas processing operations, associated water molecules are found along with crude
oil or natural gas. This associated water is undesirable and problematic, and therefore needs to be
removed from the products flow line or streams. Presence of produced water in process streams,
beyond certain threshold could be problematic, including risk of scale formation, corrosion, and
enhancing hydrate formation. Therefore, hydrate formation is one of the most concerns phenomena
oil and gas industry operators are being critical of, particularly at deep-water offshore exploration
and production. Figure 2.13 shows a typical gas hydrate deposited in pipeline.
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Figure 2.13 Gas hydrate plug in a pipeline (Boschee, 2012)

2.3.2 Structures/types of methane hydrates

Like other crystalline solids, gas hydrates are constructed from unit cells. Depending on composition
and size of the guest, the resulting gas hydrate can have one of three types of unit cells shown in
Figure 2.14 (Sloan, 2003) . The corresponding hydrate structures are termed as structures I (s), 11
(sll) and H (sH) (Aman et al., 2011). Therefore, it may be safe to conclude that hydrates are

classified generally based on the type of guest molecules involved.

2.3.2.1 Structure I (sl)
In structure 1, the unit cell is a body-centred cubic lattice constituted by two small cages and six

large cages. The small cage is a pentagonal dodecahedron and has a notation of 5*2which indicates
that the cage has twelve pentagonal faces. The large cage is a tetra-decahedron (14-faced) and has
a notation of 5262, This notation means that each large cage consists of twelve pentagonal faces and
two hexagonal faces. In an ideal combination, each cage (small and large) contains one gas molecule
(i.e. CH4 or COy). This means there are eight gas molecules being encaged in one-unit cell of sl.
Since the cages share their vertices and faces with others, only 46 water molecules are needed to

form eight cages in the unit cell of sl.
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Cavity Types "Guest" Molecules

Melhane, Elhane,
Carbon dioxide, etc.

Propane, Isocbutane,
eto.

Methane + Neohexane,
Methane + Cycloheptane,
elc.

Figure 2.14 Structures and cavities for sl, sll and sH hydrates, adopted from (Aman et al.,
2011)

Figure 2.15 illustrate how water and gas molecule combine to form each of the different structures

of gas hydrates. Example is given in the figure for formation sl structure using methane.
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Figure 2.15 Sequence of formation of sl methane hydrate (Mondal et al., 2018)
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2.3.2.2  Structure 11 (sll)

The unit cell of structure 11 is a face-centred cubic lattice which comprises 16 small cages (5'?) and
eight large cages (5!26*) (Giavarini & Hester, 2011). The notation 526 indicates that the large cage
is a hexakaidecahedron with twelve pentagonal (5-sided) faces and four hexagonal (6-sided) faces.
The sll large cage is larger than the sl large cage so sl structure can fit bigger guests such as propane,
iso-butane and so on. Each sl unit cell is composed of 136 water molecules and 24 guest molecules

in the full occupancy configuration.

2.3.2.3 Structure H (sH)

Structure H is less common, and its unit cell is more complex than those of sl and sll. The unit cell
of sH is composed of three types of cages; three small cages (52), two medium cages (435°6°) and
a large cage (5'26%) (Giavarini & Hester, 2011). The notations of the cages are as explained in the
case of sl and sll above. To form sH clathrate hydrates, it needs a big guest such as cyclo-heptane
to fill the large cage and a small “help guest” such as methane to fit the small and medium cages
(Carolyn et al., 2011). While the big guest cannot occupy the small and medium cages, these cages
still need to be filled by a small guest to make the whole structure stable. Because of this reason, the

small guest is called “help guest”.

Gas hydrates have continued to be topic of interest, despite their amazing simplicity in terms of
chemical composition. This interest increasingly sparked an attracted attention of researchers.
Indeed, findings of Hammerschmidt ignited a thriving development in research on gas hydrate.

Primarily with more vigorous focus on preventing hydrate formation in gas transmission pipelines.
2.3.3 Gas hydrate phase equilibrium

Different materials, depending on their molecular makeup, exhibit different characteristics. One of
the fundamental features of gas hydrates that distinguish it from that of ice is the phase equilibrium
(Sloan & Koh, 2008). With the presence of appropriate amount of water molecule and guest
molecule at low temperature and elevated pressure, hydrate will form (Meindinyo et al., 2015). In
addition, fluid velocity, nucleation site, agitation and free water enhanced hydrate formation.
Though these may not be requirement for onset of gas hydrate nucleation, however, they accelerate
the formation process. Moreover, hydrates may form at any point in a process stream, particularly
at pipe bend or dip where flow pattern changes. Additionally, presence of sand, weld slag or rust

could also serve as good nucleation site for hydrate to form.
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Seasonal climatic condition can influence pressure and temperature stability. Consequently, winter
season could favour hydrate formation in onshore and shallow water offshore fields, as well deep-

water fields offshore. Figure 2.16 illustrate the dependence of methane hydrate formation on
pressure and temperature.
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Figure 2.16 Hydrate stability curve, redrawn from (Gupta et al., 2015)

The region below the curve indicates the safest conditions at which the system will operate without
risk of hydrate formation.

2.3.4 Gas hydrate formation prevention

Principally, there are two techniques of hydrate prevention used in industrial systems, which are
based on the basic physics of hydrate formation. These techniques rely on deliberate adjustment of

process parameters, with the intent of avoiding the conditions for hydrate formation:

i.  Flow dehydration, which reduces the water content in the transport system. This to rid the
system, or at least reduce it to minimal, of host molecule. Flow stream(s) can be channelled
through dehydrator to achieve this.

ii.  Based on understanding of phase diagram in Figure 2.16, deliberate alteration of system
pressure-temperature conditions outside region of hydrate stability can be employed. To
achieve this in field operation, pipeline heating is employed via mounted electrical cables,
or employ pipeline thermal insulation.
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However, the above-mentioned techniques may be economically impractical or at the least
economically unsustainable due to high cost associated with it. Besides, formation of gas hydrate is
a surface phenomenon, involving multiphase materials, which is time dependent. Therefore, other
methods that can limit the interfacial activity from occurring can be adopted. As such, use of
additives, known surfactants, is widely adopted as alternative and sustainable technique. The
technique is employed to either completely prevent hydrate from forming, delay the formation
kinetics or prevent the hydrate from agglomerating. Section 2.3.5 summarily discusses the forms in
which surfactants (additives) are used in hydrate-formation prevention.

2.3.5 Effects of additives on gas hydrate formation

Among the many factors influencing formation of gas hydrate, amount and nature of impurities in
the flow system is critical. Therefore, gas hydrates formation becomes sensitive to the purity of the
medium. Existence of any foreign entities other than water and the guest can cause significant effects
on either thermodynamic or kinetic property of the gas hydrate system. However, presence of
‘impurities’ in the flow system may be deliberate or otherwise. Presence of weld slag or sand
particles in flow lines are capable of initiating rust, a good site for hydrate nucleation. On the other
hand, additives may be intentionally added to upset the hydrate thermodynamic activity or formation
kinetics. Additionally, additives may as well be present in hydrate systems naturally in the form of
salts. This section reviews the effects of common additives on gas hydrate formation. These

additives are known as inhibitors.

Mechanism of gas hydrate inhibitors are greatly dependent on their molecular structures. Some
inhibitors alter the phase equilibrium of hydrate system such that it prevents its formation. On the
other hand, certain class of inhibitors ensures that formation of hydrate is prevented based on time
scale. Dynamics and mechanism of this class of inhibitor is such that it affects the kinetics of hydrate

formation. This mechanism forms the basis for classification of hydrate inhibitors.
2.3.5.1 Effects of thermodynamic hydrate inhibitors

Thermodynamic hydrate inhibitors (THIs) function by altering the hydrate system phase equilibrium
to higher temperature at a fixed gas phase pressure. This result in hindering the gas hydrates
formation under the prevailing condition. As noted in Section 2.3, researches into hydrate formation
and its prevention were systematically started in 1934 when Hammerschmidt (Hammerschmidt,
1934) established that subsea pipeline plugging were caused by ice-like structures. Top on the

known THIs include the alcoholic compounds (such as methanol), glycols (e.g., mono and
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polyethylene glycol) and aqueous solutions of inorganic salts (Sloan et al., 1998). Performance
effect of THIs is in the bulk phase of the hydrate system. Consequently, high inhibitor dosage in the
range of 30 to 50 % (by mass) is required to yield a significant and efficient inhibition effect
(Kelland, 2006). The high dosages involved therefore becomes a concern regarding environmental

and operational costs.

Basically, THIs prevent hydrate formation through water activity decrease. Additionally, these
forms of inhibitors are strongly polar therefore sturdily bind with water by hydrogen bonds.
Consequently, competition for water molecule between the hydrate former the inhibitor becomes
amplified. Hence, less water molecule becomes available for hydrate formation. Therefore,
performance efficiency of THIs can be said to be largely dependent on its binding ability with water
(Lee et al., 2018). For instance, the molar volumes of ethylene glycol and ethanol are similar.
However, ethanol has mono hydroxyl group available for bonding with hydrogen while ethylene
glycol has two. Ethylene glycol will consequently provide a better hydrate inhibition performance
compared to ethanol. Nevertheless, several THIs also exhibited hydrate promoting effect when low
inhibitor dosage is used. Use of dilute alcohol solution was experimentally reported to have
enhanced formation of methane hydrate (Abay & Svartaas, 2010). Despite being in low
concentration, the promoting effect could be attribute do surfactant micellization as earlier discussed

in Sections 1.3 and 0.
2.3.5.2 Effect of low-dosage hydrate inhibitors

Low-dosage inhibitors (LDHIs) impact on the interfacial properties of gas hydrates, dissimilar to
THIs. Their effective mechanism is based on the increase of the induction time up to time scales
comparable to the residence time of the system, i.e., so long that a significant amount of the hydrate

is not formed in the line.

The low working dosage of LDHlIs is the motivating factor in their increasing acceptance and use
as hydrate inhibitors. Typically, this dosage is reported to be less than 1 mass % (Al-Eisa et al.,
2015; Kelland, 2006). However, despite the low dosage, as compared to THIs, some of these
surfactants do not meet the ecological and toxicity requirements and thus cannot be widely used due

to environmental considerations.

Conventionally, LDHIs are categorised as either anti-agglomerates (AAs) or kinetic inhibitors
(KHIs). Primarily, KHIs prevents hydrate nucleation, whereas AAs prevents agglomeration of

hydrate nuclei into forming large hydrate mass that will plug pipelines. Therefore, AAs does allow
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hydrate nucleation which however flows along the pipe. The most popular of the conventional
vinylic polymers KHIs include polyvinylcaprolactam (PVCap), polyvinylpyrrolidone (PVP), and
antifreeze proteins (AFPs) (Fleming et al., 2004). Thus, it is anticipated that LDHIs prevent
formation of gas hydrate by binding to the surface of an ensuing hydrate nuclei (Anderson et al.,
2005). Consequently, its adsorbing unto the surfaces of hydrate nuclei upsets hydrate crystals
growth.

Various reports indicating application of biosurfactants in oil and gas processes suggest that they

belong to the low-dosage class of additives.
2.4 Surface Tension and its Effect on CHs-H,0 Multiphase Boundary System

Transport processes in fluids systems are affected by physical and chemical properties. Therefore,
surface tension, like density, viscosity, etc., is critical property which affects mass and heat transfer
processes in fluids (Khattab et al., 2017). Surface tension arises from the imbalance that exist
between intermolecular cohesive forces of multiphase (two immiscible) fluids. As such, it is a
boundary that exist between a phase (liquid or vapour) and has an ever-present effect on the
dynamics of such interfaces. Additionally, the intermolecular imbalance existing at the interface
creates a tension (excess free energy) which can only be overcome by work. Therefore, addition of
appropriate amount of surfactant ensures that the surface is relaxed, through creation of new surface.
Consequently, a work is done to create the new surface. Adamson and Gast, (1977) indicates that
the work done required to create the new surface is given by Equation (2.2).

Work = ySA (2.2)

Where y is the surface tension (N/m), an energy per unit area and the proportionality constant for

the work required to create an amount of new surface 64 (m2).

Considering the increase in area of some surface with a perimeter of length | (m) by a small amount

ox gives rise to the consideration of surface tension as a force per unit length Equation (2.3).

Work = yléx (2.3)
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Interpreting Equation (2.3) as the work done by a force F (N) on the perimeter of the same surface
leads to Equation (2.4), which shows surface tension can be thought of as a force, F, per unit length,
l.

F
T (2.4)

y =
Prelude to hydrate formation is the formation of hydrate nuclei. More so, formation of CH4 hydrate
typically inducts at the CH4-H2O interface rather than in the bulk liquid (Warrier et al., 2016). This
phenomenon is critical and therefore becomes important in understanding mechanism of hydrate
inhibition. Thus, it then suggests that hydrate formation may effectively be controlled using
interface-active agents more than bulk-active agents. Additionally, to explain the phenomena of gas
hydrate, interfacial water may need to be reported. Formation of gas hydrates at interface, in
quiescent state, is proved by the appearance of interfacial hydrate thin film at the CHs-H.O interface
(Daniel-David et al., 2015). Thickness of hydrate film continue to will grow provided interfacial
diffusion of gas molecule occurs. However, the thickness stops growing when it becomes diffusion
resistant. Thus, it hampers interface mass transfer across the boundary. For example, the final
thickness of methane hydrate film was reported to be between 20-100 um depending on
experimental condition (Taylor et al., 2007). Formation of hydrate film was more evident in a system
comprising small water droplet placed in a guest phase or a small guest bubble placed in an aqueous

phase.

As previously discussed in Section 2.2.3.5, behaviour of surfactants at an interface is determined by
their concentration in the bulk solution. As the bulk surfactant concentration is increased, number
of surfactant molecules adsorbed to the interface rises causing the surface tension to fall in a
concentration dependent manner. There is a limit to the number of surfactant molecules that can
adsorb to a surface before that surface becomes fully covered or saturated. The saturation leaves no
‘room’ for further alignment of surfactant across the surface. This saturation point is known as CMC,
as defined earlier. At this point the surface tension is at minimum. Further addition of surfactant
molecules may not alter the surface tension as no more adsorption to the surface can occur. Instead
increasing the surfactant dosage in the bulk leads to self-assembly of the surfactant molecules.
Consequently, the surfactant molecules aggregate into various types of structure (micelles)
depending on concentration and the specific properties of the surfactant.
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2.5 Methane—Water Surface Tension and its Control

Gas liquefaction has been the most common medium for storage and transport of particularly natural
gas. However, low-temperature liquefaction conditions are critical for pipeline operations (Hayama
etal., 2017). At this low temperature and appropriate equilibrium pressure, achieving flow assurance
in pipelines during liquefied gas transport becomes difficult. This is due to ease of formation gas
hydrates. To solve this problem, technologies were developed to understand the mechanism of the
hydrate formation at these conditions. One of these technologies is the understanding of the ST
existing at the point of contact between gas (CH4) and water. It was earlier noted in Section 2.3.1that
formation of gas hydrate occurs preferentially at water and guest interface (Saito et al., 2011).
Therefore, alteration of the interfacial area (ST) becomes the underlying phenomena to efficient
control of methane-water interaction at interface. Various methods have been employed either to
promote or inhibit hydrate formation, and in some cases inhibit agglomeration where hydrate
nucleation cannot be prevented in the first instance. Regarding hydrate-formation inhibition,
alteration of thermodynamic equilibrium conditions has been employed through process controls.
This ensures that conditions favouring hydrate formation do not set in. Similarly, hydrate-formation
inhibitors have also been used to either alter the thermodynamic conditions or slows down crystal
growth arising from nucleation. This targets the CH4-H20O interface and ensuring that increased

surface area (unfavourable ST) for the formation of hydrate exist.

Recalled that in Section 2.3.2, it was mentioned that hydrates are classified into different structures
depending on the guest molecule. As such, control of hydrocarbon-water hydrate through ST
alteration could be dependent on type, and to some extent the phase, of hydrocarbon guest
molecule(s) involved. For example, Erfani and Varaminian, (2017), suggest that for sH hydrate,
lower ST increases hydrate formation rates and consequently reduces induction times. This is for
system involving methane in combination with methylcyclohexane, methylcyclopentane and
tertbutylmethylether as guest molecules. ST measurement were however made for the system in a
liquid/liquid state. Conversely, Qin et al., (2016) indicated that lower ST corresponds to longer
hydrate nucleation onset time for methane/water system. Methane/water hydrate system is typical
example of sl type of hydrate structure. Additionally, control of hydrocarbon/water hydrates is made
possible by use of additives such as surfactants or even salts. Prasad and Kiran, (2019) indicated
that increasing NaCl concentration to 5.0 wt%, gas uptake decreased by about 10 %. The study
further conclude that the hydrate formation kinetics is relatively slower at higher NaCl concentration.

Fundamentally, however, the interfacial characteristics remain one of the most important tools in
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controlling dynamics of multiphase flow in pipelines. To this end, accurate measurements of

methane-water ST become a critical factor in control of methane hydrate.

Measurements of methane-water ST were carried out by many authors, at various conditions in
combination with different chemical surfactants to ascertain their hydrate formation inhibition
capabilities. Experimental investigation of CH4-H20O system were conducted by (Hayama et al.,
2017; Yahayaetal., 2018; Yasuda et al., 2016). Both authors’ findings agreed that temperature plays
less significant factor in reducing ST, compared to pressure. However, at elevated pressure, the

temperature effect in ST reduction becomes evident.

2.6 Surface Tension Measurement Using Pendant Drop (bubble) Method

Many techniques (shown in Figure 2.17) have been suggested for interfacial tension measurement,
details of which is described by Drelich, Fang and White, (2006). However, in terms of
instrumentation, the pendant drop method is the simplest of the methods. This is because of its
robustness and versatility, where the measurement consists simply of a fluid droplet suspended from

a needle.
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Figure 2.17 Schematic presentation different experimental methods of ST measurement,
adopted from (Berry et al., 2015)

Surface and interfacial tension measurement using drop shape analysis is a suitable technique for

surface tension measurement. Its theory is based on Young-Laplace equation, where the change in
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pressure across the surface is directly proportional to the surface tension, y, and to the mean

curvature of the surface, R1 R.. Mathematical representation of this theory is given in Equation (2.5).

1 1
Pgas phase — Pliquid phase = V(R_ - R_) (2-5)
1 2

Additionally, the ST of methane bubble is determined from the profile of the bubble created using

a radius of the curvature (Ro) and the shape factor () by the Equations (2.6) and (2.7).

R?
Yy = dpg(—- (2.6)
B
Ap = pgas phase pliquid phase (2.7)

Ap is the density difference between the continuous and risen bubble phase; Ro is the radius of

curvature at the hanging bubble apex; g is the gravitational constant; and P is the shape factor.

An inverted pendant drop with same coordinates as the Young-Laplace equation is shown in Figure
2.18. The drop has a neck at the bottom, which indicates that the two principal radii have opposite

signs. At the top of the drop, the two radii have the same signs which give a larger mean curvature.
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Figure 2.18 An inverted pendant drop with characteristics dimension

The bubble profile has been described using Young-Laplace equation, which is presented in a

dimensionless form as shown in Equation (2.8), (2.9) and (2.10).
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P cosf (2.8)
day
— = sinf (2.9)
ds
do sinf
—— =2_RY ——— 2.10
ds B X ( )

The distance along the drop profile from the drop apex is represented by s. X, Y and S represent
dimensionless parameters calculated by dividing X, y, and s, respectively by Ro. H" and H' are the

distances from the centre of the curvature to the drop apex.

The bond number B, also known as the shape factor, is a parameter that describes the shape of the

drop. It can be calculated from Equation (2.6).

2.7 Chapter Summary

The idea of biosurfactants as molecules from biological process was defined and their characteristics
features critically analysed in this chapter. Mechanism of biosurfactant performance relies on their
amphipathic property where they align themselves along the hydrophilic and hydrophobic phases.
Furthermore, biosurfactant are increasingly accepted for diverse application. To satisfy this
increasing demand, there is need for sustainable techniques to make biosurfactant availability more
cost effective. These methods were identified to include robust optimization of procedure and
production operating conditions, genetic algorithm and recombinant DNA technology. This is in
addition to utilizing cheap nutrients sources such use of waste agro resources. Additionally,
application of biosurfactants were examined. It was established that biosurfactants have been tested
for both oil/water (in the form MEOR) and gas/water systems. However, applications for multiphase
gas/system is just emerging and therefore requires further investigations. Particularly, mechanism
of biosurfactant application, such as surfactin, in multiphase methane/water is not established.
Though utilization involving COz/water system was reported, application of biosurfactants must
take into consideration a critical property known as CMC. This property may result to desirable or
undesirable consequence depending on the intended use of the biosurfactant.

Highlight on the mechanism of methane hydrate formation, characteristics and underlaying

principles were presented. It understood that methane hydrate is formed when water in a multiphase
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methane/water system envelopes methane making it its ‘guest’. This, under equilibrium condition
of temperature and pressure, forms an ice-like structure consequence of which is pipe plugging. Gas
hydrates may serve as useful alternative for gas storage and/or transport. However, it is upheaval to
process operation in gas processing facilities, particularly during gas transport through pipelines.
More so, unplugging and control of hydrates in pipelines comes at a huge cost. It becomes obvious
that preventing hydrate formation might be cost effective. Moreover, hydrate formation is a surface
phenomenon. Therefore, effective control of surface interaction and cohesive and adhesive force
between methane and water will result to effective management of hydrate formation. Use of
surfactant has been identified as one of the effective methods of surface interaction control. Surface
and interfacial tension measurement is a technique that is employed to evaluate and predict
effectiveness of surfactants. Different methods of surface tension measurement have been
highlighted in this chapter, as well as theory behind measurement using pendant drop.
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CHAPTER THREE

3 MATERIALS, EXPERIMENTAL DESIGN AND METHOD

3.1 Chapter Overview

Experimental studies do follow standard procedures in order to achieve desirable outcome. These
procedures describe fully the steps taken and conditions applied at every stage of the experiment.
This study is no exception to these norms. On this note, Chapter four (4) introduces to the reader
details of materials and equipment used, and the experimental set up, procedures and description of
stages involved in ensuring acquisition of accurate results. The sequence of the research method,
shown in Figure 3.1, and how their various objectives were achieved, are detailed in this chapter.

These have been categorized into three phases:

Phase I: This phase involved characterization of Sodium surfactin in terms of its physical, chemical
and thermal behaviour. Characteristics behaviours, such as density, electrical conductivity, foaming
ability and solubility, and pH were determined as described in Section 3.3. The experimental
characterization was conducted for 0.025 — 1.0 w/v% dosages of sodium surfactin in agueous state,
and in NaCl salt (saline) solution. Application of sodium surfactin is intended for hydrate-inhibition
during gas (methane) transport in pipelines. Since hydrate formation process is equilibrium
temperature dependent, surfactin characterization were as well conducted at variable temperatures
of 1 to 50 °C. Similarly, concentration of the saline solution was varied in the range of 0.05 to 1.5
M. Additionally, availability of active site for adherence of sodium surfactin at fluid interface was
characterized through functional group analysis. Fourier Transform Infrared spectroscopy was
employed for this analysis, details of which were also described in section 3.3.5.

Phase Il: Second phase of the experimental study involves characterization of sodium surfactin in
terms of rheological behaviour. The investigation involves subjecting various dosages (0.025 — 1.0
w/v%) of sodium surfactin to variable rate of shear, details of which is described in Section 3.4.
Temperature in the range of 23 — 50 °C, and ionic (salt) concentration range of 0.05 — 1.5 M were
considered. The experiment was conducted using ORCADA® software-controlled OFITE
viscometer (Model 1100).

Phase Ill: Effect of sodium surfactin on methane — water system surface tension was investigated
using rising bubble method. Experimental study on effects of change in surfactant dosage,

temperature and pressure condition was conducted as described in Section 3.6. To do this, the
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experimental set up was designed using Statease© Design expert software v.12. Following the

design, surfactant performance in reducing CHs-H.O ST was optimized.

Outline of these phases are generally described as activity flow chart shown in Figure 3.1.

Furthermore, details of precautionary measures and sources of error associated with each step, as

elaborated in each respective section, are also presented in this chapter.

Methodology

Figure 3.1 Activity flow chart/methodology

3.2 Samples Preparation

3.2.1 Materials

Performance optimization

Phase | Phy5|cochem|c§| &'Thermal Density
characterization Conductivity
Emulsification index
Functional group
pH analysis
DSC evaluation
Flow behaviour
> Phasell analysis .
Y Viscosity-shear rate effect
Shear stress-shear rate effect
Viscosity-dosage effect
Tensioactive analysis ———» Dosage effect on CH-H#,0 ST
Phase ll

Temperature, pressure and
dosage effect on CHy-H,0 ST

Sodium surfactin (also branded as Kaneka surfactin) bought from Kaneka Europe Holding

Company, Belgium was used as received. Distilled water was used to prepare aqueous solution of
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the surfactin. The surfactant has a molecular formula of Css.nHgs5.20N7013Nal.5, and unique
Chemical Abstracts Service (CAS) numerical identifier number 302933-83-1. It is a biosurfactant

containing a cyclic lipopeptide that is attached to hydrocarbon (hydrophobic) chain.

In addition to the surfactant, Acros Organics™ brand (207790010) of analytical grade monovalent
salt, Sodium chloride (NaCl) with 99.5 % purity, and CAS number 7647-14-5, was purchased from
Fisher Scientific, UK. The NaCl salt assay is shown in Table 3.1.

Table 3.1 Sodium chloride (NaCl) salt assay (fisherscientific, 2018)

Property Characteristic range
Purity grade For analysis

Assay 99.50 %

Formula weight 58.44 g/mole

Solubility information

Total Nitrogen
Colour

pH

Assay percent range
Barium (Ba)
Calcium (Ca)

lodine (1)

Potassium (K)
Sulphate

Bromine (Br)

Heavy metals (as Pb)
Iron (Fe)

Phosphate

Boiling Point

Melting Point

Solubility in water: 360 g/L (20 °C). Other solubility: soluble
in glycerol (1g/10 mL), ammonia, slightly soluble in alcohol,
nearly insoluble in hydrochloric acid

0.001 % maximum

White

5 to 8 (5 % solution at 20 °C)

99.50 %

10 ppm maximum

20 ppm maximum

10 ppm maximum

100 ppm maximum

20 ppm maximum

50 ppm maximum

5 ppm maximum

3 ppm maximum

5 ppm maximum

1461.00 °C

801.00 °C
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3.2.2 Samples preparation procedure

The first and most important stage of the experimental work is to prepare and make ready the

samples to be used for all experimental runs required.

Agueous solution of surfactant was prepared by measuring (using weighing balance) and directly
adding 0.025, 0.05, 0.075, 0.1 0.5 and 1.0 w/v% dosages of sodium surfactin into sample container.
Subsequently, required amount of distilled water measured and added to the container. The mixture
was vigorously agitated and stirred and allowed at least for 5 hours to completely dissolve.
Surfactant dosages were adopted based on the works of Saito et al., (2016), Al-Wahaibi et al., (2014),
and Whang et al., (2008).

Saline solutions of 0.05-1.5 M concentration were as well prepared by measuring and dissolving
appropriate amount of salt (corresponding to each concentration) into 2 litres of distilled water. The
solution was well stirred using hotplate magnetic stirrer. Each concentration of the saline solution
was then used to prepare solution of the surfactant, using the various dosages stated above. Figure

3.2 showed the saline solutions prepared.
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Figure 3.2 NaCl salt solution prepared

3.3 Physicochemical Characterization of Samples
3.3.1 Emuilsification index (Ei) measurement
Surfactant emulsification index is a measure of their ability to effectively and sustainably enhance

miscibility of two or more immiscible phases. On this note, the emulsifying potential of sodium
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surfactin was analysed against hydrocarbon using light crude oil of 34.97° API gravity (0.85 specific
gravity).

However, before the actual measurement of the emulsification index, properties of the crude oil
need to be validated. This was done by evaluating the specific gravity of the oil, using OFITE mud

balance. The procedures are as elaborated in section 3.3.1.1.

3.3.1.1 Crude oil specific gravity measurement procedure

As mentioned in the preceding section, OFITE mud balance, shown in Figure 3.3 was used.

Mud balance is a device used for measurement of liquid density. It consists of a fixed-volume
sample cup with a lid on one end of a graduated beam and a counterbalance on the other end. A
rider attached to the beam is used to equilibrate the device, by moving it along the graduated arm.
State of equilibrium is ascertained when a bubble vial indicator stabilizes at the centre. At this point,
density of the liquid is read at the point where the rider sits on the beam at level. The mud balance
has an accuracy of +/- 0.01 g/cm®,

As a starting point, the balance was calibrated to validate accuracy of measurement. Calibration was
made using water. The mud balance was first cleaned with unsoiled moist tissue, then a clean dry
tissue. This is to ensure that no trace of contaminant is found in the equipment. Thereafter, the water
was then poured into the sample cup until filled to the brim. Sample cup lid was then gently placed
to cover the cup, ensuring that excess water spilled through the pin hole of the lid. The balance was
then placed on its fulcrum, and rider adjusted until a balance was obtained. Confirmation of state of
equilibrium was made when bubble vial indicator stabilizes at the mid-position, and density of water
was taken at this point. Accuracy of the device was confirmed when density reading was

approximately equals to unity.
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Bubble vial indicator

Pin hole

Sample cup lid

Sample cup Graduated arm

Figure 3.3 Mud balance arrangement during specific gravity measurement of crude oil
sample

The calibration procedure outlined earlier was repeated, but in this case using crude oil sample.
Certainly, this was after the device was again cleaned and dried, ensuring all trace of water and other
materials are visibly wiped. For this sample, specific gravity value of the sample crude was noted,
and API gravity calculated using the procedure outlined in section 10, step 4c of ASTM (standard)
D1298-12b (ASTM, 2017). The formula is indicated in Equation (3.1).

141.5

API = -
Relative density

1315 (3.1)

Thereafter, sodium surfactin samples and measuring cylinders were prepared and made ready for

the emulsification index measurement.

3.3.1.2 Ei measurement procedure

It is critical of every measurement to ensure that errors from any source are minimized. On this note,
test tubes to be used for the experiment were again cleaned, after been washed and dried a day before.
The following steps were followed as described in the studies conducted by Kanmani et al., (2017,
Akshatha et al., (2018), using 10ml graduated test tubes.

5ml of each of the surfactant samples (0.025 — 1.0 w/v%) were poured into different test tubes

marked accordingly.
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5ml of the hydrocarbon sample (crude oil) was then poured into each of the test tubes containing

the surfactin samples.

The mixture was then vortexed for 2 minutes and allowed for 24 hours (h).

Height of emulsion formed after 24h was taken, and E; calculated using Equation (2.1).

3.3.2 Measurement of pH

Oil and gas operation are mostly associated with presence of dissolved minerals and elements, such
as chlorides, sulphates and to a less extent bicarbonates, from the formation. In addition, it is critical
to analyse surfactants in various dissolving media to ensure a stable and favourable condition is met
for its safe and efficient utilization. More importantly, integrity of equipment, personnel and
environmental safety must be sustainably ensured. This is because, some of the dissolved
substances/minerals might alter the amount of free hydrogen ion (H) or hydroxyl ion (OH™)
dissolved in the solution. As a result, the acidic or basic condition (pH) of the phase mixture becomes
changed due to alteration in number of free H* or OH" in the solution. Consequence of which is the
increased tendency of precipitation and corrosion in pipelines. Additional negative effect includes
alteration of surfactant solubility and distortion of active site available for surfactant adsorption at

fluid surface leading to increased surfactant inefficiency.

In chemistry, the pH may be calculated numerically, using Equation (3.2), when the molar
concentration of solution is known. Use of the equation, however, requires that one must take into

consideration the self-ionization equilibrium of some solutions at higher concentrations.
pH = —log(H*or OH™) (3.2)

In this study, however, the following steps/procedure was adopted using JENWAY Model 570 pH
meter shown in Figure 3.4. The meter has a pH measurement capacity in the range of -2 — 16,
resolution of 0.01 pH and accuracy of +0.02 pH. Measurement using this meter can be performed
either in terms of pH or mV. Furthermore, the model meter is equipped with both manual and
automatic temperature compensation. It therefore measures pH at every given temperature, in the
range of -39.9 to 149.9 °C. Construction of Model 570 pH meter comes with in-built USA automatic
buffer recognition standard. This standard is based on the established buffer pH values of 4, 7 and
10. However, the meter has only two (2) point calibration windows. Moreover, it has the capability

of withstanding temperatures (operational) in the range of 0 — 100 °C.
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Figure 3.4 JENWAY Model 570 pH meter

Readers should note that the pH meter electrode is housed in a sensitive glass in contact with the
solution, which develops a potential (voltage) relative to the pH of the solution. The potential signal,

in millivolt, is read and recorded as the solution pH.

3.3.2.1 Buffer preparation

JENWAY Model 570 pH meter package was delivered in such a way that the pH sensing probe was
already immersed in storage fluid. Therefore, the probe is said to be already conditioned, and wet.
However, where this is not the case, or in the event of loss of storage fluid, it is advised that the

probe is conditioned in de-ionized water for at least 30 minutes before first operation.

Buffer preparation involves dissolution of pH buffer in 100 ml of de-ionized water following the
equipment manufacturer’s guidelines. The solution was allowed to stale for 24 hours, as a way
ensuring complete dissolution of the buffer. This set the stage for the pH meter calibration, details

of which is outlined in section 3.3.2.2.

Please note the buffers are capsulated and color-coded as pH 4.01 buffer (orange), pH 7 buffer
(green) and pH 10.01 buffer (white). An example of the coded capsule is shown in Figure 3.5 using
pH 4 buffer.
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Figure 3.5 pH 4 buffer capsule

Succeeding section presents the calibration procedure that was followed in ensuring that pH

measurement conducted was accurate and precise.

3.3.2.2 pH meter calibration
Accuracy and precision are critical components of any successful experiment. One of the key
elements of achieving a precise and accurate measurement is equipment calibration. The pH

measuring device is no exception to this norm.

JENWAY Model 570 pH meter has only two (2) calibration points, despite having three (3) buffer
solutions. More so, the calibration is carried out depending on the expected pH value. Consequently,
a constant buffer (pH 7 buffer) in combination with either pH 4 buffer (if the expected pH is in the
range of value 5 and below) or pH 10 buffer (if the expected pH is in the range of value 6 and above).
Calibration of the meter was conducted following the equipment manufacturer’s instruction, which

can be found on http://www.jenway.com/adminimages/570_pH_meter_rev_B.pdf.

pH meter was rinsed in deionized water, blotted with clean soft tissue and then switched on. The
electrode was then dipped about 2 to 3cm into the pH 7 standard buffer solution and CAL button
was pressed to enter calibration mode. The ‘CAL’ indicator was displayed on the meter screen which
indicates the equipment readiness for calibration. Buffer pH reading displayed was allowed to
stabilise and the HOLD/ENT button was then pressed to confirm the calibration point. The sensing
probe was again rinsed in deionized water, and dried. It was then placed in pH 10.01 buffer solution.
Once the reading stabilises, HOLD/ENT button was then pressed, and the calibration readings were
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recorded in the system. The calibration mode was then aborted by pressing the CAL button,
indicating that the meter is now ready for pH measurement. It was turned off to allow for sample

readiness, and to conserve battery power.

3.3.2.3 Measurement procedure

The pH tester was switched on by pressing the ON/OFF button. Electrode was then dipped into the
prepared samples by about 2 to 3 cm and stirred to ensure that any form air bubble within the solution
is displaced. The value indicated on the display was simply taken and recorded as the pH. Of course,
the value must be allowed to stabilise before any reading was taken. Consequently, this step of

procedure was followed for all other samples prepared.

Hydrate formation condition involves exposure of multiphase fluids to condition of low temperature.
Therefore, any potential surfactant that is to be used as hydrate inhibitor should be able to withstand
such temperature conditions. Surfactant’s stability and efficiency should not significantly alter at
such temperature condition, and perhaps it’s alteration. On this note, effect of temperature on pH of

sodium surfactin was evaluated.

Surfactin sample container (with a magnet immersed in it) was placed in a bath that was filled with
ice. The bath was then placed on a magnetic stirrer. Temperature and pH sensing probes (see Figure
3.4) were dipped into the sample. Stirrer was then started to ensure that temperature equilibrium is
attained between the bath and the sample. This contact ensures that the sample temperature was
cooled down to 1 °C. On obtaining a stable temperature reading, a stabilized pH value displayed on
the meter screen was recorded as the sample pH at that temperature. Heating mantle was then on to
heat the bath and in turn heat the sample at an average rate of 2.5 °C/sec. The sample was heated
within the temperature range of 1 — 50 °C. pH readings were taken at given equilibrium temperature
intervals. The procedure was followed for all other dosage of samples used in this study. Values

obtained were tabulated (see Appendix D 2) and discussed in section 4.2.5.
3.3.3 Density measurement

Density is a measure of how much mass is contained in a given volume of liquid/fluid. The density
of a solution is a measure of the degree of total solid that is dissolved in a given amount of solvent
to from the solution. This is often referred as mass concentration. It is a physical property that relates
the volume occupied by molecules of a given mass. Conventionally, the higher the amount of total
dissolved solids in the solution, the greater its density. This property is critical with all fluids, in

which is one of determinant factor in measuring kinematic viscosity, surfactant dispersion ability,

60



and surfactant stability during adsorption at fluids surface. Fluid density is in fact one of its

fundamental characteristics.

Many instruments can be employed in the measurement of density. In this study, however,

pycnometer was used.

3.3.3.1 Equipment calibration

Pycnometer (Figure 3.6) used in measuring the density of surfactin solution was purchased from
fisher scientific industry. The device consists of flask/bottle (where the sample is been poured into)
and stopper which has an in-built capillary tube. Built-in capillary tube in this device allow the
expulsion of entrained air in the sample. Additionally, the stopper is used to guarantee that the flask

is only filled to its full capacity.

Built-in
capillary

Flask

Stopper

Figure 3.6 Pycnometer used in surfactin sample density measurement

Validation of the device become critical to ensure accurate density measurement. As a result, distil
water was used as the validation fluid via the following procedure. Choice of distil water guarantees
that the water is devoid of dissolved minerals which could impact on the accuracy of the density

measurement.

The weight of empty pychometer was measured using weighing balance, and the value recorded.
The device (flask) was then filled with distil water to it ‘neck’. The stopper was then inserted
ensuring that excess water spilled through the neck. As a precaution, care was taken to ensure that
no bubble was visible in the bottle. The flask was then wiped clean and made free of any spilled
water. This whole content was then weighed to calculate the weight of distil water used. The

procedure was repeated at different average temperatures of 20 — 60 °C. Standard values of density
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of water was obtained at these temperatures. The density values were then used to calculate the

volume of the flask using Equation (3.3). These values are shown in Table 3.2.

Table 3.2 Summary of pycnometer calibration data

Quantities Values
Temperature (°C) 20 30 40 50 60
Weight of empty pycnometer (g) 23.34 23.34 23.34 23.34 23.34
Weight of meter + distil water (g) 48.33 48.27 48.20 48.11 48.04
Weight of distil water (g) 24.99 24.93 24.86 24.77 24.70

Standard density of water (g/cm3)*  0.998207 0.995648 0.992215 0.98804 0.98320

Volume of pycnometer (cm?) 25.0349 25.0390 25.0551 25.0698 25.1221

* (Patricia, 2011b)

Average value of 25.0642 cm?® was evaluated from Table 3.2 as the volume of the pycnometer. This
value almost equates to 25.011 cm® indicated by the equipment manufacturer. Using the new
average value, density of water was again evaluated, following the steps previously described at
room temperature of 20 °C. The value obtained was able to validate the standard value available in
the text. Therefore, not only that the meter was calibrated but also that the measurement method

was as well validated.

3.3.3.2 Measurement procedure

Following the calibration procedure, the average density of sodium surfactin, in both aqueous and
saline media, were measured by weighing each of equal volume of the sample. The density value
was then calculated numerically using Equation (3.3).

p="y (33)

Additionally, the effect of temperature (in the range of 1 — 50 °C) on density of sodium surfactin
was evaluated and presented in Appendix D1.

3.3.4 Conductivity measurement

Conductivity measurement is a means by which flow of electric current through a solution is
investigated. It is a measure of the ionic concentration (cations and anions) in a solution. Therefore,

it may be safe to remark that conductivity is also a measure of the concentration of dissolved solids
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which have been ionized in a polar solution such as water. The conductivity of ionic solutions is
dependent on several factors, prominent of which are; ionic concentration, mobility of ions, valence

of ions, and temperature.

Electrical conductivity in solutions, unlike in metals (which depends on electrons), is dependent on
ionic transfer. Therefore, changes in temperature could increase or decrease drift velocity and

consequently ionic mobility.

3.3.4.1 Equipment description

In this study conductivity of sodium surfactin was measured, in aqueous and saline media, using
ORION STAR A222 conductivity meter (Figure 3.7). The meter is a robust device which is portable
and can be used both indoor and outdoor. It has measurement capability of 4 quantities; conductivity,

salinity, total dissolved solids (TDS) and resistivity.

Meter

display Temperature

Conductivity

indicator Meter probe

M eter ' » @ m?:’s;re
control tabs sowp

Probe
sensor

Figure 3.7 ORION STAR A222 conductivity meter

Below is a summary of some of the Orion Star A222 conductivity meter features.
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i.  Conductivity range of 0.00 to 300 mS/cm with up to four figure significant resolution and
up to five calibration points, and relative accuracy of 0.5% = 1 digit.
ii.  TDS range of 0 to 200 ppt with up to four figure significant resolution.
iii.  Salinity range of 0.01 to 42 ppt practical salinity or 0.01 to 80 ppt NaCl equivalent with 0.01
resolution. Relative accuracy and resolution of £0.1 and 0.01 respectively.
iv.  Resistivity range of 2 ohms to 100 mega-ohms with 2 ohms-cm resolution.
V.  AUTO-READ and continuous (with ‘hold’ option) measurement m modes.
vi. 1000 points data log
vii.  Manual and automatic with AUTO-READ data logging functions.

Using this meter, the conductivity of sodium surfactin, in aqueous and saline media, was directly
measured at variable temperatures of 1 — 50 °C, using 2.1 °C temperature adjustment factor.
Alternatively, Light et al., (2005) suggest that conductivity can as well be measured in terms of the
solution’s electrical resistivity, and values numerically evaluated using Equation (3.4).

1

Conductivity = A
OMEUCHVILY = Resisitivity, R (34)

As is the case with every other experimental device, conductivity meter was first calibrated to ensure

precision and result accuracy.

3.3.4.2 Conductivity meter calibration
ORION STAR A222 conductivity meter was calibrated automatically using 1413 pS/cm and 12.9
mS/cm (Figure 3.8) conductivity standard solutions, following the equipment manufacturer

guidelines.
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Figure 3.8 1413 pS/cm and 12.9 mS/cm conductivity standard solutions

The following steps were taken to ensure precision and accuracy during the calibration process.

Vi.

Vii.

viil.

Conductivity cell was connected to the meter.

The cell was then rinsed in distil water and blot dry using a lint-free tissue.

Once the displayed conductivity value was confirmed, ‘f3’ (cal done) button was pressed to
end the calibration process.

Meter was then powered on, and the cell placed into 1413 pS/cm calibration standard.

‘f1° (cal) button was then pressed to initiate the calibration process, bearing in mind that the
conductivity cell constant, k, inputted into the meter equals to 0.475.

Once the cell and the calibration standard were ensured to be ready, ‘f3’ (start) button was
pressed to start the calibration process.

The meter will then read and display the conductivity of the standard. Displayed reading
must be allowed to stabilize before it is accepted or recorded.

Once the reading stabilises, ‘f2” (accept) button was pressed to accept the displayed
conductivity value.

‘f2° (next) was thereafter pressed to proceed to the next standard, and steps ii — vii were

repeated using 12.9 mS/cm conductivity standard.

Sodium surfactin samples were then made ready for conductivity measurement. Readiness of the

meter for conductivity, after calibration, ensured by pressing the ‘f1’ (meas) button on meter.

3.3.4.3 Conductivity measurement procedure

Procedures for measurement of conductivity, as outlined in the equipment operating manual, were

as follows:
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After conductivity meter was powered on by pushing the ‘power’ button and the display screen

allowed to stabilize. This was confirmed by display of ‘ready’ on the meter screen.

Conductivity meter probe was then immersed into the solution samples and stirred. This is to ensure
release of any trapped air bubble in the probe and sample. The sensitivity of the meter is configured

in such a way that it immediately begins to read the solution conductivity.

These values are displayed on the screen. Final conductivity value is taken when a stabilized
conductivity reading is obtained. These procedures were followed for all samples prepared.

Moreover, an increase in the solution’s temperature could potentially cause a decrease in its
viscosity. Consequently, the mobility of the ions in the solution increases. Additionally, temperature
increase perhaps results in molecular dissociation, and consequently increase in number of ions.

Therefore, changes in temperature could affect the ionic conductivity of the solution samples.

On this note, effect of temperature on conductivity of surfactin samples was experimentally

evaluated as follows:

A bath was half-filled with crushed ice.

Container containing surfactin sample was the immersed in the ice (bath), ensuring that that ice level
is slightly above sample level.

The bath was then placed on magnetic stirrer.

With conductivity meter probe immersed in the sample, the stirrer was started to ensure temperature
equilibrium within the sample.

Sample temperature was continuously monitored on the meter display screen, until lowest value of
1 °C was reached. Conductivity reading at this temperature was obtained and recorded.

Heating mantle was then on to gradually heat the sample at average temperature increase of 2.5
°C/sec. Conductivities at every 0.5 °C temperature increase were recorded as indicated in Appendix
D 3, and analysis conducted. These analyses are presented in section 4.2.6 of this report.

3.3.5 Fourier-transform infrared spectroscopy (FTIR) analysis

FTIR analysis has been a useful device for qualitative analysis of polymeric, organic and perhaps
inorganic materials. It functions by scanning samples, using an infrared light, and consequently
observe their chemical characteristics. Functional group and cyclic or planar nature of materials can
be deduced using FTIR analysis. Analysis using FTIR is based on theory of absorptivity, where the
instrument sends an infrared radiation (typically in the range of 10,000 to 100 cm™) through a
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sample. While some of the radiations passed (transmitted) through the sample, some becomes
absorbed, as illustrated in Figure 3.9a. The absorbed radiation is then transformed to rotational
and/or vibrational energy in the form of signal (see Figure 3.9b) by the sample molecules. Resultant
signal is detected and presented as a spectrum, typically from 4000 cm™ to 400cm™ wavenumber
(Coates, 2006), which signify a molecular fingerprint of the sample. Each chemical structure or
molecule will produce a distinctive spectral fingerprint, making FTIR analysis a great tool for

chemical identification.
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Figure 3.9 Transmission and absorbance of radiation (a) and conversion of absorbed radiation
into signal (b) during FTIR analysis

The procedures of FTIR analysis followed in this study are stated in the sub-section 3.3.5.1.

3.3.5.1 Experimental procedure

Fourier-transform infrared spectroscopy (FTIR) analysis of dry, powdered surfactin was conducted
using Nicolet™ iS10 FTIR Spectrometer, set up is shown in Figure 3.10. The equipment is situated
at the Analytical Laboratory of the School of Environment and Life Science, Cockcroft Building,
University of Salford, UK. It is operated using OMNIC-controlled software. Having a dedicated
computer for the equipment and initiating the analysis by opening the OMNIC software window,
the following steps were thereafter followed.
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Figure 3.10 Set up of Nicolet™ iS10 FTIR Spectrometer

Smart iTR Diamond ATR accessory was selected.

Sample drop window was cleaned using 2-Propanol, and soft tissue.

ATR screw and sample holder were placed as shown in Figure 3.10 and screwed until a click
sound was heard. Background of the sample window was ‘run’ by clicking on ‘Col Bkg’ on
the software window/menu. 36 scans were made at completion of the collection, and a
background spectrum was generated as shown in Figure 3.11. Status of the scan was
monitored using the status bar.

Sodium surfactin sample the put onto sample window, ATR was screwed until a click sound

was heard.

Readers should note that absorption spectra were plotted using a built-in plotter, and the IR spectra

were collected from 4000—500 cm™* wavenumbers.
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Figure 3.11 Spectrum of FTIR background before surfactant was analysed

V.  Sample spectra were obtained by clicking on ‘Col Smp’ button. As the case with background
collection, 36 scans were as well performed.
vi.  On the ‘Analyze’ menu, peaks of interest were selected, and axis was changed from
absorbance to transmittance, and new specified spectra were then used to replace the

generated spectra.

Results generated were both saved and printed as desired by the researcher and is presented in
Section 4.2.7.

The IR sample window was then cleaned using 2—propanol for next round of analysis.

These procedures were repeated for all prepared samples.

3.4 Flow Behaviour Characterization

Rheology is a measure of fluids deformations when exposed to any form of stress. Study of rheology
assesses how fluids respond to varying rate of shear. Relating to this study, measurement of
rheological properties is important in assessing level/condition of failure of sodium surfactin, and

its stability during adsorption at fluid surfaces. Characterization is presented in terms of effect of
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variable rate of shear, temperature and salt concentration on extent of samples resistance to flow
(viscosity). Thereafter, the flow behaviour is then defined using standard behaviour of fluids
available in literature (see Figure 2.5 and Figure 2.5). Besides, flow behaviour can be a tool for
indirectly measuring fluids consistency and quality. Since during operations, materials physical
characteristics should be consistent from one process unit to the other. Some of the direct effect of

viscosity, and the need for this phase of the experimental study has been highlighted in Section 4.3.

The steps taken to characterize rheological behaviour of sodium surfactin are presented in the
Subsection 3.4.1 and 3.4.2.

3.4.1 Equipment calibration

The rheological experiments were carried out using ORCADA® software—controlled OFITE
viscometer (Model 1100), set up of which is shown in Figure 3.12. The viscometer has a shear rate
range of 0.01-1000 s and 0.001 RPM speed accuracy. The device is configured with a rotor bob,
whose notation is R1B1. It is basically fitted with a thermocouple that senses any variation in
temperature and consequently sends the signal to the system; a bob that senses and transmit the
shear stress response during experimental runs; sample cup where samples are poured into to be
attached to the rotor, which is fitted with a nut which aid in attaching the cup to the rotor; and heat

bath for raising temperature of samples.
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Figure 3.12 Rheology measurement equipment set-up

As is the case with most devices, the viscometer was first calibrated before any run of experiment

was conducted.

Calibration procedure

Based on its configuration of B1, 42 ml of calibration fluid was used to first calibrate the viscometer,
following equipment manufacturer operating procedure. The sample cup was unscrewed, and both
sample cup and rotor bob were gently but thoroughly washed with detergent to remove any trace of
previous samples that were worked on using the equipment. After complete drying of the washed
components, the bob was gently screwed to the thermocouple, followed by screwing of the sample
cup (via sample cup nut) containing 42 ml of the calibration fluid unto the rotor. The equipment was
turned on via the ON/OFF switch, and ORACADA software was opened to start the calibration
process. On the ‘Utilities’ tab of the ORCADA window, ‘Calibrate Shear Stress’ was selected which
pop-up another window (Figure 3.13) for keying the calibration variables. To begin, fluid manager
button (indicated by red arrow in Figure 3.13) was selected. Doing that popped-up another mini
sub—window (Figure 3.14) for keying the calibration variable.
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Figure 3.13 Viscometer calibration window

Based on equipment manufacturer’s specification, temperatures and corresponding Vviscosity values
shown in Appendix A 1 (red circled in Figure 3.14) were keyed in, as well the calibration batch.
This is to differentiate the current calibration from previous calibrations. It is important to note,
while calibrating the device, that: (1) ‘Table Linearity Error’ indicator (green circled) must remain
red, (2) the viscosity-temperature plot must as well be linear, and (3) the sample temperature is
within the range of calibration temperatures specified, using indicator circled in purple. These are

indicators and sources of calibration errors. Once these are Okayed, ‘raw shear stress values’ in the

range of 1<raw shear value<300 were inputted via ‘Calibration Rates’ button.
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Figure 3.14 Calibration data input window (Fluid manager)

On completion of the input process, the ‘Start Calibration’ button (red circle in Figure 3.13) was
pressed and the equipment calibration began. On completion, calibration result window, shown in
Figure 3.15, pop-up which indicates the status and accuracy of the calibration. The accuracy was
ascertained when “r"2C” value is greater than 0.9990. A value of 0.9998 was obtained for this study,
as shown using red circle in Figure 3.15. Completion of this step marked the end of the calibration,

and consequently indicates the readiness of the viscometer for rheology measurement.
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Figure 3.15 Calibration output (“r*2C” value)

3.4.2 Rheology measurement procedure

To properly and accurately measure the rheology of the samples, sample cup, bob and thermocouple
were washed and cleaned to remove any trace of calibration oil. Presence of calibration oil will

greatly impact on the results of the samples under study.

On the ‘Edit” menu of the ORCADA interface, Test Builder (Figure 3.16) was selected to in order
to specify the input data (RPM, temperature, etc.) and Test analysis model/template. RP 10B
analysis model/template (combination of Power Law and Bingham Plastic Models) was selected for
this study (see red circle in Figure 3.16). Temperature in the range of 23 (ambience) 30, 40 and 50
°C were inputted with an allowance of £1 °C, and shear rate of 50 — 600 RPM were specified for the
test. An example is shown within purple circle in Figure 3.16. Thereafter, units of shear stress and
viscosity were then specified accordingly in the process variable section of Figure 3.17. Having
keyed in the input data and the test analysis mode selected, 42ml of each of dosage samples prepared
was measured and poured into the sample cup and tightly screwed. “Start Test” button was entered

to begin analysis, until all RPM specified were completed.
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Figure 3.16 Rheology analysis ‘test builder’

Progress of all running test was monitored using the identified (process) variable as labelled in
Figure 3.17. Additionally, readers should note that to increase temperature, heat bath control was
used to raise and lower the heat bath. Each desirable temperature was manually inputted via the
manual temperature control. Rise, decline and equilibrating of temperature were as well monitored

on the process variable section/panel (indicated by green circle).

This same procedure was repeated for the samples prepared with saline solution, except that the
temperature was not varied. The test was conducted at ambient temperature of 23 °C with an

allowance of +1 °C.
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Figure 3.17 Rheology test and variable control window

The ORCADA software is robust such that results of rheology test conducted can be extracted in
the form of output data. Extracted output values were then used to make appropriate plots that were
subsequently employed to characterize the surfactant rheological behaviour. These are presented in
Section 4.3.

3.5 Thermal Analysis — Diffraction Scanning Calorimetry (DSC)

During oil and gas operations, materials (oil, gas, water, or mixture of both) flow from one process
unit to the other. These units may operate at different conditions of temperature or pressure required
for desired product outcome. Additionally, the conditions may be altered intentionally to achieve
specific objective. For example, during oil and gas transport, operating conditions are deliberately
altered to prevent certain incidences from happening. Conditions of temperature or pressure may be
altered to prevent wax or hydrate deposits. However, fluctuations in variables such as temperature,
pressure, concentrations, etc, could change thermodynamic properties of the system. Consequently,
components of the system may in turn experience this effect which could increase or decrease their

performance.

76



Performance of other components within the system, such as surfactants, may however be
influenced by the change in thermodynamic properties. Moreover, many chemical molecules are
susceptible to temperature and pressure fluctuations during operations. Mahmood and Al-koofee,
(2013) indicates that critical micelle concentration of Tween series chemical surfactant was affected
by changes in temperature. They further reported that the critical micelle concentration of Tween
series (20, 21, 40, 60 and 80) decreased with temperature increase. Recall that CMC is the
concentration above which surfactant performance remains constant or begins to decline. Therefore,
increasing temperature perhaps will increase the performance of the Tween series surfactants—a
chemical surfactant. However, to a critical surfactant concentration or dosage. Much lower CMC

may as well hinder surfactant activity effectively at fluid interphase.

Biosurfactants on the other are biomolecules and are perhaps no different from the chemical
molecules. To satisfy this curiosity, it is important to conduct a thermal analysis on surfactant system.
Though studies have indicated that biosurfactant have good thermal stability, it is important to
validate findings and method to understand general applicability of a published result. Furthermore,
findings of studies may be intended for specific application. For instance, Saxena et al., (2018)
conducted thermal characterization of biosurfactant isolated from Sapindus laurifolius. The thermal
gravimetry analysis (TGA) result showed an initial thermal weight loss of 6 % between 370 K and
540 K. Further to these findings, the authors also indicated that with increasing temperature, the
system entropy and negativity of the Gibbs free energy increases. Entropy of a system denotes the
degree of randomness of the system. Therefore, increased entropy is an indication that micellar
structures (micelles) are been destroyed by the temperature increase.

Similarly, Chandankere et al., (2014) conducted TGA analysis on Bacillus methylotrophicus and
reported two phase thermal degradation. First phase degradation showed a weight loss of 8.87 % at
30-150 °C while second phase degradation occurred at 300 °C (with a weight loss of 54 %). The
weight loss at 30—150 °C could be loss due presence of moisture in the sample. Such temperature
regime is perhaps low for the decomposition of the biosurfactant to occur. Besides, previous studies
reported biosurfactants to be thermally stable within the 30-150 °C temperature regime.
Additionally, (Karlapudi et al., 2018) indicated that lipopeptides biosurfactants produced from
Bacillus subtilis isolates were thermally stable at temperatures below -15 °C and above 121 °C when

stored for 180 days.
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3.5.1 Equipment description

Differential scanning calorimetry (DSC) machine is used to characterise, among other things,
thermal analysis of materials. The TA DSC2500 machine comprises of 3 components; cooling
section, DSC machine control section including an automatic sampling area, and a computer in
which TRIOS software is installed and via which the DSC machine is controlled. The TRIOS
software provides a convenient is a combined package for that allows for instrument control, data

analysis and reporting. Figure 3.18 shows the TA DSC2500 model machine.

1 /

DSC Control
panel/touch screen

oW oWao interface

Figure 3.18 TA DSC2500 set up along with (a) cooling section/abcessory (b) DSC instrument, and
(c) Controller (computer)

TA DSC2500 is a high-sensitivity equipment that is fortified with a 54-position autosampler and
dual-stage mechanical cooling, allowing a -180 to 725 °C temperature range that enable evaluation
of various thermal transitions. It has an accuracy of £0.025 °C; Temperature and enthalpy precision
of £0.005 °C and £0.04 % respectively (TA instruments, 2019).

3.5.2 Experimental procedure

Generally, outline of thermal analysis experiment using TA DSC2500 machine is as follows:
I.  Instrument calibration.

ii.  Sample pan selection.
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iii.  Sample preparation.
iv.  Configuration of autosampler or manually loading the DSC cell.

v.  Designing and running experimental runs using the TRIOS software.

3.6 Methane-Water Surface Tension (ST) Measurement

Nearly all field operations in oil and gas processes involves multiphase interaction of process fluids.
Critical to interaction of multiphase fluids at both upstream and downstream operations is the
surface interaction. Surface or interfacial tension is one physical process that is fundamental to the
characterization and understanding of multiphase fluids interactions at interface. One may therefore
deduce that results of accurate interfacial tension measurement will be a significant tool in prediction
multiphase fluid interaction, including hydrate formation and inhibition. As Kodera et al., (2020)
will put it, interfacial tension is one of the most vital thermodynamic properties that controls the
dynamic behaviour of multiphase flows. Therefore, promotion and inhibition of methane hydrate
can be predicted by accurate interpretation of interfacial tension data. On this background,
interfacial tension of multiphase CH4-H20 system was measured at different temperatures, pressure
and surfactant dosages. Various methods, described in Figure 2.17, are employed to measure
multiphase gas-water ST. However, in this study, the bubble rise method is been employed, using

Corelab high pressure high temperature IFT10 equipment.

To capture in real time the simultaneous effect of temperature, pressure and surfactant dosage, the
experimental procedure was designed using Design-Expert software v.12. The experimental design

result is described in Section 4.5.2.
3.6.1 Experimental design

Experimental measurement of methane-water interfacial tension was design using Design-Expert
software v.12. Design-expert is a statistical software package by Stat-Ease Inc, which is purposely
created for experimental designs. It is a robust software that has the capability of comparative
screening, characterization, parameter design and optimization. These robust features and
performances were leveraged on to design the ST measurement experiment. Typical interface for
creating new experimental design using Design-Expert is shown in Figure 3.19. Two-level factorial

was selected for factors interaction, and Response Surface Methodology (RSM) for model creation.
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Figure 3.19 Design-Expert interface for choosing factorial level during experimental design

For purpose of flexibility in inputting all available factors under study, custom (user defined) design
option was selected in the next window shown in Figure 3.20. Thereafter, output response is then

specified in next window shown in Appendix B 1. Table of permutations generated by the software
is shown Appendix B 3.
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Figure 3.20 Custom design window where interacting parameters are defined
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The experimental runs generated were then cautiously executed in the lab using appropriate

equipment described in Section 3.6.2 and procedure described in Section 3.6.3.
3.6.2 Equipment description

Experimental setup for the surface tension measurement, using Corelab IFT10, is shown in Figure
3.21.

Figure 3.21 Experimental setup for ST measurement (1 Computer, 2 Temperature and pressure
controller, 3 Vibration control bench, 4 ST cell, 5 Rame-hart camera, 6 &7 Accumulators, 8
manual pump, 9 Automatic pump)

The setup comprises of high-pressure (HP) measurement cell with a pressure rating of up to 10,000
psig, through which the rising bubble is generated. The bubble is captured by an attached Rame-
Hart optical camera system which transmit live image display on to a data acquisition system
(computer). Cable connection ensures that the camera is interfaced with the data acquisition system
which has digital image processing software (Droplmage software) preinstalled. Captured image
(gas bubble) from the optical camera is processed by utilizing an inbuilt mathematical algorithm to
evaluate the bubble profile generated. Bubble width, height, area and volume are simultaneously
evaluated by the system and consequently the interface ST measured. Pressure and temperature are
critical parameters in hydrate formation, including this experimental setup. Therefore, the setup is
also fitted with temperature controller which ensures that elevated temperature within the system is
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achieved. More so, high pressure HiP 62-6-10 manual pump is incorporated to: ensure delivery of
liquid dispersion phase into the cell; and create a pressure built-up within the cell to mimic hydrate-

forming equilibrium condition.

Bubble cell (Figure 3.22) is a critical component in this experiment. It is a stainless-steel component
designed to accommodate both high pressure/temperature and low pressure/temperature. The cell is
equipped with a sealed port for insertion injection needle. The needle is used for gas delivery into
the cell and consequently used to generate bubble. The cell has the capacity of 39 cm® of sample

volume.

Overflow/relief

control
IHlumination
source
Viewing
Gas injecting
needle
Injection
control

Figure 3.22 Surface tension cell

3.6.3 Surface tension measurement procedure

In this study, “rising bubble” method was used to measure CHs-H>O ST. The pendant drop
configuration was changed to rising bubble in order to minimize/eliminate error due to needle
wettability. In pendant drop position, the needle appears to get wet and therefore did not allow the
droplet to form good profile. To do so, the injecting needle was mounted upward from the bottom
of the window cell. In this case the gas bubble (lighter phase) forms at the tip of the needle which

is surrounded by aqueous surfactant (heavier phase) in the equilibrium condition.

Before start of any experiment, it essential to ensure that the experimental setup is rid of any remnant
or trace of alien material that could potentially impede acquisition of accurate results. As such, the
equipment setup was first cleaned by passing acetone through, and the blown with dry compressed
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air. Warm distilled water was then charged through the setup to wash/flush the system. Thereafter,
dry compressed air was again passed through system. Methane source was coupled to the system
via the needle. Distil water was then charged into the ST cell, with the aid of manual pump, to create
the liquid phase within the cell. Injection control was then gradually controlled to generate a
desirable bubble. Bubble profile was then evaluated using the Drop image software and
consequently methane-water ST measured. The system was then evacuated and dried using dry
compressed air. 0.025 % aqueous surfactant (distil water-surfactant mixture) was then charged into
the cell, bubble generated, and ST measured. Of course, this was at laboratory ambient temperature
of 20.5 °C and ambient pressure. Temperature and pressure were then specified accordingly based
on the experimental design. Methane gas was then gradually released into the liquid dispersion
phase until desirable bubble is generated (see Figure 3.23). Bubble was allowed to stabilise, and ST
then measured. The steps outlined above were followed for 0.05, 0.075, 0.1, 0.5 and 1.0 % dosages

of aqueous surfactant, and ST measured in each case.

For repeatability and data accuracy, at least 3 bubbles were generated in each experiment conducted

and ST repeatedly measured in each case.

i
A iA

Figure 3.23 Methane gas bubble generated for ST measurement

3.7 Chapter Summary

Every research study has proscribed design procedure, particularly experimental research. These
procedures have been highlighted in this chapter. Physicochemical characteristics such as density,
emulsification index, pH, surface tension (ST) and functional group were investigated. Pycnometer
was used for density; Orion Star A222 conductivity meter was used for conductivity measurement;
Nicolet iS10 was for functional group analysis; and OFITE IFT10 was used for ST measurement.

Repeatability was ensured by taking average of at least three readings for each measurement made.
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CHAPTER FOUR

4 RESULTS AND DISCUSSION

4.1 Chapter Overview

This section presents the outcome of the experimental investigations carried out on the course of the
PhD study. According to the outlined target, objectives and the activity scheme of the study
presented in Figure 3.1, results and analysis are presented in this chapter. Phase | which involved
physicochemical characterization and identification of various properties of sodium surfactin
including availability of active site for adsorption inferred by functional group and density
identification are presented in Section 4.2. Other characteristics identified and discussed in the
chapter include pH, electrical conductivity, foaming and solubility in various solutions containing
different ionic (salt) concentrations. It is important to consider different dosages of sodium surfactin
while conducting investigations of this nature. The upcoming sections will as well highlight to the

reader the numerous reasons for considering variable surfactin dosages.

Section 4.3 of the chapter presents the results of Phase Il investigations on level of response of
sodium surfactin to various rate of shear (rheological study). Consideration was made of effect of
variations in temperature, and definition of the characteristics features of such responses discussed.

Section 4.4 presents result of thermal stability test conducted on sodium surfactin using DSC
machine. Lastly, in Phase 111, performance of sodium surfactin in reducing surface tension between
methane-distil water system at different conditions of temperature and pressure is presented in

section 4.5.

4.2 Phase I: Physicochemical Characterization of Samples

One of the most important phases to investigating and analysing the effectiveness of sodium
surfactin application in the oil and gas operations is the physicochemical characterization. It is a
critical tradition in the engineering practice that material specifications are set at the design early
stage. Material characterization therefore becomes an integral part of this stage. Therefore, it is
important to evaluate physical, chemical, electrical, and biological and thermal properties of

every material before use.
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Characterization of surfactin solution guarantees accurate identification of the surfactant.
Furthermore, it makes it easier and possible to classify the nature of interaction and relationship of
the surfactant with the utilization phase/system. Physical, chemical, and electrical characterization
of surfactants are done by analysing and determining its properties. These properties include density,
viscosity, conductivity/resistivity, pH, chemical/elemental composition, and functional group.
Additionally, enhancing the nature of the surfactant interaction with its utilizing phase/system is
greatly dependent on its solubility capabilities. Investigating surfactant’s extent of solubility in

different media is very significant in ensuring accuracy of the characterization.

More so, most oil and gas operations involve medium containing certain range of salt content as
part of reservoir fluid. The content of the salt differs from one reservoir to another. This is because
composition of saline medium depends on the history, source and thermodynamic conditions of a
reservoir. Thermodynamic and chemical changes are perhaps very common in oil and gas field
operations. Therefore, it is very critical if the surfactant characterizations are also investigated in
saline (salt-containing) medium. Response of surfactin to changes in salinity and temperature will,
to a large extent, effectively and significantly describe its chemical and thermodynamic behaviour.
As a way of prediction, these properties will serve as tools in the design and estimation of best
performance point/condition of the surfactin, including its tensioactive capabilities. Furthermore,
the physicochemical characteristic assessment will enhance thermodynamic analysis of surfactin

phase behaviour.
4.2.1 Characteristics of NaCl salt (saline) solution

Dissolution of NaCl salt in distil water was endothermic, with heat being absorbed by the system.
Figure 4.1 indicates that complete physical dissolution of NaCl in distil water led to formation of
clear, homogenous solution. Increased mass (amount of salt) dissolved in the solution has led to
progressive increase in density and conductivity. NaCl do not expand when dissolved in water.
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Figure 4.1 Aqueous NaCl salt (saline) solution prepared

Therefore, after dissolution no volume increase could compensate for the mass increase, hence the
progressive increase in density with increase in salt concentration (Figure 4.2a). Salt solution
prepared had minimum and maximum density of 998.433 kgm and 1054.891 kgm™ respectively
at 0.05 and 1.5 M concentrations. Strong interaction occurs between sodium cations and chloride
anions with water. Consequently, oxygen atom of water molecules acts as a Lewis base and
coordinates to the Lewis acidic sodium cation in donor-acceptor bonds (Patricia, 2011a). Moreover,
aqueous NaCl has a density which is close to that of water. Conductivity characteristics exhibited is
similar to that of density (Figure 4.2b). Increasing ionic concentration in the aqueous media
increased electrostatic repulsion between the ionized NaCl molecules.

Conversely, pH exhibited a somewhat monotonic behaviour (Figure 4.2c¢). At initial concentration
of 0.05 - 0.1 M, the solution pH increased from 5.61 at 0.05 M to 6.22, at 0.1 M concentration. The
pH, however, began to decrease to lowest value of 5.47 at 0.5 M concentration. The decrease could
be attributed to a potential related to the Na* concentration being produced in the same way as with
H* ions. Therefore, the electrode detects a combined activity of H and Na* ions that resulted in pH
decrease. Beyond 0.5 M concentration, the pH began to increase again to 5.5 and 5.94 respectively
at 1.0 and 1.5 M.
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Figure 4.2 Characteristic (a) density, (b) conductivity and, (c) pH behaviour of aqueous NaCl
solution prepared

Additionally, it is important to note that the pH behaviour in saline solution indicates that pH is a
dependent factor on the ionic activity, rather than the superficial concentration alone.

4.2.2 Surfactant foaming and solubility characteristics

Different chemical substances exhibit different form of physical or chemical behaviour when
dissolved in a solvent. Surfactants on the other hand exhibits its unique properties when dissolved

in distil water. Foaming is a one of the characteristics exhibited by surfactant.

Generally, during field operations, aqueous foams are produced simply by introduction of gas or air
beneath the surface of surfactant-laden liquid, which expands and enclose the gas with a film of
liquid (Apaydin & Kovscek, 2001; Rosen & Kunjappu, 2012). However, most surfactant are
themselves foam-forming in nature. This characteristic is one reason that endears surfactant as good
foaming agents for many oil and gas field applications. Irawan, Permatasari and Bayuaji, (2017)

reported that foam injection is a useful and promising practice for enhanced oil and gas recovery,
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through fluids mobility control in porous media (formation). More so, foam-forming additives are

a good way to reduce water use during hydraulic fracking production.

Similarly, surfactant concentrations (dosages) and its solubility in appropriate solvent affect its foam
texture and stability. In addition, solubility efficiency of surfactants will enhance their desirability
for use in field operation equipments, such as tanks, drums, pipelines. Partially soluble surfactant
will not only influence its performance on IFT/ST reduction but may as well cause deposition on
walls of equipment. This will eventually lead to deposit and scale formation on equipment and
clogging of formation pores (in case of injection for enhanced recovery). On these notes, section
5.2.2 discuss the foaming and solubility behaviour of sodium surfactin in distil water and NaCl (salt)

solution of varying concentrations.

4.2.2.1 Foaming and solubility in distil water

Foam formation is an essential characteristic of surfactants. Previous studies revealed that
biosurfactants have high foaming ability, hence their usage as foaming agents. Studies by (Ferhat et
al., 2017; Razafindralambo et al., 1996; Wu et al., 2019) indicates that biosurfactant and indeed
surfactin produced from Bacillus subtilis foams. The foams could be transient though. Moreover,
the authors findings agree with those in this study. Figure 4.3 indicates that formation of aqueous
solution of sodium surfactin in distil water led to foam formation, at zero (0) hour (h). Foam height
and consequently foam volume significantly increase with increasing surfactin dosage, at 0 M NaCl
concentration (Figure 4.3a). Perhaps, increasing the surfactant dosage consequently increases the
concentration of the surfactant molecules at the air-water interface. This indicates linear dependence
and relationship of surfactin foaming ability and surfactin dosages. The rate of mass transport of
surfactant molecules to the interface perhaps depend on the amount of surfactant in the bulk solution.
Therefore, increase in the surfactant dosage will increase the rate of surfactant diffusion towards the
interface. Moreover, a reduction in ST/IFT is proportional to the adsorption of surfactant molecules
at interface. This adsorptive phenomenon is predicted by the Ward-Tordai equation (Chang &

Franses, 1995), in the form Gibbs adsorption, indicated in Equation (4.1).

(o) = 2¢! (%)1/2 - (E)l/z [ @)

m -0
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Figure 4.3 Foaming and solubility capability of aqueous sodium surfactin at variable dosages; ()

immediately after agitation at 0 hour and (b) after samples were left for 24 hours

Moreover, the solution formed a two (2) distinct layer; the top foam layer, and bottom clear solution
(signifying a good solubility). However, after some time, top foam on the solution transient
(collapsed) by being absorbed into the bulk solution. That resulted in a completely homogenous
clear solution (Figure 4.3b). Reason for this being that the liqguid membrane that envelops the air
bubbles does not possess sufficient elastic counter (opposing) force that will prevent the foam from
thinning out into the bulk of the solution (Rosen & Kunjappu, 2012). Sodium surfactin is unable to
sustain the cohesive force between water molecules surrounding a foam bubble. And therefore, the
surface area between the water molecules increases. Consequently, adhesive force between air and
water increases and therefore the foam collapses. Fundamentally, actions of surfactants at
decreasing surface tension relies on this principle of surface area increase. Failure of sodium
surfactin to provide an elastic opposing force at liquid membrane surface is an indicative of its
adsorption tendencies. Hence its ability to reduce surface/interfacial tension. In that state, agitating
the mixture is the only way to make it foam again, yet with same height and volume as previously

indicated in Figure 4.3.

Molecules of solvents, as are those of solutes, are held together by intermolecular forces which must

be broken to form a solution (dissolution). The cohesive forces of both solvent and solute must be

effectively broken to create and form a new adhesive force between solute and solvent. The

effectiveness and efficiency of this simultaneous breakage and formation of forces defines the

efficacy of dissolution process. Dissolution and consequently solubility of sodium surfactin in distil
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water follows this trend. This is because, sodium surfactin being an ionic surfactant, has the same
type of strong intermolecular forces as distil water (polar substance). Referring to Figure 4.3,
solubility of sodium surfactin has therefore been proven to be excellent in distil water at ambient
condition. At this condition and in distil water; sodium surfactin will pose no difficulty of scale
formation in pipes, due to deposition of undissolved solid surfactant, during operation. Additionally,
the surfactant will pose no threat to clogging of formation pore during surfactant injection. The
foaming ability of the surfactant will furthermore enhance its utilization as foaming constituents for
enhanced oil and gas recovery at sub-surface using foam flooding (Gbadamosi et al., 2019; Irawan
etal., 2017). Furthermore, it will also play an important role as component in preparation of drilling
fluid.

4.2.2.2 Foaming and solubility in saline solution

To test and, perhaps, validate effect of salt on foaming and solubility of sodium surfactin, equal
amount of the surfactin (previously described in Section 3.2.2) was dissolved in 0.05, 0.1, 0.25, 0.5,
1.0 and 1.5 M NacCl salt solution. Various dosage of surfactin was then dissolved in the saline

solution prepared.

Result indicates that foam formation was affected by the change in NaCl salt concentrations. The
foaming ability decreases with increasing concentration of NaCl salt. Figure 4.4 indicates that effect
of salt is less significant on foam formation particularly at 0.05 and 0.1 M. However, the salt effect
became significant above 0.25 M concentration. Presence of salt in the solution mixture increased
ionic activity of the mixture. Consequently, electrostatic repulsion between foam bubble increased
leading to less coalescence and eventually collapse of the charged (surfactant-salt solution) bubble
(Katsir et al., 2015). Similarly, the result indicates that this effect is more evident at 0.5 M salt
concentration where only a thin layer of foam occurs. It is worth noting, however, that in real
engineering processes dealing with liquid bubbles, salt effects are not entirely reliant on the
coalescence factor. Bubble approach speed, salt type or valency of the ions involved (mono or di-
valent), type and nature of the surfactant and hydrodynamic conditions are critical factors (Firouzi
& Nguyen, 2014; Nguyen et al., 2012). Therefore, ascertaining effect of salt concentration on foam

formation and stability depends not only on the salt type or concentration alone but many factors.

Nonetheless, salt effect on foam height and texture is also dependent on surfactant dosages. Behera
et al., (2014) studied effects of surfactant and salt on micellar solution and found that effect of NaCl
salt on foam volume is dependent on micellar dosage and salt concentration. In the study, foam

volume produced by 0.5 g/dm™ and 1.5 g/dm™ surfactant dosages were about 510 cm™ and 880 cm-
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3 respectively at zero NaCl concentration. However, introduction of 50 mol m= NaCl reduced the
foam volume to about 450 and 580 cm™ respectively for 0.5 g/dm and 1.5 g/dm surfactant dosages.
Additionally, physical observation of Figure 4.4 further indicates that bubble size (foam texture)
decrease with increasing salt concentration. This indicates that addition of NaCl — monovalent ion,
enhances surfactant adsorption capability at water-air interface. Adherence of surfactants at fluid

interface is a critical characteristic that enhances its performance application in oil and gas fields

Similar to the foam behaviour in aqueous medium, the foam collapsed into the bulk of solution when
checked after 24 hours. Generally, Figure 4.4 indicates the ability of sodium surfactin to foam in
saline solution, and that foam formation increases with surfactant dosage but decreases with salt

concentration.

Solubility of sodium surfactin follow similar trend as the foaming ability. It is, however, dependent

on the salt concentration. Salt concentration up to 0.5 M gives a clear homogenous solution.

91



=

LTI

[
7
|
Lot

0.1M (after 24 hours)

Figure 4.4 Foaming and solubility of dosages of sodium surfactin in saline solution

However, at 1.0M concentration, the effect becomes more evident on both solubility and foaming.

Only a thin layer of foam was formed at 0.025 % surfactin dosage (indicated by red arrow), which
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only slightly increases with increasing surfactin dosages (Figure 4.5a). This is because the presence
of increasing ionized components in the solution impeded the complete solubility of the surfactin in
the saline solution. As a way of extension of consequence, the partial solubility of the surfactin then
affected foam formation. That led to formation of relatively clear solution at 0.025 % surfactant to
a very cloudy, heterogeneous solution at 1.0 % (Figure 4.5a). The solubility of the system could not
improve by allowing the solution stale for 24 and 48 hours as shown in Figure 4.5b and c (aerial
view) respectively. Rather, it led to formation of more physically compacted sediment at the bottom
of the container. On agitation and stirring, the solution became more whitish and cloudier

(precipitate).

0.025% ) 075%

@D T

Figure 4.5 Foaming and solubility of dosages of sodium surfactin in 1.0 M saline solution (a)
at 0 hour, (b) after 24 hours and (c) after 48 hours

Evolution of heat (exothermic) or absorption of heat (endothermic) during bond breakage or
reformation accompanied dissolution processes. More so, temperature elevation influences solutes
solubility and dispersion (diffusivity). On these bases, increase or decrease in temperature could
perhaps effect a change in the solubility behaviour. To put this effect to test, the solution mixtures
was heated, and stirred, to 30 and 40 °C using magnetic stirrer heater. The solubility of the surfactant

in saline solution at 1.0 M concentration did not show any significant improvement.
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The change in NaCl salt concentration therefore has an induced effect on solubility and foaming
ability of sodium surfactin, as portrayed further by increasing concentration to 1.5 M (Figure 4.6).
Not only that the solution is cloudy but also a clear precipitate was formed. Extent of precipitation
however increased with increasing surfactant dosage. That is to say, an inverse relationship exists
between the salt concentration and solubility and foaming ability of the surfactant. Filtering the

solution may be one way to safely use the precipitated solution with minimal risk of scale deposit.

Figure 4.6 Foaming and solubility of dosages of sodium surfactin in 1.5M saline solution (a)
at 0 hour, (b) after 24 hours and (c) after 48 hours

4.2.3 Emulsification index

Emulsification/demulsification is a functional characteristic of surfactant in which the dispersion of
one liquid phase in another becomes possible. As consequence, it causes the mixing of two liquids
that are immiscible (Ines & Dhouha, 2015). This property is important in enhancing the separation
of oil in methane—water—oil system. Thereby ensuring that not only methane—water interface surface
area increase, but also oil separation from the pipeline system.

Figure 4.7 shows the emulsification index (Ei) of sodium surfactin (calculated using Equation (2.1))
when mixed with light crude of 34.97° API gravity. The curve indicated that emulsion ability of the
surfactant increases with increase in surfactant dosage. There was initially little emulsion layer
formed by the surfactant and oil mixture which suggest low interfacial effect by the surfactant. As
a result, 0.025 % surfactant dosage yielded only 27 % Ei. However, the E; increased as the dosage

increases up to 82 % at 1.0 % surfactant dosage (Figure 4.7a). Emulsification effect seem to increase
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with surfactant dosage increase. More surfactant molecules accumulate at the fluids interface (Peele,
2017) thereby enhancing hydrophobic interaction with the crude. Consequently, mixing of the
aqueous surfactant with the crude becomes enhanced. Generally, the result indicates both
demulsification and emulsification ability (that is surfactant dosage-dependent). This, according to

(Satpute et al., 2010), is an indicative of surface tension reduction capability.
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Figure 4.7 Ej of 0.025 — 1.0 % aqueous surfactin after 24hours

Figure 4.7b shows the transition between demulsification and emulsification ability of sodium
surfactin. Surfactant dosages 0.075 % and below may be suited for application as demulsifier,
whereas 0.1 % dosage and above may be applied for emulsification purposes. These behaviour
further indicates the usefulness of sodium surfactin in bioremediation of environments contaminated
with hydrocarbon (Moldes et al., 2013; Moldes et al., 2011; Thavasi et al., 2011). Additionally,
(Diab & Din, 2013; Matsui et al., 2012; Rocha e Silva et al., 2014) shows it is an indication of good
agent for cleaning of oil and gas equipment such as drums and storage tanks.

4.2.4 Density characteristics

Density is a degree of how much mass is contained in a given volume of liquid/fluid. The density
of an aqueous surfactin or saline solution, therefore, is a measure of the degree of total solid
(surfactin or salt as the case may be) that is dissolved in water to form the solution. Hence, it is
referred as mass concentration. Conventionally, the higher the amount of total dissolved solids in
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the solution, the greater its density/specific gravity. This however may not be case with all fluids
owing to their different solute components/compositions. Density characterization is very important
in that it tells the extent to which a fluid migrate and get distributed within a system. Additionally,
performance efficiency and efficacy of any surface-active molecule on interfacial tension strongly
relies on its adsorption ability. Aqueous surfactant molecules adsorb unto surface in monomeric
form. As the surfactant concentration increases, the monomeric molecules begin to form aggregates
known as micelles. Increasing concentration of micelles could potentially results in surfactant
coagulating within the disperse/aqueous phase. Consequently, the surfactant dispersion in the phase
becomes affected which may result in poor adsorption. Similarly, Naullage, Bertolazzo and
Molinero, (2019) suggested that interfacial film density, among other factors, prevent coalescence
and agglomeration of clathrate particles with water droplets in oil. Therefore, density of dispersion
phase is critical to the surface interaction between phases. Young-Laplace equation (Sayed et al.,
2019) shows this relationship as indicated in Equation (4.2), where Ap is the fluids density

difference. R, is the radius of curvature, g is the gravitational acceleration and B is the shape factor.

_ApgR}
B

Therefore, density as a measure of level of mass transport of surfactant in the dispersion phase is

(4.2)

critical to evaluating surfactant surface activity. And thus, its performance in reducing CHs-H20

ST. Hence, density characteristics behaviour of sodium surfactin is discussed under this section.

4.2.4.1 Surfactant density behaviour in agueous solution

At room temperature (20.5 °C) and atmospheric pressure, density behaviour of aqueous surfactin is
somehow monotonic. Figure 4.8 shows the density characteristics of sodium surfactin in aqueous
medium. When more solutes are added to a solution, the composition of particles in a given volume
of the solution changes. Consequently, the mass per unit volume of the solution changes as well.
Sodium surfactin behaves in this manner when dissolved in aqueous medium. The density of the
biosurfactant decreases with increasing surfactant dosage. However, this behaviour only last up to
surfactant critical dosage 0.075 % with lowest density value of 996.641 kg/m® then it began to
increase. Basically, all dosages, except 1.0 %, shows density less than that of water at about the
same temperature. These values are in agreement with the studies of Zdziennicka, Krawczyk and
Janczuk, (2018). The density of distil water used in the experimental (as solvent) is 997.0 kg/m?®
while that of normal water is 998.2 kg/m? at approximately the same temperature. Therefore, the

density decrease behaviour could mean that the surfactant expands when added to distil water. The
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expansion consequently led to increase in volume without corresponding increase in mass. Having

a larger denominator number, which could not be compensated by the available mass of surfactant

added, resulted in lower density value.
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Figure 4.8 Density of sodium surfactin in aqueous solution

Another remarkable behaviour was observed at dosages 0.075 and 0.5 %. The density remained

constant at 996.641 kg/m?, which indicate the establishment of saturation points (micellization).

Micelles are assembly of surfactant molecules in which individual components are in
thermodynamic equilibrium with unimers in the surrounding medium. Two possibilities could be
attributed to the density decrease; (1) increase in size of surfactin molecules in solution which,
despite been physically soluble, are not able to completely occupy the intermolecular empty spaces,

(2) the solution expands which caused an increase in volume that neutralizes the mass addition.

Furthermore, the density behaviour at 0.075 % perhaps signify that the aqueous surfactin has likely
attained its CMC. This behaviour therefore indicates that density measurement can be employed as
a tool in determining surfactant CMC, in addition to conventional surface tension measurement. It
was mentioned in section 2.2.3.3 that below CMC, surfactants remained adhered at fluid surfaces.
At CMC, surfactant may remain adhered but will have no further effect on ST/IFT reduction.
However, surfactants may become immersed into the solution above the CMC, due to increased

self-molecular assembly. The immersion consequently reduces the surface area at the fluid interface,
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hence failing in effecting ST/IFT reduction. Surfactin dosage 1.0 % could exhibited immersion

tendency where the density increased to 999.034 kgm.

Therefore, the density behaviour suggests sodium surfactin ability to confer on methane— water ST.
Furthermore, performance of sodium surfactin at 0.075 % dosage in ST reduction could be inferred
to be optimal. Again, the density characteristics will be of significance in enhancing performance
of surfactin: (a) as dispersant for asphalt, wax, and hydrate deposition control thereby enhancing oil
and gas transportation; (b) for rheology reduction during drilling mud preparation, as well as
enhancing heavy crude transport (Dardir et al., 2017; Yunita et al., 2016); and (c) in promoting
imbibition process/wettability alteration during EOR (Chen et al., 2000) and hydraulic fracking
(Alvarez et al., 2014). On these notes, good stability of sodium surfactin during adsorption and

consequently conferment on methane-water ST reduction, in the range of these dosages, is expected.

However, oil and gas operation are often associated with changes in operating and environmental
conditions. Chief among these parameters include temperature and salt concentrations. While
temperature changes may affect thermodynamic properties of the system, changes in salt
concentration affects electrostatic behaviour of the system and surfactant self-assembly. Therefore,

effect of changes in temperature and salt concentration on surfactin density were evaluated.

4.2.4.2 Effect temperature on surfactin density in aqueous medium

Hydrate formation phenomena involve mass transport operation at low temperature of equilibrium
conditions. It therefore become critical to assess and understand surfactin behaviour in these
temperature ranges. This was done by experimentally measuring the surfactant density up to 1 °C
under atmospheric pressure. Moreover, density of solution is ratio of its mass to the volume it
occupies. When a solution is heated, the average kinetic energy of the solution’s molecules/atoms
increases thereby making them expand. The expansion makes the molecules occupy more volume
at elevated temperatures. Consequently, mass to volume ratio decreases, hence density of the
solution. Aqueous sodium surfactin behaves in this manner when the temperature was increased
beyond 5 °C, across most dosages (except 0.025 %). Figure 4.9 shows this behaviour. The decrease

is, however, not completely linear.
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Figure 4.9 Effect of temperature on density of sodium surfactin

Figure 4.9 suggest that temperature has an inverse effect on the density of surfactin. This is similar
to density behaviour exhibited by SDS and other ionic liquids (Bhattarai et al., 2013; Tao et al.,
2013). However, extrapolation of the temperature experimental values to 0 and -5 °C, with average
R2-value of 0.993, indicates that low temperature effect was dosage dependent. Notably, density of
0.1 and 0.5 % surfactin increased respectively from 998.695 to 999.433 kg/m?® and 997.587 to
1000.231 kg/m® when temperature increased from -5 to 4 °C. Temperature increase within this
range, and these dosages, perhaps induced a coalescence effect on the surfactin molecule. As a
result, it creates a superficial gel-like behaviour that consequently restrict the volume occupied by
the surfactin molecule. These resulted in increased density. The behaviour is similar to that of water
at temperature between supercooled and 4 °C (Patricia, 2011b). Conversely, dosages 0.025 to 0.075

% maintained a relative decrease in density with increase in temperature from -5 to 4 °C.

Additionally, water has a maximum density of 999.972 kg/m at 4 °C. Surfactin exhibited relatively
lesser density of 999.433 kg/m= at same temperature and across dosages 0.025 to 0.1 %. This
confirm adsorptive and/or dispersive characteristics, and its potential utilization as hydrate-
formation inhibitor. Figure 4.9 also indicates different saturation points which are peculiar to
individual surfactant dosage. Though density of surfactin decreases with increasing temperature,

generally, the extent of the temperature effect is dosage dependent.
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4.2.4.3 Surfactant density behaviour in saline solution

Oil and gas operations are always associated with saline water originating from the formation.
Chemical and physical characteristics behaviour of formation fluids vary from one source to another.
This depends on the type and composition of the reservoir under study. Utilization of surfactant in
oil and gas installations must take into consideration the nature of physical and chemical interaction
of the surfactant with formation. lonic interactions from saline water may induce self-assembly
hydrophobic tail or electrostatic repulsion of the hydrophilic head group of surfactants.
Consequently, micelle formation becomes affected. Recall that surfactant micellization is an

important physical property that affect its performance utilization.

Dissolution of sodium surfactin in NaCl saline solution results to general increase in density of
surfactant-salt solution (Figure 4.10). The density progressively increased with increasing salt
concentration, with an average density of 999.566 kgm™ and 1054.958 kgm™ respectively at 0.05
M and 1.5 M. Obviously, mass of NaCl salt contained in the solution must be responsible for the
overall increase in density. Despite this however, effect of salt increase at particular surfactant

dosage is clearly insignificant. This is shown by the near overlap of the plot lines.
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Figure 4.10 Density of sodium surfactin in NaCl solution at different NaCl concentration

Notably, beyond 0.5 M salt concentration, plot in Figure 4.10 indicates that micelle formation is, to
a large extent, salt-concentration dependent irrespective of the surfactant dosage.
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Though Whang et al., (2008); Al-Wahaibi et al., (2014); Saito et al., (2016) reported optimal IFT
reduction using aqueous surfactin dosage of 0.075-0.1 %, use of surfactin in saline solution of 1.0
M concentration and above may pose solubility problem. Scaling in well bore, clogging of formation
pores and deposit on walls of pipelines are some of the consequence of partial solubility of
surfactants. Use of permeable membrane, such as filter paper, however, may be employed to filter
away the precipitate. The filtrate may then be subjected to performance test, such as emulsification
index test. Nevertheless, Schaller et al., (2004); Joshi, Bharucha and Desai, (2008); Liu et al.,
(2016Db) reported stability and performance of surfactin from Bacillus subtilis in NaCl solution in
the range of 0 to 0.5 M.

4.2.5 pH characteristics

The pH of a solution is a measure of how much particular chemical constituents is dissolved in it,
or how much chemical constituents are available in a given solution samples. This is because at any
given pH, a chemical constituent may become more soluble than others. In addition, dissolved
minerals may as well influence the performance of surfactants. It distorts the active site available
for surfactant adsorption on fluids surface or interface. More so, integrity of separators, heat
exchangers, pipelines, cooling towers, etc., is critical in oil and gas operations. Oil and gas
equipment designs are perhaps incomplete where corrosion tendencies are neglected. Environmental
and personnel concern is of course paramount. This, therefore, becomes a source of worry.
Particularly when partial dissolution of either acidic or alkaline minerals/elements occurs by their
respective neutralizing agents leaving one or more replaceable hydrogen or hydroxide atoms/ions.
Implying that the existences of unbended free hydrogen atom (H*) or hydroxyl atom (OH") can alter

the pH of a solution thereby altering its characteristic behaviour and performance.

Furthermore, addition/dissolution of chemically neutral salts alters the pH or the activities of H* or
OH~. This however may be dependent on the pH of the solution (solvent) into which the salt is
being dissolved. From chemistry perspective, NaCl salt is a neutral compound (Flinnscientific, 2016;
Sereshti & Aliakbarzadeh, 2013), whose pH should fall around the centre of the acid—base spectrum
(pH 7). Therefore, if dissolved in a solution, it tilts the solution pH towards neutral (Sereshti &
Aliakbarzadeh, 2013). This means that when NaCl salt is dissolved in solution with a high pH, it
perhaps incrementally lowers the solution pH toward neutral value. Similarly, if dissolved in a

solution of low pH, it increases the solution pH towards neutral value.
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4.25.1 Surfactant pH in aqueous medium

pH of sodium surfactin increases with dosage increase at 20.5 °C and atmospheric pressure (Figure
4.11). Distilled water used to prepare aqueous surfactin solution had a pH of 5.9. Ideally, pH of
water should be about neutral. However, operations under open ambient condition permits materials
to interact with components in the surroundings. In this case, therefore, the distilled water might
have come in contact with atmospheric CO,. Dissolution of carbonates in water results in the pH of
water becoming more acidic. This resulting effect is what happened to the pH of the distilled water.
However, for sodium surfactin, there is progression of the pH value from 6.68 at 0.025 % to highest
peak value of 7.31 at surfactin dosage of 0.5 %. The polar hydrophilic heads of sodium surfactin

(being anionic) exerts an electrostatic repulsion among them.

The result is an indication that increasing surfactin dosages tend to increase the pH towards neutral
and/or basic value. This perhaps inferred that sodium surfactin is itself either basic or neutral; since

it tilts the pH of distil water (5.9) toward neutral value.
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Figure 4.11 pH of various dosages of aqueous sodium surfactin

Anionic surfactant, such as sodium surfactin, have high efficiency in reducing IFT during EOR but
however exhibit low adsorption on sandstone rocks. Sandstone rocks contain negative charge as
anionic surfactants. Obviously, like charges will repel each other. This could be a desirable property
though as it will reduce surfactant loss due to adsorption on rock surface. Similarly, increase in pH

of surfactant solution reduces the number of hydroxyl group in the surface thereby affecting
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hydrogen bond formation (Belhaj et al., 2019). Consequently, hydrated mineral oxides on the

surface becomes negatively charged.

Corrosion in oil and gas process lines occurs when contact is established between equipment
material (basically metallic) and aqueous environment. First scaling occurs (in the form of rust) at
surface which is prelude to corrosion. Over time, continuous operation under same condition will
eventually result to corrosion. One of the major parameters that induces rust, in addition to
impurities, is the pH of the aqueous phase. However, considering the pH of pure water, sodium
surfactin can be said to be corrosion safe. This assessment is perhaps uncertain until validated
through conductivity testing (presented in Section 4.2.6). In practice, corrosion results from

electrolytic ion exchange between anodic and cathodic ions in their attempt to balance their charges.

It is worth noting that pH value of 7.28 is quite very close to 7.3 value reported (confirm) by Kaneka
in the certificate of analysis sheet (see Appendix C 1). This therefore validates the accuracy of the

measurement method.

Experimental studies conducted for EOR using sodium surfactin indicates no report of corrosion
threat. Similarly, reports of studies by (Al-Bahry et al., 2013; Al-Wahaibi et al., 2014; Joshi et al.,
2016; Liu et al., 2016a) indicated best performance of surfactin from strain of Bacillus, in terms of
interfacial tension (IFT) reduction, in the range of 6-10 pH. At this reported pH, therefore, sodium
surfactin is inferred to efficiently reduce ST between gas—water, and perhaps be corrosion-safe when

used in oil and gas pipelines.

4.25.2 Effect of temperature on pH of aqueous sodium surfactin

Deliberate attempt at inhibiting hydrate formation in gas system perhaps involves injection of
hydrate-inhibiting substances into the gas processing lines. Chemical characteristics of these
substances need to be evaluated including its interaction with surrounding phase. This is to ensure
safe operating condition and safeguard equipments integrity. More so, hydrate formation
phenomena in gas pipelines occurs at a favourable equilibrium condition of temperature and
pressure. Therefore, evaluation of how these thermodynamic variables, particularly temperature,

will affect pH of the dispersive phase becomes critical.

pH of a solution quantifies, numerically, the concentration of mobile H* ion in a solution. Therefore,
variables that affect ion mobility, such as temperature, may likely affect pH. More so, increased
molecular vibration is linked to temperature rise. Therefore, observable H* in solution may increase

when temperature rises, leading to decreased hydrogen bond formation tendencies. And
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consequently, reduces pH. Moreover, pH may be defined in terms of ratio of chemical potential to
thermal energy. Increasing thermal energy (temperature) implies a decrease in pH due to increased

ionic mobility.

Sodium surfactin behaves in contrast to these assertions. Figure 4.12 indicates that at dosages of
0.025 to 0.1 %, the pH progressively increased with temperature increase. Pattern of the increase is

not completely linear though.
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Figure 4.12 Effect of temperature on pH of aqueous sodium surfactin

Rise in temperature is likely that it induces micelles formation. Consequently, ionic mobility is
restricted by increased hydrogen bonding. Therefore, less H* concentration is detected by the probe
which ultimately indicates an increase in the solution pH. The pH increase, however, is surfactant
dosage dependent. Particularly, effect of temperature rise became less and less significant beyond
0.075 % surfactant dosage.

4.25.3 Surfactant pH in saline solution

The addition of NaCl salt, which changed the solution ionic concentration, affected surfactant pH
in monotonic pattern. Increase in NaCl concentration resulted in increased ionic concentration of
surfactant solution. This impede hydrogen bonding between the surfactant hydrophobic tail.
Consequently, more H" concentration in the solution led to decrease in pH. The trend continues
continued across all surfactant dosage. However, the pH across all dosages reached its minimum at

0.5 M salt concentration with pH of 6.07 and 6.3 respectively at 0.025 and 1.0 % dosages. Similar
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to NaCl concentration effect on density (see section 4.2.4.3), surfactant alkyl group begin to form
an assembly beyond 0.5 M. Therefore, less activity H" concentration is detected leading to increased

solution pH. Figure 4.13 shows the pH of various dosages of sodium surfactin in saline solution.
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Figure 4.13 pH of various dosages of sodium surfactin in NaCl solution

Despite the salt effect, however, surfactin increases the pH of salt solution with complimentary to
rise in surfactant dosage. It therefore indicates that pH is both salinity and dosage dependent.
Conclusion of studies by (Sereshti & Aliakbarzadeh, 2013; Shu et al., 2016), indicated that increase
in ionic concentration decreases the pH of a solution. This conclusion holds for only certain range
of saline concentration. Interestingly, increase in ionic concentration due more NacCl salt induced
less significant effect on surfactin pH beyond 1.0 M concentration. Transiting from 1.0 to 1.5 M salt
concentration, pH of dosages 0.025 to 0.1 % only increase by value of 0.01. pH of surfactant dosage
of 1.0 % remain same 6.44, while that of dosage 0.5 % decreased from 6.43 to 6.41.

Adsorption of surfactant at surfaces/interface occurs through gradual accumulation of unimers at
the interface. With increasing surfactant dosage, more monomers adhere the interface and under
appropriate condition begins to form micelles until critical saturation is reached (CMC). Figure 4.13
shows that at surfactant dosages of 0.025 and 0.05 % micelles begins to form at 0.05 M salt
concentration. It indicates that the low salt concentration induced coalescence of the surfactant

hydrophilic head group.
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4.2.6 Conductivity characteristics

Electrical conductivity is a degree to which the ability of a material or solution to conduct electric
current is described. It depends on the number, and mobility of ions and charged particles present
in the solution. In field practice, mass transport of multi-phase components (gas-water) occurs
throuhg tortuous pipeline system. Consequently, such agitation could spark ionic activity and
consequently increase conductivity of solution mixture in the system. It therefore become critical to
evaluate electrical conductivity of the liquid mixture. Similarly, presenec of electrolytes and
noneletrolytes can significantly influence formation and characterisitcs of micelles. Besides,
hydrophobic interactions and hydrophilic head group repulsion defines surfactant interaction in
saline and aqueous media. Therefore, electrical conductivity is a critical tool for evaluating these
ionic interaction of surfactants. Critical micelle concentration is a surfactant property that is used to
describe surfactant performance. Among the procedures empolyed to determine CMC include plots
of surface tension and conductivity measurments against surfactant concentration (Dominguez et
al., 1997; Mukerjee & Mysels, 1972; Rosen & Kunjappu, 2012).

For anionic surfactants such as sodium surfactin, the electrical conductivity increases as the
surfactant concentration increases. Micelles formation, on the other hand, reduces ionic mobility in
the solution and consequently decreases solution conductivity. Figure 4.14 confirms that a near
linear relationship exist between surfactant dosage and surfactant conductivity. Simialr condcutivity
trend was reported by Kim and Vipulanandan, (2006); Anvari et al., (2015); Zdziennicka, Krawczyk
and Janczuk, (2018). At ambient temperature of 22.5 °C (and atmospheric pressure), conductivity
of sodium surfactin increased from 110.4 to 934.7 uS/cm respectively at 0.025 % and 1.0 %. The
findings indicates that addition of sodium surfactin increases the number and mobility of the
surfactant ions. However, a notable deviation occurs at 0.05 % surfactin dosage. At this dosage,
number of charged carriers perhaps decreased resulting to conductivity decrease to 79.3 uS/cm. This
point may indicate the possibility of saturation (micelle formation). More so, this is lower than the
0.075 to 0.1 % inference point for saturation using density and pH measurement. Density and pH
were measured at average temperature of 20.25 °C, while conductivity was measured at 22.5 °C.
During experimental trials, condcutivity was meassured at least five times at this dosage to ensure

accuracy.
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Figure 4.14 Conductivity of aqueous sodium surfactin

As explained earlier in section 4.2.5.1, ionic interaction between pipeline and suspending fluid first
creates a corrosion site in the form of rust. Consequently, at appropriate equilibrium condition of
temperature and pressure, it becomes a nucleation area for hydrate formation. However,
conductivity of sodium surfactin is generally low, signifying that it has poor ionizing ability in
distilled water. Nonetheless, it much greatre than that of distil water used in the experimental study.
Additionally, the low condcutivity value is an indication of surfactin adsorptivity and hence its
ability to reduce surface tension (Kronberg et al., 2014b) and being corrosion safe in pipelines.

4.2.6.1 Effect of temperature on conductivity of aqueous surfactant

Temperature is an important parameter controlling many of the physical and chemical processes in
the oil and gas industry. Fluctuations in processes variables, including temperature, is very common.
Moreover, these instabilities could impact on the behaviour of phase system, which may lead to
undesirable response from component of the phase system. However, effect of temperature changes
on conductivity of solution could be complex. Increasing temperature could result to: increased
ionic collision, due to increase in thermal motion of the ions, and therefore decrease their mobility;
increase or decrease in solution viscosity and hydration of ions, and therefore affect ionic mobility.
Additionally, Kukade and Bawankar, (2018) indicated that electrical conductivity is dependent
mainly on the number and mobility of charge carriers and chemical composition of samples. Against

these background, effect of temperature on various dosages of sodium surfactin was evaluated.
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Temperature in the range of 1-50 °C, at an average increase of 2.5 °C, was considered in the

experiment.

The findings shown in Figure 4.15 indicates that conductivity of sodium surfactin exhibits some
form parabolic increase with rise in temperature. Similar conductivity behaviour was reported by

Tennouga et al., (2015) for SDS and N-dodecylpyridinium chloride in aqueous medium.
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Figure 4.15 Conductivity of sodium surfactin at variable temperatures and (a)
0.025%, (b) 0.05%, (c) 0.075%, (d) 0.1%, (e) 0.5%, and (f) 1.0% dosages

Figure 4.15 further indicates that around low temperature region up to 16 °C (except at dosage
0.025 %), rise in temperature induces hydrophobic interaction of the surfactant tails. Consequently,
alkyl chains of the surfactant aggregates and therefore restrict ionic mobility. This resulted to the
decrease in detecting ionic charge, hence conductivity. Conversely, further temperature increase (up

to 50 °C) resulted in increased ionic mobility electrostatic repulsion of the amino acid hydrophiles.

Effect of temperature can be employed to evaluate thermodynamics of surfactin micellization in

aqueous medium. Thermodynamic functions including free energy of micelle formation (Gibbs
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energy), enthalpy and entropy is employed to evaluate spontaneity of micellization (Zdziennicka et
al., 2018).

4.2.6.2 Conductivity of sodium surfactin in saline medium

Conductivity of sodium surfactin in different concentration of NaCl solution indicates a linear
relationship pattern as shown in Figure 4.16. it further suggests that the conductivity is less
dependent on surfactant dosage. Clearly, significant increase in the solution conductivity is evidence
of the presence of dissociated ions of the NaCl salt. The decreased deflection beyond 0.5 M (for
surfactant dosages 0.5 and 1.0 %) may suggest molecular aggregation points, which hinder or

reduces the number of mobile ions in the solution.
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Figure 4.16 Conductivity of various dosages of sodium surfactin in NaCl solution

Surfactant performance depends on its ability to continue to adhere at fluid interface. However,
surfactant adsorption is hindered by the accumulation and self-assembly of its unimers. As the
unimers continue to assemble, a larger polymeric aggregate is formed which consequently reduces
the adsorption capacity of surfactants. A critical concentration of the aggregate (CMC) is reached
where no significant positive effect of surfactant is felt, irrespective of dosage added. It is inferring
that sodium surfactin is likely to reach its CMC at 0.5 M salt concentration and at dosages 0.5 and
1.0 %.
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427 FTIR characterization

The range of spectrum at which molecules (functional group) vibrate is one measure of their unique
physical characteristics. In that regard, the infrared (IR) spectroscopy is a useful tool employed as
fingerprint to identify or characterise unknown molecules. Successful characterization of
biomaterials, using Infrared spectroscopy, is achieved through matching of the range from an
unknown material with reference spectra that has already been recorded. IR spectroscopy helps in
identifying planar or cyclic nature of biomolecules. Inference of presence of active site and
consequently ability of biomolecule (sodium surfactin) to adhere on fluid surface/interface becomes
possible through functional group identification. Additionally, nature of intermolecular hydrogen

bonding in the surfactant aggregates can be inferred using FTIR spectroscopy.

The IR spectra of sodium surfactin in Figure 4.17 clearly indicated characteristic of peptides (N—H
stretching mode) at 3293 and 1528 cm™ peaks. Furthermore, peaks 2956-2870 cm™ and 1467-1368
cm* are representative of hydrocarbon C—H group confirming the presence of aliphatic chains (-
CHs; —CH2-) with symmetric stretching at 2870 cm™ (Coates, 2006); and 1735 cm—! band is a
characteristics of C=0 (carbonyl group). 1648cm™ band result from the stretching mode of the CO—
N bond. 1204 cm—1 fingerprint is a representative of aromatic C—H group in-plane bend. The
pattern of the IR analysis is a confirmation of; (1) the cyclic nature of sodium surfactin, (2) its
adsorption ability hence its applicability in surface activity operations, such as ST reduction, and (3)
characteristics of lipopeptide biosurfactant previously described by (Bezza & Chirwa, 2015; B. Liu
etal., 2016a).
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Figure 4.17 Fourier transform infrared spectra (FTIR) spectra of sodium surfactin

Additionally, the result validates the experimental procedure because it is well in agreement with

the result of analysis conducted by Kaneka (see Appendix C 3).

4.3 Phase Il: Flow Behaviour Characterization

Behavioural changes of working fluids, including surfactant solution, is very common in oil and gas
operations. Fluctuations in operating conditions could result to either physical or chemical
deformations in the form response to the fluctuation. More so, temperature fluctuations and fluids
interaction with saline environment is a common occurrence in oil and gas fields that could affect
fluid characteristics. Exhibition of transient or permanent flow behaviour is one form of these effects.
During oil and gas field operations, molecular structures of surfactants exhibits some form of
transient or permanent flow behaviour, due to exposure to one form of stress or another. Depending
on the intensity of the shear, however, the resulting change in flow behaviour is therefore of concern
to engineers and scientists. Reason being that it may result to undesirable consequence such as

pressure loss in pipes (Sharma et al., 2016), and burn-out of equipment — such as pump (Franck,
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2004), during operations, especially at start up. This last case usually happens when solutions are

prepared and stored before use.

As a result, rheological characterization of surfactant is a critical factor that improves the result of
its performance investigation. Such performances include those relating to surfactant effect on
interfacial tension of gas/liquid/sold mixtures during EOR, EGR, and oil/gas transport in pipelines.
This is because it defines the extent of response of the surfactant to any form of shear during
application, and behaviour at quiescent state. Furthermore, rheological characterization aid: in
equipment scaling and material sizing to suit the surfactant operational limits for optimal
performance; ensuring mass transport of material thereby enhancing flow assurance; and to inhibit
surfactant failure during adsorption at fluid interface. One important phenomenon that defines the
transient or permanent structural behaviour of surfactant in solutions is the critical micelle
concentration (CMC). In addition to the CMC, other factors such temperature as and ionic
concentration of the solution affects rheological behaviour. Tripathy et al, (Tripathy et al., 2018)
reported that CMC is a central factor of numerous surface-active characteristics such as
solubilisation, lytic action and their interfacing with membranes of biological nature. Similarly,
increase in temperature decreases the stability of the hydrogen bond in the micelles, thereby causing
dehydration. Consequently, the peptide rings shape becomes planar and the chain length increased
(She et al., 2012). This decreases the solvent accessible surface area, and under high temperature,

orientation of some hydrocarbon chains became reversed.

Usually, increasing the chain length of the hydrocarbon tail (i.e. increasing hydrophobicity) resulted
in decreased CMC values of a surfactant solution and hence increased their surface activity
(Mukerjee & Mysels, 1972). When compared to conventional surfactants, cyclic amino acid-based
surfactants (such as sodium surfactin) possess an advantage of lower CMC values (Moran et al 2004;

Pérez et al., 2004; Pinazo et al., 2011) over planar peptides.

Furthermore, Krister et al., (2003) reported the dependence of anionic surfactant (such as sodium
dodecyl sulphate) CMC on temperature to be non-monotonic. The authors added that non-ionic
surfactant (such as polyoxyethylene) showed a monotonic behaviour, with CMC decreasing with
increasing temperature. Therefore, the dependence of surfactant morphology, hence its rheology on
temperature is both a function of surfactant chemical structure, dosage and solubilizing medium.
Section 4.3.1 present how change in rate of shear impacted on shear stress of different dosages of

sodium surfactin, at variable temperature.
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4.3.1 Viscosity-shear rate effect at different temperature

Steady-state rheology measurement was conducted under atmospheric pressure and variable
temperature and data generated is shown in Appendix A 2. Figure 4.18 shows plot of viscosity
against shear rate at temperatures of 23, 30, 40 and 50 °C, designated respectively by a, b, ¢ and d.
It indicates that viscosity decreases with increasing rate of shear, depicting pseudoplastic behaviour
(Drew, 2006; Jain et al., 2012; Mu et al., 2002) of sodium surfactin across all dosages and
temperature. Furthermore, three (3) plateau regions, regardless of dosage, were noticed (separated
by dashed lines). Low-shear region (region I) that suggest a small shear-induced decrease in
viscosity below 85.1 s shear rate (Y). Moreover, within same shear rate boundary, initial viscosity
(n) of 1.0% surfactin increases from 22.2 to 25.7 mPas (Figure 4.18b), when temperature was
increased to 30 °C. Conversely, viscosity of other dosages decreases within same range of
temperature and Y. The trend became highly dosage dependent at 40 and 50 °C. Beyond 85.1 s™,
reorientation of surfactin molecules became strongly shear-dependent. Y was sufficiently high to

prevent surfactin chains from undergoing any form of self-aggregation.
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Figure 4.18 Viscosity-shear rate effect of surfactin dosages at (a) 23 °C (b) 30 °C (c) 40 °C,
and (d) 50 °C

Consequently, n decreases continuously with increasing Y, which suggest a continuous irreversible
shear-thinning behaviour (Lutz-Bueno, 2016; Rivero et al., 2012) across all dosages (region II). This
form of behaviour is a very useful property for adsorptivity (Schroyen et al., 2017), as drilling fluid
additives, and dispersant for flow assurance (Frigaard et al., 2017).

Pseudoplastic behaviour reached a minimum at critical Y of 680.9 s?, and shear-thickening
behaviour set in beyond this value (region Il1). The shear-thickening increase as the temperature
increase which is visibly evident in Figure 4.18c and d. Increasing temperature perhaps led to
increased micelles concentration and consequently formation of larger aggregates (rod-like
micelles). It is worthy to note that dosages 0.075 and 0.1% are least affected by changes in

temperature and shear rate. Which may suggest best performance of surfactin at this dosage.
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4.3.2 Dosage effect at zero-shear

To clearly understand effect of dosage on viscosity at different temperatures, plots of surfactin
dosages used in the study were made against apparent viscosity at zero shear (no). Figure 4.19
generally depicts a monotonic response of viscosity to change in surfactin dosage. At ambient and
50 °C, the 1o increases with increasing dosages up to critical dosages of 0.075 and 0.1 %. Conversely,
temperatures 30 and 40 °C decreases the 1o as the dosage increase. However, irrespective of the
temperature change, there seems a convergence at 0.075 and 0.1 % dosage. This indicates that
changes in temperature is unable to induce any form of molecular chain mobility of structures (Alves
et al., 2010) at critical dosages. It could as well suggest range of the surfactant’s critical micelle
concentration (CMC).

—A—200C 300C —A—400C —&— 500C

25 1

20 {

N, (mPas)

Surfactin dosage (%)

Figure 4.19 Surfactin dosage effect on viscosity at different temperatures
4.3.3 Viscosity-shear rate effect at different salt concentration

Performance of biosurfactant for oil/gas application is dependent on their behaviour in solutions like
that of formation water. Of particular significance is the microviscosity, and how it is affected by
the micellar phase, in terms of the solubilizing properties of the micellar core (Li et al., 2009). The
morphology and molecular architecture of the surfactant may be responsible for this microviscosity
effect.

Organic or inorganic salts, cosurfactants and/or strongly binding counterions were reported to have

induced sphere-to-wormlike transition in nanostructure of ionic surfactants. This may suggest that
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exposing sodium surfactin to saline environment will impact on micellization hence its interfacial

property during adsorption (Schroyen et al., 2017) and rheology.

Change in ionic concentration of dispersion medium may increase or decrease the size and shape of
a micelle. Li et al., (2009), hypothesized that there exist two opposing tendencies in the formation
of micelles of ionic surfactants: (1) removal of hydrocarbon chains from water favours aggregation;
and (2) electrostatic repulsions between the ionic head groups opposes aggregation (Shrestha &
Aramaki, 2008). Knoblich et al., (1995), reported surfactin micelle to be spherical, ellipsoidal and/or
cylindrical with a non-homogeneous size distribution at pH 7, 9.5, and 12. Additionally, Liu et al.,
(2015) also reported that cylindrical micelles do transformed into spherical and/or ellipsoidal
micelles of smaller sizes when exposed to saline solution environment of 100 mM NaCl and 20 mM
CaCl,. These are in line with the findings in this study shown in Figure 4.20, based on data in
Appendix A 3.
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Figure 4.20 Viscosity vs shear rate as a function of surfactin dosage at 0.1 M salt concentrations

0.1 M NaCl salt concentration had a lytic effect on 1 of surfactin molecule. At this concentration,
there was increased electrostatic repulsion between surfactant head group which limit micellar
growth to small finite particle sizes (Li et al., 2009; Lutz-Bueno, 2016). It consequently led to zero
viscosity at shear rate of up to 510 s across most dosages. Nevertheless, dosage 0.075 % maintained
relatively constant but higher . Beyond 510 s Y, attractive Van der Waals force between the tails
in the micellar became shear induced. Accordingly, that resulted to molecular self-aggregation that

caused shear-thickening behaviour.
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Flow behaviour of surfactin at increased salt concentration is like those reported in figure 1.
However, increased ionic concentration resulted in increased n at zero-shear and constant
temperature. For example, 1o 0f 1.0 % surfactin dosage increased from 22.2 to 25.8 mPas at 0.25 M
salt concentration (Figure 4.21a). It further increased to 36.9 mPas at 0.5 M in Figure 4.21b.
Increasing salt concentration could have favoured removal of hydrocarbon chains from water.
Consequently, it increased electrostatic coalescence between the hydrophilic group, which results
in molecular self-aggregation. This effect however became dosage-dependant as the salt

concentration increased to 1.0 and 1.5 M (Figure 4.21c and d).
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Figure 4.21 Viscosity vs shear rate as a function of surfactin dosage at (a) 0.25M, (b) 0.5M,
(c) 1.0M, and (d) 1.5M salt concentrations

Flow behaviour became strongly shear-induced above 850.1 s*, with surfactin exhibiting

continuous shear-thinning characteristics. Increase in salinity consequently led to increased electric
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charge density of the polar shell formed at surface of the micelle (Lutz-Bueno, 2016). This resulted
to upsurge of electrostatic repulsions between head groups, which consequentially increased
pseudoplastic behaviour of the surfactin. Unlike at zero salt concentration, 680.9 s critical shear
was strongly dosage dependent. Figure 4.21a show that ) of 0.075 % dosage continue to decrease

with increasing rate of shear to a near zero value.

To stabilize surfactant in ionizing solutions, counterions bind to the micelles and thereby screening
the electrostatic repulsion, a process that influence micellization. This phenomenon has been
occurring with the surfactant with change in salinity and dosage. It signifies that the ionic
concentration increase influenced the molecular mobility of the surfactant. Though the behaviour

was generally pseudoplastic, it was shear-induced beyond 850.1 s rate.

Additionally, Kronberg, Holmberg and Lindman, (2014a) indicated that shear rates in the range of
10%-10% st s typical of situation involving mixing and stirring, and 10°-10% s is typical of pipe flow
situation. Therefore, it is safe to note suitability and sustainability of sodium surfactin utilization in

pipe flow related operations.
4.3.4 Effect of temperature on surfactin viscosity

Temperature fluctuations is a common occurrence associated with oil and gas operations. It
therefore become critical to study response of surfactin to these fluctuations at different shear rate.
Consequently, effect of temperature on viscosity for different dosages of surfactin at different rate
of shear was evaluated. Literally, rise in temperature should increase random thermal motion of
molecules. As a result, surfactant molecular chains will be free to move, due to increased distance
between molecules, leading to viscosity decrease. However, at microscopic level, temperature rise
again may increase molecular activity. But could conversely induce a more extended molecular

chain which form a more coalescing structure that will increase viscosity.

It is obvious in Figure 4.22 (a and b) that temperature increase resulted in simultaneous breakage
and realignment of surfactin network at zero-shear. Furthermore, each dosage exhibited peculiar

specific apparent viscosity response to changes in temperature.
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Figure 4.22 Effect of temperature on apparent viscosity of surfactin at different shear rate
for (a) 0.025%, and (b) 0.05%

Surfactin dosage 0.025 % depicted significant monotonic decrease while 0.05 % depicted a
monotonic increase behaviour at 0.01 s rate. Additionally, 30 °C caused viscosity decrease effect
in both a and b. Of interest (in Figure 4.22b) is the sharp decrease in apparent viscosity (1)) from
14.9 to 7.6 mPas when temperature increased from 23 to 30 °C. The increase induced a breakage
and realignment of the surfactin network. Though it reduced viscosity across the dosage, it could
not sustain the network deformation (Kamal, 2016). At higher rate of shear, however, temperature
effect became less significantly visible indicating that the molecular rearrangement was shear

controlled.

Conversely, temperature increase at zero-shear resulted in molecular aggregation on surfactant
dosages 0.075 and 1.0 % (Figure 4.23a and b). The effect, unlike at zero-shear, was less significant
at higher rate of shear.
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Figure 4.23 Effect of temperature on apparent viscosity of surfactin at different shear rate
for (a) 0.075%, and (b) 0.1%

Figure 4.24a indicates that increasing temperature results in continuous formation of large
aggregates at zero-shear. This is evident by the continuous increase in 1. Furthermore, n of 1.0 %
dosage increased to a value of 25.7 mPas at 30 °C (Figure 4.24b). But with shear rate increase, 1
became less sensitive to temperature. At 680 s, dosage 1.0 % became highly shear rate induced

that the apparent viscosity value was close to unity.

These affirm that apparent viscosity of surfactin is more dosage and shear rate dependent than it is
on temperature, particularly at high shear rate. Thus, surfactin like other biosurfactants, such as
extracellular polysaccharides produced from glycerol (Alves et al., 2010), are thermo-rheologically

stable.
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Figure 4.24 Effect of temperature on apparent viscosity of surfactin at different shear rate
for (a) 0.5%, and (b) 1.0%

Alternatively, effect of temperature along with flow activation energy can be estimated with
application of Arrhenius equation (J. Zhou et al., 2019). Equation (4.3) relates the viscosity at zero
shear with system temperature.

u() = KeEﬂ/RT (4.3)

Where u is the zero shear viscosity at temperature, T; K the material constant; R the molecular gas

constant; and E,, the flow activation energy.

Equation (4.4) is obtained by linearizing Equation (4.3).

2.303E, 1

] = logK —
ogu = log R (T)

(4.4)

Plot of logu was made against (1/T) and is described in Appendix A 4. Flow activation energy can
be estimated by taking the slope of each plot and using Equation (4.5).

2.303E,

l = —
slope R

(4.5)

While the present study tends to evaluate rheology only in terms of effect of temperature and salinity
on viscosity, the author recommends further evaluation of surfactin modulus. Loss during storage

and operation should be investigated further in modulus.
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4.4 Diffraction Scanning Calorimetry (DSC) Analysis (Thermal analysis)

Analysis of materials using DSC technique is done to evaluate thermal stability of molecules directly
in natural state. Transitions undergone by materials, in terms of heat flow as a function temperature
increases are presented in thermogram. Basically, the technique takes into consideration the
variation in the amount of heat required to rise the sample temperature. Temperature program for
DSC analysis is, however, designed in a way that the sample holder temperature increases linearly
as a function of time. By so doing, heat change associated with thermal denaturation of biomolecules,
including biosurfactant, is measured at constant rate heating. Moreover, material evaluation and
characterization are integral part of design process. Furthermore, temperature-dependent processes
such as hydrate formation and inhibition require materials stability in the range of operating
temperatures. And therefore, evaluating thermal behaviour of surfactin will provide information on
its stability, expansion, shrinkage, (Nazhat, 2008) and molecular transition as operating condition
changes. Ultimately, thermal analysis result aids in identification of processing and end-use

performance.

Two (2) samples surfactin — a) physically dried powder sample, and b) hydrated sample, were used
for the DSC analysis using TA DSC2500 instrument. Figure 4.25 indicates endothermic transition
at enthalpy of 131.85 J/g, and peak temperature of 75.68 °C.
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Figure 4.25 DSC thermogram of physically dried (powdered) surfactin
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The endothermic peak may represent water loss from the sample occurring at 75..68 °C (Narh et al.,
2018; Paul, 2008) or stress relaxation (Paul, 2008) of the powdered sample. Safety data sheet
(obtained from Kaneka) indicates that sodium surfactin is hygroscopic. Presence of moisture in the
sample, as indicated in Figure 4.25, may suggest that the sample has absorbed water from the
surrounding during handling. Thermogram around 170 to 200 °C may represent a melting transition
of the anhydrous surfactin alkyl chains (Soltero et al., 2001). Such transition at the given
temperature suggest thermal stability of the surfactant sample. Moreover, expected operational
application of surfactin at the end of this study may not surpass temperature of 60 °C.

4.5 Phase I1l: CHs-H20O Multiphase System ST

Gas processing industries deals, on regular basis, with systems involving gas-liquid multiphase.
More so, most common liquid component of gas-liquid multiphase is either brine or near fresh water.
Additionally, nucleation of hydrate is partly an interfacial phenomena (Sun et al., 2004). Interaction
of phase components within the system, therefore, depends on the surface area coverage of the gas-
water film within the system. As such, gas—water ST becomes one of the most important parameters
in the gas processing industries. To a large extent, gas—brine systems could as well affect water-gas
contact movement and distribution in both reservoir and transporting pipelines. Consequently,
mechanism of gas-water interaction particularly at contact interface becomes critical. In their study,
Qin et al., (2016) indicates that a lower ST value suggest a longer hydrate onset time. As such,
improving the understanding of how CH4s-H>O interaction mechanism works prompted this study,

particularly alteration of surface interaction by biosurfactant.
45.1 Effect of surfactant on methane-water ST at ambient condition

Therefore, to investigate effect of sodium surfactin on tension existing at CHs-H,O interface, ST of
the system was measured using rising bubble method. The result of this effect at ambient room

pressure and temperature of 20.6 °C is shown in Figure 4.26.
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Figure 4.26 Effect of sodium surfactin on CHs — H20 ST

The result showed an outstanding effectiveness of sodium surfactin in reducing the ST between CH4
and distil water, hence inhibiting characteristics. Lower ST implies higher inhibiting characteristics
(Qinetal., 2016). The biosurfactant was able to adhere and formed a film at the methane—water interface.
This blocks mass transport across the water/hydrocarbon interface. Consequently, the hydrophilic
head of sodium surfactin formed hydrogen bonds with water via carbonyl oxygen and hence hindered
water molecule rearrangement needed to build hydrate cages from liquid water. This however was
observed to be dosage dependent. At surfactant dosage as low as 0.025 % the ST dropped to about 54
mN/m. The effect continues, though in a decreasing pattern, with the minimum ST recorded between
0.075 to 1.0 % (37 mN/m). Beyond this dosage, the surfactant effect remains virtually the same.
Therefore, it indicates that the surfactant must have reached its CMC at about these dosages. This
assertion corresponds to, and validate the earlier findings reported on density. Additionally, ionic
surfactants (being electrostatically charged), were reported to better form hydrogen bonds with

water (Xiao & Adidharma, 2009). And are thus expected to perform effectively on hydrate inhibition.

Similar results were obtained using SDS (Sun et al., 2004; Watanabe et al., 2005), though at
respectively much higher surfactant dosage (500 and 1000ppm) and respective pressure of (about
9 and 3.90 MPa). Similarly, Qin et al., (2016), (2017) indicated lowering of methane-water ST to
about 23 mN/m using PVP ramification (PVP-BP). This again occurs at a pressure that induces
lowering of ST. Effect of temperature, pressure surfactin dosage interaction is discussed in Section
45.2.
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The preliminary result may pre-empt the fact that sodium surfactin is a potential methane-water
hydrate inhibitor, though care must be taken to validate the efficacy of the surfactant by investigating

hydrate onset time.
4.5.2 Experimental design result

As noted earlier, hydrate formation phenomenon is critical of prevailing equilibrium
thermodynamic conditions. Therefore, any attempt at preventing the occurrence of hydrate in gas
processing pipelines must take into consideration pressure-temperature interaction. To study this
interaction in the presence of surfactant, the experimental study was designed to effectively capture
the interaction using Design-Expert software. The tools in this software was utilized to evaluate the
effects of these parameters using optimization strategy based on Response Surface Method (RSM).

Result of this design is tabulated in Appendix B 2 (indicates by red colour in ST column).

Result of the investigation, considering the specified conditions, were determined and compared
with those corresponding to the predicted outcome suggested by the software. Additionally, cubic
model was found to be the “best fit” model for the ST response. The model summary corresponding
to the ST fit is shown in Table 4.1.

Table 4.1 Model summary of statistics based on ST fit

Source Std. Dev. R? Adjusted R2  Predicted R? PRESS
Linear 5.02 0.4358 0.4012 0.3077 1512.40
2FI 5.18 0.4359 0.3623 0.0537 2067.32
Quadratic 2.59 0.8683 0.8407 0.8092 416.75
Cubic 1.13 0.9807 0.9697 0.9545 99.44 Suggested
Quartic 0.6289 0.9962 0.9906 0.9225 169.42 Aliased

The values in Table 4.1 suggest that least deviation of 1.13 in the experimental ST value, compared
to other models. More so, with the experimental (0.9807), adjusted (0.9697) and predicted R?
(0.9545) value above 0.95%, it is expected that model P-value will be less than 0.5 threshold. The
result further indicate that a relationship exists between the independent factors (temperature,
surfactant dosage and pressure) and dependent factor (ST). The pressure and temperature interaction
with surfactant dosage are graphically shown in the 3D surface plots respectively in Figure 4.28 and
Figure 4.27.
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Figure 4.27 Temperature-surfactant dosage effect on ST at 7.58 MPa

Figure 4.27 further indicates that interaction surfactant-temperature interaction at pressure of 7.58
MPa reduced methane-water ST to a minimum of 34.13 mN/m. This shows that: in the presence of
surfactant, temperature plays a role in methane-water ST reduction; and sodium surfactin has a great
potential of being an environmentally friendly hydrate formation inhibitor. Similarly, surfactant-
pressure interaction follows the trend depicted in Figure 4.27. Lowest ST value of 34.13 mN/m was
obtained due to interactive effect of surfactant and pressure at about temperature of 32 °C and 0.7 %
surfactant dosage. This interaction is shown in Figure 4.28.
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Figure 4.28 Temperature-surfactant dosage effect on ST at 32.50 °C

Additionally, multiple regression analysis of the response data indicates that a cubic polynomial
equation that fits the interaction of independent variables was derived. Equation (4.6) shows the

coded form of the cubic polynomial equation which can be used to quantify CHs-H>O ST within the
experimental condition.

ST = 34.88 + 2.92A — 1.10B — 0.8154C — 0.1251AB — 0.0975AC — 0.0033BC
+ 9.15A% + 1.33B% + 0.6520C? + 0.0689ABC — 0.0209A%B
+ 0.0171A%C — 0.7659AB? — 0.0124AC? + 0.0165B>C
+ 0.0680BC? — 10.44A3 + 0.2864B3 — 0.0721C3

(4.6)

Where A=Surfactant dosage, B=Temperature and C=Pressure

The outcome of regression after analysis of variance (ANOVA) indicates that the model, having a
P-value of 0.0001, is significant (P-value being less than 0.005 threshold). Additionally, “Predicted
R?” of 0.9545 can be said to be in reasonable agreement with “Adjusted R?” of 0.9697 (with a
difference of less than 0.2). Table of ANOVA is shown in Appendix B 4.
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4.6 Chapter Summary

After careful implementation of experimental procedure, outcomes of the experimental
investigation were presented in this chapter. Foaming and solubility of surfactin in aqueous medium
was significant which indicates possibility of surface activity; however, it is affected by salinity.
Surface activity was further confirmed through emulsification index of 82 %. Surfactin showed both
emulsifying and demulsifying characteristics. More so, surfactin expands when dissolved in
distilled water. This was evident by decrease in density of aqueous surfactin, at some points below
that water. Two minimum density points were observed which indicates possibility of surfactin
reaching its CMC. These were further confirmed by pH, rheology and surface tension tests results.
Surfactin reduced methane-distilled water surface tension to a minimum of 34.13 mN/m at 32.5 °C
and 7.58 MPa conditions of temperature and pressure respectively. These findings indicate that
surfactin is indeed a potential hydrate formation inhibitor. Though these findings show positive
results to the aim of the research, other research techniques such as kinetic study to explore in real
time methane-water nucleation period in the presence of surfactin. Further conclusions and

recommendations are presented in Sections 5.1 and 5.2 respectively.
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CHAPTER FIVE

5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Having successfully executed the outlined objectives of this study through experimental

investigations, conclusions are drawn on the potential utilization of sodium surfactin as methane

hydrate formation inhibitor. The investigations conducted in the study were categorized into 3

phases. Outcome of these investigations generally suggest that sodium surfactin can indeed serve

as a ‘green’ alternative to chemical based surfactants in preventing hydrate formation in pipelines

during gas transport. On this note, specific conclusions are drawn based on various phases of the

study as follows, viz a viz physicochemical and thermal characterization, rheology investigation and

tensioactive capability (surface tension investigation):

Spontaneous collapse of bubbles after foaming, density behaviour and emulsification index
suggest adsorptive capability of surfactin. Low density values (less than that of water) are
indication of dispersity which enhances mass transport within a medium. Use of surfactants
in preventing hydrate formation strongly relies on surfactant’s dispersive ability and
consequently its transfer to the gas-water surface to form a thin film. No previous study
reported density, pH and conductivity characteristics of surfactin particularly at variable
temperature ranges up to -5 °C typical for gas hydrate formation. The dispersive ability of
sodium surfactin is evident in the density value of 996.641 kgm™ and 82 % emulsification
index. However, the dispersive efficiency reduced in saline concentration above 0.5 M, a
finding that is in conformity with use of surfactin for EOR. Additionally, pH and
conductivity results indicate that sodium surfactin can effectively be used in oil and gas
fields without danger of pipeline corrosion.

Sodium surfactin exhibit a pseudoplastic flow behaviour, based on viscosity-shear rate
characterization. To the author’s knowledge, this is the first report that characterized flow
behaviour of surfactin and how it is affected by temperature and salinity. Besides, one of
desirable characteristics of fluids in oil and gas operations is their ability to flow seamlessly
to delivery point. Reduction in viscosity of fluids with shear rate increase ensures continuous
flow during operation which suggests pumpability and dispersion characteristics of

surfactin. On this note, injection of surfactin solution at well head for prevention of hydrate
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formation and consequently its flow in pipeline will be seamless. Electrostatic effect plays
a role in the flow behaviour of surfactin at low saline concentration up to 0.1 M and shear
rate up to 510 s. Surfactin flow may likely fail in this range of operational parameters.
However, within same salt concentration, flow behaviour can be enhanced by increasing rate
of shear beyond 510 s™. Nevertheless, the biosurfactant is thermo-rheologically stable.

Methane-water hydrate formation is favoured by the decrease in interface area between the
fluids thereby allowing methane to be enveloped by the water molecule. However, formation
of sustainable film at methane-water interface ensures that increased surface area continue
to exist at the fluids interface. Therefore, an effective surfactant can sustainably form an
interfacial film by increasing interfacial surface area. Previous studies using chemical based
surfactants indicated that this was achieved by lowering interface surface tension between
the water and methane molecule. Methane-water ST was effectively reduced from 72 to
37.53 mN/m at 20.5 °C and atmospheric pressure. Under equilibrium conditions of 7.58 MPa
and 32.5 °C respectively of pressure and temperature, surfactin optimally reduces methane-
water ST to 34 mN/m. This is an indicator that surfactin will effectively serve as alternative
surfactant in the prevention of methane-water hydrate formation at those operating

conditions.

The research study highlights the characteristics behaviour of sodium surfactin as potential

methane-water hydrae formation inhibitor. The findings are aimed at providing a basic knowledge

towards finding alternative environmentally friendly surfactant. Additionally, this information

confirms the potential of surfactin in the control of gas hydrate formation, and further form a basis

for field scale applications.

5.2 Recommendations

This study has achieved, successfully, its set target of aims and objectives. Notwithstanding, more

avenues can be created for further studies beyond the scope of the author. These are presented in

the form of recommendations as follows:

Different gas mixtures along with methane should be tested. This is to mimic typical natural
gas as obtainable in the industry, although methane takes the highest proportion in the
mixture.

Gas processing operations are not devoid of saline medium particularly when materials are

leaving the production well. Consequently, effectiveness of sodium surfactin in reducing
131



methane-water ST can further be extended by investigating its performance in saline medium.
This is recommended to be carried out using different salts (monovalent and divalent).

Further to the rheology investigation conducted in this study, it is recommended that further
study on surfactin modulus be investigated. This is to ascertain the sustainability and

efficiency of surfactin when stored over time.
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APPENDIX A

Rheology measurement and characterization data

Appendix A 1 Calibration standard for rheology analysis

Dependable Products Frons People ¥ou Trast

11302 Steeplecrest Dr. Houston, Texas 77065 Phone 832-320-7300 Fax 713.880.9886 www.ofite.com
NIST CERTIFIED CALIBRATION FLUID, 200 cP
OFI PART NO. 132-83
LOT NO. 406404

°c cP °C cP °c P °C cP °c cP
20 2113 24 194.4 28 179.2 32 1656 | 36 153.4
201 210.8 241 1940 281 _ 1789 321 165.3 36.1 153.1
20.2 2104 242 193.6 28.2 178.5 32.2 165.0 36.2 152.8
203 210.0 243 1932 283 - 1782 323 164.6 363 152.5
204 209.5 24.4 192.8 284 1778 324 1643 | 364 152.2
20.5 209.1 24.5 192.4 285 1775 325 36.5 151.9
206 208.6 24.6 192.0 286 1771 326 36.6 151.6
20.7 208.2 24.7 1916 287. 1767 | 327 36.7 151.3
20.8 207.8 24.8 191.2 288 1764 32.8 368 © 1511
20.9 2073 | 249 1909 | 289 1760 329 36.9 150.8 -
21 206.9 25 1905 29 1757 33 37 1505 |.
211 2065 | 25.1 1901 | 294 . 1753-| 331 371 - 1502 -
212 2060 | 25.2 189.7 | 292 1750 | 332 372 1499
213 205.6 253 189.3 293 1746 333 373 1496 ¢
214 205.2 25.4 188.9 29.4 174.3 334 37.4. 1494
215 204.7 25.5 188.5 295 . 1740 | 335 375 149"
216 2003 | 256 1881 296 173.6 335 37.6 1483
. 21.7- 2039 | -257. - -1878 1 207 - 1733 .7 337 2377 - 4485 - -
21.8 2035 | 25.8 187.4 | 298 172.9 33.8 37.8° 1482
21.9 2030 | 259 187.0 29.9 172.6 33.9 37.9 148.0
22 202.6 26 186.6 30 172.2. 34 38 . 1477
22.1 202.2 26.1 186.2 30.1 1719 | 341 159.0 | 381 147.4
22.2 201.8 26.2 185.9 30.2 1716 34.2 158.7 382 147.1
y 223 2014 | 263 185.5 303 1712 34.3 158.4 383 146.9
) 24 - 2009 26.4 185.1 304 1709 344 1581 384 1466
225 200.5 265 1847 305 1705 | 345 157.8 38.5 146.3
226 2001 | 266 1844 | 306 170.2 346 1575 | 386 146.1
227 199.7. | 267 184.0 307 1699 34.7 157.2 387 145.8
22.8 199.3 26.8 183.6 308 . 1695 34.8 156.9 38.8 145.5
2259 198.9 26.9 1833 | 309 1692 34.9 156.6 38.9 145.2
23 198.5 27 182.9 31 168.9 35 156.3 39 145.0
231 198.1 271 1825 311 168.5 351 1560 39.1 1447
232 1976 27.2 1821 | 312 1682. | 35.2 155.7 39.2 144.4
23.3 197.2 273 181.8 313 1679 35.3 155.4 39.3 144.2
234 1968 | 274 1814 | 314 1676 | 354 1551 | 394 1439 -
235 196.4 27.5 181.0 | 315 167.2 355 154.8 39.5 143.6
23.6 196.0 27.6 180.7 316 166.9 35.6 154.5 39.6 143.4
23.7 195.6 27.7 1803 | 317 - 1666 |- 357 154.2 397 1431
23.8 195.2 27.8 180.0 31.8 166.3 358 1539 39.8 142.8
23.9 194.8 27.9 1796 | 319 165.9 359 - 1536 38.9 1426
A= ] ‘B= . C= D= .
For Temp.{T) <40°C|  -0.00042030 0.08341610 -7.27613870 326.79875780
For Temp.(T) > 40 °C -0.00013580 0.04433960 -5.51143360 300.63598950
cP= A[T*+B(T)*+C(T)+D (MISIN°C ’
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Appendix A 2 Viscosity-shear rate data of surfactin at different temperature

Viscosity (mPas) at20°C ‘ Viscosity (mPas) at30°C
Dosage (%) 0.025 0.050 0.075 0.100 0.500 1.000 Dosage (%) 0.025 0.050 0.075 0.100 0.500 1.000
Shear Rate (s?) Shear Rate (s)
0.01 13.8 14.9 7.8 10.6 6.2 22.2 0.01 11.8 7.6 8.2 11.1 7.2 25.7
85.1 10.2 11 5.9 6.8 5.3 16.1 85.1 9 5.7 6.1 8.1 54 18.5
170.2 4.6 6.6 3.1 3.5 3 6.5 170.2 4.5 3.2 3.3 3.7 3.2 8.4
340.5 2.5 3.1 2 2 2 2.9 340.5 2.5 1.8 1.9 2 1.9 3.5
510.7 2.1 2.9 1.6 1.6 1.7 2.6 510.7 2.3 1.5 1.5 1.5 1.6 2.6
680.9 1.7 1.6 1.5 1.6 1.6 1.7 680.9 1.6 14 14 1.4 1.5 1.6
851.2 1.6 24 1.4 1.5 1.5 2.2 851.2 1.5 1.4 13 1.7 1.4 24
1021.4 1.5 2.5 1.3 1.6 1.4 2.7 1021.4 1.8 1.7 1.2 1.9 1.4 3
Viscosity (mPas) at40°C Viscosity (mPas) at50°C
Dosage (%) 0.025 0.050 0.075 0.100 0.500 1.000 Dosage (%) 0.025 0.050 0.075 0.100 0.500 1.000
Shear Rate (s?) Shear Rate (s)
0.01 12.5 8.9 8.8 11.3 11.9 20.7 0.01 111 18.3 7.9 111 135 18.7
85.1 9.3 6.6 6.5 8.2 8.8 14.8 85.1 8.4 13.5 5.9 8 9.7 134
170.2 5.2 3.4 34 3.6 4.1 7.4 170.2 4.9 5.2 3.3 3.7 5 7.5
340.5 2.3 1.9 1.8 2.1 2.3 3 340.5 2.3 2.7 1.7 1.9 2.4 3.1
510.7 2.1 1.5 1.4 1.4 1.9 24 510.7 2.1 2.8 13 1.5 2 2.6
680.9 1.5 13 1.3 1.3 1.4 1.5 680.9 1.7 2.2 1.1 1.2 1.5 1.6
851.2 1.3 1.8 1.2 2.1 2.1 2.7 851.2 1.2 2.2 1.1 2.1 2.6 3
1021.4 2 2.1 1.3 2.1 2.4 3.2 1021.4 2.1 2.9 1.4 2.1 2.6 3.3
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Appendix A 3 Viscosity-shear rate data of surfactin at different salt concentrations

Viscosity  (mPas) at0.1 M Viscosity (mPas) at0.25M
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1 Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Shear Rate (s?) Shear Rate (s?)
0.01 0 0 0.1 0 0 0 0.01 17.4 24.7 5.9 11.1 8.4 25.8
85.1 0 0 0.2 0 0 0 85.1 12.7 18 4.4 8.2 5 23.1
170.2 0 0 0 0 0 0 170.2 4.9 8.4 2.2 3.6 2.8 13.8
340.5 0 0 0.2 0 0 0 340.5 2.8 4 1.1 2.1 1.8 8
510.7 0.2 0 0.7 0 0 0 510.7 2 3.9 0.7 1.6 1.6 4.4
680.9 0.5 0.4 0.4 0.2 0.3 0.1 680.9 1.7 2.3 0.6 1.5 1.5 2.6
851.2 0.6 0.6 0.5 0.4 0.5 0.3 851.2 2.6 3.5 0.4 1.6 1.5 3.5
1021.4 0.7 0.6 1.2 0.5 0.6 0.5 1021.4 2.8 3.1 0.4 1.9 14 3.5
Viscosity  (mPas) at0.5 M Viscosity (mPas) at1.0 M
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1 Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Shear Rate (s?) Shear Rate (s?)
0.01 15.5 10.2 6.5 9.6 8.2 36.9 0.01 8.3 8.8 7.4 20.3 28.3 6.9
85.1 11.8 7.4 4.9 7.2 6.3 26.9 85.1 6.3 6.7 5.7 15.3 24.9 5.4
170.2 5.4 3.6 2.7 4.1 3.5 10.1 170.2 3.8 3.7 3.3 8.3 16.1 3.3
340.5 3.5 2 1.8 2.4 2.2 4.9 340.5 2.3 24 2.1 3.8 5.6 2.3
510.7 2.6 15 15 2 1.8 4.3 510.7 2 2 1.7 3.9 5.3 2
680.9 1.8 1.6 15 1.8 1.6 2.9 680.9 1.8 1.8 1.6 2.4 3.3 1.9
851.2 2.6 1.7 1.5 1.7 1.5 3.3 851.2 1.6 1.8 1.5 2.8 3.9 1.9
1021.4 2.9 1.7 1.4 1.5 1.5 3.6 1021.4 1.5 1.7 1.5 4.5 4.3 1.9
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Viscosity  (mPas) at1l5M

Dosage (%)  0.025 0.05 0.075 0.1 0.5
Shear Rate (s?)
0.01 5.8 10.5 8.6 16.2 22
85.1 4.4 7.9 6.4 11.9 15.9
170.2 2.3 3.9 3.1 5.3 7
340.5 1.5 2.1 1.9 2.8 3.5
510.7 14 2.1 1.6 2.1 3
680.9 14 1.5 1.6 1.7 2
851.2 14 1.5 1.6 2.1 3.5
1021.4 1.3 1.5 1.5 2.5 3.3

8.7
6.6
3.7
2.3
1.9
1.8
1.8
1.8
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Appendix A 4 Arrhenius temperature effect at variable shear rate and (a) 0.025% (b) 0.05% (c)

0.075% (d) 0.1% (e) 0.05% (f) 1.0% surfactant dosage
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APPENDIX B

Experimental design data

Appendix B 1 Specifying output response on the custom design window in Design-Expert

[ unnamed? - Design-Expert 12 - X
File Edit View Display Options Design Tools Help
o | |=® ¢

v #4 Standard Designs

Optimal (Custom) Design

< (®) Horizontal
Responses: |1 5] (1to529) o
Vertical

Box-Behnken MName Units.

Optimal (Custom) IFT

Mi

Optimal (Custom)
& Mixture
v W Custom Designs

Optimal (Combined)

For Help, press F1

; 23:36
L Type here to search i 7 =]

20/01/2020

Appendix B 2 ST measurement data at ambient temperature

Surfactant ST
dosage (%) (mN/m)
0 72
0.025 54.66
0.05 39.89
0.075 37.63
0.1 37.53 Standard deviation
0.5 37.57 =12.31898
1 37.98 Standard error =

1.759855
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Appendix B 3 Experimental design runs for ST measurement using Design-Expert

Factor 1 Factor 2 Factor 3 Response 1
Run  A:Surf. Dosage B: Temperature C: Pressure ST
(%) (°C) (MPa) (mN/m)
1 0.27 23.75 3.87 37.34
2 0.51 15.00 0.16 37.98
3 0.51 50.00 7.58 35.46
4 0.51 15.00 7.58 37.98
5 0.27 41.25 7.58 35.92
6 0.02 32.50 15.00 50.98
7 1.00 50.00 7.58 37.02
8 0.51 50.00 15.00 35.01
9 0.27 41.25 3.87 37
10 0.02 50.00 0.16 54.32
11 1.00 50.00 15.00 35.48
12 0.76 41.25 3.87 36.98
13 1.00 50.00 0.16 37.85
14 1.00 15.00 15.00 37.99
15 0.27 23.75 7.58 37.01
16 1.00 15.00 0.16 39.98
17 0.51 32.50 11.29 35.78
18 0.02 50.00 15.00 52.97
19 0.76 23.75 7.58 37.01
20 0.51 23.75 3.87 37.48
21 0.51 50.00 0.16 36.78
22 1.00 32.50 15.00 36.43
23 0.02 15.00 15.00 54.76
24 0.02 32.50 0.16 53.53
25 0.76 41.25 7.58 36.32
26 0.51 32.50 0.16 37.32
27 0.51 41.25 11.29 36.63
28 0.76 32.50 7.58 37.02
29 0.51 41.25 7.58 34.13
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

0.51
0.27
0.27
0.27
1.00
0.51
0.51
0.27
0.76
0.76
0.02
0.02
0.02
0.76
0.76
0.76
0.27
0.51
0.51
0.51
0.02
1.00
1.00
0.51

32.50
23.75
32.50
32.50
32.50
32.50
23.75
41.25
23.75
41.25
50.00
15.00
32.50
32.50
32.50
23.75
32.50
41.25
23.75
32.50
15.00
32.50
15.00
15.00

7.58
11.29
3.87
7.58
0.16
15.00
11.29
11.29
3.87
11.29
7.58
7.58
7.58
3.87
11.29
11.29
11.29
3.87
7.58
3.87
0.16
7.58
7.58
15.00

36.89
36.78
37.23
36.32
37.73
36.02
36.37
3541
37.43
35.89
53.78
54.82
51.87
37.54
36.76
36.01
36.34
34.97
36.97
37.45
55.34
36.99
38.21
35.62
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Appendix B 4 Analysis of variance (ANOVA) for cubic model

Source Sum of df Mean F-value p-value
Squares Square
Model 2142.62 19 112.770 88.480 <0.0001 significant
A-Surf.
Dosage 21.220 1 21.220 16.650 0.0003
B 2.990 1 2.9900 2.3500 0.1349
Temperature

C-Pressure 1.66 1 1.6600 1.3000 0.2624
AB 0.1995 1 0.1995 0.1565 0.6949
AC 0.1211 1 0.1211 0.0950 0.7599
BC 0.0001 1 0.0001 0.0001 0.9917

A? 667.74 1 667.74 523.90 < 0.0001

B? 14.110 1 14.110 11.0700 0.0022

c? 3.390 1 3.3900 2.6600 0.1125
ABC 0.0386 1 0.0386 0.0303 0.8629
A%B 0.0018 1 0.0018 0.0014 0.9704
A%C 0.0012 1 0.0012 0.0009 0.9758
AB? 2.3800 1 2.38 1.8700 0.1807
AC? 0.0006 1 0.0006 0.0005 0.9825
B2C 0.0011 1 0.0011 0.0009 0.9767
BC? 0.0188 1 0.0188 0.0147 0.9041

A3 152.87 1 152.87 119.94 <0.0001

B3 0.1151 1 0.1151 0.0903 0.7657

c 0.0073 1 0.0073 0.0057 0.9402

Residual 42.060 33 1.27
Cor Total 2184.68 52

177



APPENDIX C

KANEKA validation data

Appendix C 1 Sodium surfactin’s certificate of analysis from manufacturer

SF-EN-001-02

NEW BUSINESS DEVELOPMENT DEPARTMENT

2-3-18, NAKANOSHIMA, KITA-KU, OSAKA 530-8288, JAPAN

K a " E K a KANEKA CORPORATION

TEL: +81-6-6226-5109 E-malil: Surfactin@kn.kaneka.co.jp

Date of Issuance : Nov. 27 2017

CERTIFICATE OF ANALYSIS

Product Name : KANEKA Surfactin
INCI Name : Sodium Surfactin
Lot. No. : SF-S08
Tests Acceptance Criteria Results
Description White powder with a slight characteristic odor Conforms
Identification
(1) Acid precipitation Positive Conforms
(2) Ninhydrin test Negative Conforms
(3) Biuret test Positive Conforms
4)IR Absorption maximum at around 1540, 1650, Conforms
1740, 2930, and 2960 cm!
(5)Sodium ion Positive Conforms
pH of aqueous solution 6.5-8.0 (1% in distilled water) 7.3
Purity
(1) Clarity of solution Practically clear (1%) Conforms
(2) Heavy metals Not more than 20 ppm (as Pb) Conforms
(3) Arsenic Not more than 2 ppm Conforms
(4) Water content Not more than 10% 2.7%
Assay (Nitrogen) 8.0-9.0 % (Kjeldahl method) 9.0%
Certified by
M- Norao
M. Naruse
Manager
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Appendix C 2 Sodium surfactin’s safety data sheet from manufacturer

“ a " E “ a KANEKA CORPORATION C’\ag
22318 NAKANOSHINA RITA-KL. DSAK A 530-8238 JAFAN

KANEKA Surfactin - Technical Data Sheet
(Extra Pure Grade)

"BASICINFORMATION

Chemical Name Sodium Surfactin l-(’.V\ Ad L  PALCIN D
INCI Name Sodium Surfactin As L\(— R Sef
CAS No. 302933-83-1 hspuss eyafar

Molecular Formula CssaHos52N:0Nars Vol = Viakine.
Molecular Weight 1036 (major species) %_\19" S

Concentration More than 90% ot Leu

Pl e

)
h/ — H—CH—C\ 2

Chemical Structure S TSk, o
H

b;ﬁ X +3/2Na* + 12H"

This product is sodium salts of the mixture of surfactin and its variants

which have slightly djfferglt_a_ml_'n__o__agid arrangements and fatty acid
3 e T ———

chains. The major species is shown. This product is produced by

[t
fermentation.

'BHYSIGAL PROPERTIES| | .
Appearance White to whitish powder

Odor Slight characteristic odor
Solubility Dissolve in water and polar solvents such as MeOH, EtOH, etc.
pH 6.5-8.0 (1% in distilled water)

ISTORAGE|CONDITION

Store in an airtight container in cool area.
Powder

Avoid areas with high temperature and high humidity levels.
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Appendix C 3 FTIR analysis from Kaneka
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Physicochemical Characterization Data

APPENDIX D

Appendix D1: Density characteristics of aqueous surfactin

0.025 % Surfactant dosage

0.05 % Surfactant dosage

0.075 % Surfactant dosage

Temperature Density | Temperature Density Temperature Density
Mou(g)  Mi(g) Meu(g)  Mi(g) Msu(g)  Mi(g)
(°C) (kg/m?) (°C) (kg/m?) (°C) (kg/m?)
-5.0 99.3210 -5.0 999.8670 -5.0 999.6020
0.0 999.3000 0.0 999.5900 0.0 999.5000
1.4 48.39 25.05 999.4335 1.3 48.39 25.05 999.4335 1.3 48.39 25.05 999.4335
3.8 48.39 25.05 999.4335 4.7 48.39 25.05 999.4335 4.5 48.39 25.05 999.4335
4.5 48.38 25.04 999.0345 5.6 48.39 25.05 999.4335 5.0 48.39 25.05 999.4335
5.5 48.38 25.04 999.0345 10.5 48.37 25.03 998.6355 10.1 48.38 25.04 999.0345
8.4 48.38 25.04 999.0345 15.5 48.35 25.01 997.8376 13.7 48.37 25.03 998.6355
10.0 48.38 25.04 999.0345 19.8 48.34 25.00 997.4386 15.4 48.36 25.02 998.2365
12.3 48.38 25.04 999.0345 20.5 48.33 24.99 997.0396 18.5 48.34 25.00 997.4386
14.2 48.36 25.02 998.2365 235 48.31 24.97 996.2417 20.5 48.32 24.98 996.6406
15.0 48.36 25.02 998.2365 25.0 48.30 24.96 995.8427 20.9 48.32 24.98 996.6406
17.4 48.36 25.02 998.2365 25.5 48.29 24.95 995.4437 25.5 48.31 24.97 996.2417
18.4 48.35 25.01 997.8376 30.0 48.27 24.93 994.6457 28.0 48.30 24.96 995.8427
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20.0
21.2
25.5
30.0
35.6
374
39.6
40.0
45.0
50.3

48.34
48.32
48.31
48.28
48.24
48.23
48.21
48.21
48.19
48.13

25.00
24.98
24.97
24.94
24.90
24.89
24.87
24.87
24.85
24.79

997.4386
996.6406
996.2417
995.0447
993.4488
993.0498
992.2519
992.2519
991.4539
989.0601

33.5
36.0
40.0
45.0
50.0
55.0

48.26
48.25
48.18
48.15
48.11
48.07

Note: M+ =Mass of pycnometer + liquid surfactant mixture

M= Mass of liquid surfactant mixture
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24.92
2491
24.84
24.81
24.77
24.73

994.2468
993.8478
991.0550
989.8580
988.2621
986.6662

30.8
35.0
38.5
40.0
46.6
50.5

48.28
48.25
48.22
48.21
48.16
48.13

24.94
2491
24.88
24.87
24.82
24.79

995.0447
993.8478
992.6509
992.2519
990.2570
989.0601

Density of aqueous surfactant @ 20.5 °C

Dosage Density
(%) (kg/m?)
0.025 997.107
0.05 997.04
0.075 996.641
0.1 997.04 Standard deviation
0.5 996.641 =0.819864
1 999.034 Standard error
=0.136644




0.1 % Surfactant dosage

0.5 % Surfactant dosage

1.0 % Surfactant dosage

Temr:fcr)ature Moni (2) M (g) z(egr;:t:; Temr(::;;:\ture Moa(2) M (g) :Jkegr;:tg; Temp(ifcr)ature Mou(2) M (g) :Jkegr;:t:;
-5.0 998.6950 -5.0 997.5870 -5.0 1001.330
0.0 998.9900 0.0 998.9200 0.0 1001.548
1.3 48.38 25.04 999.0345 1.3 48.39  25.05 999.4335 1.3 48.43  25.09 1001.029
4.0 48.39 25.05 999.4335 4.0 48.41 25.07 1000.231 4.0 48.43 25.09 1001.029
5.0 48.39 25.05 999.4335 5.5 48.41  25.07 1000.231 5.2 48.43  25.09 1001.029
10.0 48.37 25.03 998.6355 8.0 48.41  25.07 1000.231 10.7 4842  25.08  1000.630
135 48.36 25.02 998.2365 10.0 48.4 25.06  999.8324 12.6 4842  25.08  1000.630
15.5 48.36 25.02 998.2365 14.0 48.39  25.05 999.4335 13.6 4841  25.07 1000.231
18.3 48.35 25.01 997.8376 15.5 48.39  25.05 999.4335 15.2 48.40  25.06  999.8324
20.5 48.33 24.99 997.0396 18.3 48.37 25.03  998.6355 17.0 48.40  25.06  999.8324
21.1 48.32 24.98 996.6406 20.5 48.32 2498 996.6406 18.4 48.38  25.04  999.0345
255 48.3 24.96 995.8427 23.5 48.31 2497 996.2417 20.5 48.38  25.04  999.0345
28.0 48.29 24.95 995.4437 26.0 4831 2497 996.2417 24.6 4836  25.02  998.2365
30.0 48.28 24.94 995.0447 30.0 48.28 24.94  995.0447 255 4835 25.01 997.8376
35.0 48.24 24.9 993.4488 35.4 48.25 2491 993.8478 30.5 48.32 2498  996.6406
37.5 48.22 24.88 992.6509 40.0 48.23 24.89  993.0498 33.0 4831 2497  996.2417
40.0 48.2 24.86 991.8529 45.7 48.2 2486  991.8529 36.3 48.28 2494  995.0447
45.5 48.16 24.82 990.2570 46.4 48.17 24.83  990.6560 39.4 4827 2493  994.6457
50.3 48.11 24.77 988.2621 50.8 48.15 24.81  989.8580 42.0 4822  24.88  992.6509

46.4 4821  24.87  992.2519
50.5 48.15 24.81  989.8580
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Appendix D 2 pH characteristics of aqueous surfactin

0.025 % dosage 0.05 % dosage 0.075 % dosage 0.1 % dosage 0.5 % dosage 1.0 % dosage
Temp. Temp. Temp. Temp. Temp. Temp.
pH pH pH pH pH pH

(°C) (°C) (°C) (°C) (°C) (°C)

1.0 6.07 1.0 6.07 1.0 6.08 1.0 6.76 1.0 7.20 1.0 7.27
4.0 6.37 4.0 6.37 4.0 6.23 4.0 6.88 4.0 7.26 4.0 7.27
4.2 6.39 4.5 6.42 4.5 6.49 4.5 6.90 4.5 7.27 4.5 7.27
4.5 6.39 5.6 6.53 5.0 6.75 5.0 6.92 4.6 7.27 5.0 7.27
4.8 6.40 6.0 6.55 6.0 6.78 9.8 6.99 5.0 7.28 5.5 7.27
5.5 6.40 8.7 6.61 8.0 6.80 10.5 7.02 5.2 7.28 6.0 7.27
7.5 6.45 10.0 6.61 10.1 6.86 11.5 7.03 6.0 7.28 6.5 7.27
8.3 6.47 10.4 6.61 15.5 6.95 135 7.07 8.5 7.28 10.8 7.26
9.5 6.48 14.1 6.71 16.0 6.96 15.0 7.07 10.0 7.29 11.5 7.26
10.0 6.51 15.5 6.73 17.0 6.96 15.5 7.07 12.4 7.30 13.0 7.27
12.0 6.55 20.5 6.78 18.5 6.96 20.0 7.07 12.5 7.29 15.5 7.27
14.1 6.56 215 6.85 20.5 6.96 20.5 7.07 13.5 7.30 17.0 7.27
14.5 6.60 25.0 6.84 23.5 6.96 21.5 7.07 14.5 7.31 18.0 7.27
15.0 6.62 27.0 6.84 25.0 6.96 255 7.09 15.5 7.31 18.5 7.27
18.4 6.65 30.0 6.85 26.0 6.96 28.5 7.11 18.4 7.30 20.5 7.28
19.1 6.65 31.0 6.85 28.0 6.96 30.6 7.13 20.5 7.31 25.0 7.26

184



20.5
21.2
25.5
28.1
30.4
35.0
37.4
40.0
45.0
50.0

6.68
6.69
6.73
6.74
6.76
6.77
6.78
6.77
6.77
6.75

35.0
40.0
45.0
47.5
50.5
52.5
55.0

6.85
6.85
6.85
6.88
6.88
6.85
6.85

30.5
35.0
36.5
44.5
46.2
48.8
50.4

6.97
6.99
6.99
6.96
6.99
7.00
6.99

35.5
37.5
40.0
42.5
45.2
47.5
50.0

7.13
7.14
7.14
7.13
7.13
7.10
7.10

25.5
26.7
30.0
35.8
38.0
40.0
45.0
50.0

7.30
7.30
7.30
7.30
7.30
7.30
7.30
7.30

30.5
325
39.5
40.0
45.0
46.4
50.0
56.0

7.24
7.24
7.21
7.21
7.22
7.22
7.23
7.24

Aqueous surfactant pH data @ 20.5 °C

Dosage
pH
(%)
0.025 6.68
0.05 6.78
0.075 6.96
0.1 7.07 Standard deviation
0.5 7.31 =0.25719
1.0 7.28 Standard error
=0.03913
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Appendix D 3 Conductivity characteristics of aqueous surfactin

0.025 % dosage 0.05 % dosage 0.075 % dosage 0.1 % dosage 0.5 % dosage 1.0 % dosage
Temp. Cond. | Temp. Cond. |Temp. Cond. | Temp. Cond. | Temp. Cond. | Temp. Cond.
(°C) (mS/cm) | (°C) (mS/ecm)| (°C) (mS/cm) | (°C) (mS/cm)| (°C) (mS/cm)| (°C) (mS/cm)
1.0 119.0 1.0 83.22 1.0 108.0 1.0 144.9 1.0 538.5 1.1 974.4
1.5 118.8 1.5 82.75 1.5 107.7 1.5 144.4 1.5 537.9 1.5 971.6
2.0 118.5 2.0 82.55 2.0 107.3 2.0 143.9 2.0 535.7 2.0 968.7
2.5 118.2 2.5 82.25 2.5 106.9 2.5 1433 2.5 532.8 2.5 965.8
3.0 118.0 3.0 81.98 3.0 106.6 3.0 142.8 3.0 531.3 3.0 962.8
35 117.8 3.5 81.75 3.5 106.2 3.5 142.3 35 530.6 3.5 959.5
4.0 117.5 4.0 81.38 4.0 105.9 4.0 141.9 4.0 529.7 4.0 956.7
4.5 117.3 4.5 81.27 4.5 105.6 4.5 141.6 4.5 528.9 4.5 954.6
5.0 1171 5.0 81.08 5.0 105.3 5.0 141.2 5.0 526.8 5.0 952.0
5.5 116.7 5.5 80.89 5.5 105.1 5.5 140.8 5.5 525.8 5.5 950.4
6.0 116.5 6.0 80.71 6.0 104.8 6.0 140.5 6.0 524.1 6.0 948.3
6.5 116.0 6.5 80.56 6.5 104.6 6.5 140.1 6.5 523.3 6.5 946.3
7.0 116.0 7.0 80.41 7.0 104.4 7.0 140.1 7.0 522.3 7.0 944.6
7.5 115.0 7.5 80.27 7.5 104.2 7.5 139.7 7.5 521.3 7.5 943.0
8.0 114.6 8.0 80.19 8.0 104.1 8.0 139.5 8.0 521.0 8.0 941.5
8.5 114.3 8.5 80.05 8.5 104.0 8.5 139.3 8.5 520.5 8.5 940.3
9.0 114.0 9.0 79.97 9.0 103.8 9.0 139.1 9.0 519.7 9.0 939.2
9.5 113.8 9.5 79.89 9.5 103.7 9.5 139.1 9.5 519.0 9.5 938.3
10.0 113.5 10.0 79.83 10.0 103.7 10.0 139.0 10.0 518.2 10.0 937.2
10.5 113.2 10.5 79.76 10.5 103.6 10.5 138.6 10.5 518.5 10.5 936.2
11.0 113.0 11.0 79.69 11.0 103.6 11.0 138.6 11.0 518.3 11.0 935.7
11.5 112.8 11.5 79.65 11.5 103.5 11.5 138.7 11.5 518.0 11.5 934.9
12.0 112.6 12.0 79.61 12.0 103.5 12.0 138.6 12.0 517.2 12.0 934.5
15.5 112.0 12.5 79.57 12.5 103.4 12.5 138.6 12.5 517.1 12.5 933.9
16.0 111.8 13.0 79.55 13.0 103.4 13.0 138.6 13.0 517.0 13.0 933.4
16.5 111.7 13.5 79.53 13.5 103.4 13.5 138.6 13.5 516.9 13.5 933.0
17.0 111.6 14.0 79.52 14.0 103.4 14.0 138.6 14.0 516.8 14.0 932.6
17.5 1115 14.5 79.52 14.5 103.4 14.5 138.6 14.5 516.6 14.5 932.3
18.0 111.8 15.0 79.52 15.0 103.4 15.0 138.6 15.0 516.5 15.0 932.0
18.5 111.8 15.5 79.53 15.5 103.4 15.5 138.6 15.5 516.6 15.5 931.8
19.0 111.6 16.0 79.55 16.0 103.4 16.0 138.6 16.0 516.8 16.0 931.5
19.5 111.6 16.5 79.58 16.5 103.4 16.5 138.7 16.5 516.8 16.5 931.5
20.0 111.5 17.0 79.60 17.0 103.5 17.0 138.7 17.0 517.2 17.0 931.5
20.5 111.5 17.5 79.64 17.5 103.5 17.5 138.8 17.5 517.3 17.5 931.5
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1028.7
1032.9
1039.6
1044.5
1046.3
1048.4

Conductivity of Aqueous surfactant data @ 20.5 °C

Dosage
o P

0.025 110.4
0.05 79.30

0.075 104.0
0.10 139.5 Standard deviation
0.50 518.6 =315.757
1.00 934.7 Standard error

=52.62621
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Appendix D 4 Physicochemical characteristics of surfactin in saline medium

0 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m?3) 997.107 997.04 996.641 997.04 996.641 999.034
pH 6.68 6.78 6.96 7.07 7.31 7.28
Conductivity (mS/cm) 0.1115 0.07995 0.104 0.1393 0.5182 0.9333
0.05 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m?) 999.034 999.034 999.034 999.034 1000.63 1000.63
pH 6.6 6.72 6.74 6.78 6.88 6.81
Conductivity (mS/cm) 5.713 5.726 5.732 5.748 5.971 6.246
0.1 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m?3) 1001.029 1001.029 1001.029 1001.029  1001.827 1001.827
pH 6.44 6.54 6.55 6.6 6.67 6.68
Conductivity (mS/cm) 10.84 10.86 10.88 10.89 11.06 11.27
0.25 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m?3) 1007.812  1007.413 1007.413 1007.413  1008.211 1009.009
pH 6.23 6.3 6.35 6.36 6.43 6.46
Conductivity (mS/cm) 25.44 25.42 25.42 25.43 25.42 25.47
0.5 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m?3) 1016.988  1016.988 1016.988 1016.988 1017.786 1018.584
pH 6.07 6.15 6.19 6.2 6.24 6.3
Conductivity (mS/cm) 46.9 46.9 46.87 46.87 46.7 46.41
1.0 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m3) 1035.74  1036.538 1036.538 1036.538  1036.538 1036.937
pH 6.31 6.34 6.37 6.4 6.43 6.44
Conductivity (mS/cm) 84.43 83.89 83.39 82.98 76.98 69.55
1.5 M Salinity
Dosage (%) 0.025 0.05 0.075 0.1 0.5 1
Density (kg/m3) 1054.891  1054.891 1054.492 1054.492  1055.290 1055.689
pH 6.32 6.35 6.38 6.39 6.41 6.44
Conductivity (mS/cm) 118.1 118.0 117.9 117.9 116.9 115.5
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Solubility trapping as a potential secondary mechanism for CO-
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This study aims to experimentally investigate the potential of solubility trapping mechanism in increasing 00y,
storage during EGR by €0, injection and sequestrabion in conventiona] nataral gas reservoirs. A aboratory come
flooding process was carried out to simulate EGR on a sandstone core at 0, 5, 10wt NaCl formation water
salimity at 1300 psig, 50°C and 0.3 ml/min injection tate. The results show that OOy, storage capacity was
improved significantly when solubility frapping was considered. Lower conmate waber salindties ( and 5 wi)
showed higher OO0y, salubility from IFT measaremnents. With 10% connate water salinity, the highest accumu-

Iatiom of the C0y in the reservoir was realised with about §3% of the total OOy injected stored; an indicabion of
improved sorage capacity. Therefores, solubility rapping can potentially increass the CO,, storage capacity of the
gas reservoir by serving as a secondary trapping mechandsm in addition to the primary structural and strat-
graphic trapping and improving CH, r=covery.

1. Introduction

The Incessant utilisation of fossil fuels as sources of energy In-
warlably Increases greenhouse gases (GHG) emissions In the atmosphere
and eventually lead to the proliferation of global warming. The re-
ductlon of these GHG emilssions has become paramount, and It is
galning slgnificant attentlon globally due to Iks environmental con-
sequences. The maln component of the GHGs responsible for neary
64% of the acoued negative effect on the environment 15 GOz (Ding
et gl, 2018). Thus, reduction of this anthropogenic ©0; emission
cannot be overemphasised. Carbon Capture technology Is 8 potential
approach to reducing the OO0y emissions from heavy Industries (Ding
et al, 2018; LI et al, 2013; Pereira et al., 2017) followed by the geo-
logical‘underground storage and sequestration of the capmured GOy
(Burton et al., 2005%; Ganjdanesh and Hosselnl, 2017; Mijic et al., 2014;
Mutatlipu et al., 2018a). In all the underground storage sites, oll and
gas reservolrs have the potential or appeal to provide additional
throughput In the form of economic incentives (Ding et al., 2018; Kalra
and Wu, 2014). These Incentlves are realised through enhanced re-
covery techniques — miscible flooding technique In enhanced oll re-
covery and C0; Injection In enhanced gas recovery processes. However,

* Corresponding author.

natural gas reservolrs have the upper hand In terms of potential and
practicallty storage compared to the oll reservolrs due to thelr existing
gas storage capability (Ding et al., 2018). Gas reservadrs have stored
natural gas for long periods of tme safely without the penchant for
sumounding leaks. The extraction of gas from conventlonal natural gas
reservolrs does not require complex processes of altering the reservolr
matrix to enhance Its production because primary recovery can be In
excess of B0% (van der Meer, 2005) depending on the drive mechanism.
01 reservolrs, on the other hand, must be subjected to an array of
complex process through amtificial simulation techniques like hydraulic
fracturing or matrix acldizing In order to enhance the production which
In turn tends to affect the reservolr integrity, and a potentlal CO;
leakage and contamination of adjacent freshwater aquifers will ensue
overtime as emphasised by (Xiao et al., 2016). COy s a medium for the
maobilisation of oll In the reservolr during tertlary recovery and the risk
assoclated with the leaks Is the transportation of complex organic
compounds present In the crude oll like benzene, toluene, ethylbenzene
and xylenes (BTEX) which are highly toxtc (Cantrell and Brown, 2014)
Into adjacent aguifers through fissures and fracture propagation re-
sulting from recovery technigques. This reason, among others as polnted
In the works of Kalra et al. (2014}, highlights the cholce of natural gas
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reseryolrs 85 potential sequestration site for anthropogenic CO; emis-
slons albelt the current natural gas market compared to ol prices from
an economic standpoint. Monetheless, the drive to explodt the economlc
wlability of EGR. through understanding the physics of mixing between
the Injected CO; and the recovered CHy and its minimisation should be
upheld.

Accordingly, conventional natural gas reservodrs have a storage
capacity llmitation compared to the most ideal cholce Le. deep sallne
aquifers (Sminchak et al, 2007) for OOy sequestration. Deep saline
aquifer utllses a combination of different trapping mechanlisms
(structural and stratigraphic, solubllity, restduzl, mineral) to store the
Injected CO; and as such Increases, significantly, Its storage potential.
Conwversely, the primary trapping mechanism for COg In conventional
natural gas reservolrs Is structural trapping owing to the geological
seals of the reservolr {cap rock) which prevents the natural resource
from migrating to the upper strate of the overlying formations and In
this case the Injected COg. However, an addittonal trapping mechanism
that can be explored to further Improve the storage capacity of the
conventional natural gas reservoldr lLe. the solubllity trapping me-
chanism of the COz In the formation water. This can potentially be
exploited In tandem with the primary trapping mechanism to Increase
the storability of the natural gas reservolr. As a secondary CO:z geolo-
gical trapping mechanism post Injection time (L1 et al, 2013), sig-
nificant volume of COz can be dissolved and stored In the formation
water given the high solubllity of COgz In water. In most cases, solubility
trapping mechanism In the purview of CO; storage 1s usually asso-
clated, Investigated, and adapted In deep saline aquifers alone {Chen
et al, 2018; Mdng et al., 2018; Jia et al, 20017; L1 et al., 2013; Nakajima
and Xue, 20017; Oh et al., 2017; Raza et al., 2016; L M Valle et al., 2018;
L.M. Valle et al,, 2013). Experimental Investigation of solubility trap-
ping mechanism In unconwentlonal natural gas reservolrs during EGR
Is, to the author's knowledge, limited and the practicality of Its effec-
tiveness In this regard needs to be evaluated to further present Its po-
tentlal as & wlable option for ©0; sequestration.

Furthermore, OOy displaces CHy during EGR by advectlon or dif-
fuslon mechanlsm where displacement Is elther controlled by Inter-
stitlal welocity or concentration gradient, unlike BEGR by OO0y Injection
In unconventlonal natural gas reservodrs, like coal bed methane and
shale gas, whose mechanisms of displacement are desorption of the CHy
and adsorption of CO; where selective adsorption depends on the clay
content of the rock (Duan et al., 2016). This displacement machanism in
EGR for this study Is quintessential to the assessment of the storability
of the Injected C0; and the recovery of the nascent CHy and the In-
terplay between them In the conwentlonal reservolr. The Influence of
the connate water salinity and Its presence In the conventional natural
gas reservolr during EGR has already been established In our previous
work (Abba et al., 2018). Therefore, this study alms to highlight, ex-
perimentally, the feastbllity of solubllity trepping, In addition to
structural trapping, as & secondary trapping mechanism during en-
hanced gas recovery by COg Injection and assess Its potential to Increase
the storage capacity of the reservolrs with respect to natural gas re-
covery efficlency In conventional sandstone reservolrs,

2. Materials and method

In this study, a core flooding expertment was carried which invalved
the Injection of OOy through a core sample saturated with CHy and
connate water at different salinities. The core sample used was Grey
Berea sandstone with petrophysical properties and dimenstons as shown
In Table 1. The salinities of the connate water used were 0, 5, 10 wi%
NaClL

21, Materials

High purtty Carbon [Moxide and Methane with purities
of = 90.990% were used and sourced from BOC UK which Is @ member

Journal of Noneral Gor Science and Engineering 71 (3079 103002

Table 1
Care sample dimensions and petrophysical properties.
Core sample  Length Diameter Porcslmetry Gas Fermeability
{mm) (mm} Perosity (%) (md)
Grey Berey Ta.Iy =332 .3 nz

of Linde Group. The core sample was acquired from Kocurek USA.
General purpose NaCl salt used In this study was supplied by Fisher
Sclentific UK.

22 Experimentol method

A serles of experiments were carried out to achleve the alm set out
In this study. The core sample was first characterised to evaluate the
petrophysical properties of the core sample for conctse and dependable
measurements of the parameters under Investigation. Brines of different
test salinitles were prepared which were used for the Investigation.
After these prellminary preparatory tasks were carrled out, a core
flooding process was conducted on the core sample to evaluate the
displacement efficlency of the process In the presence of the test con-
nate water prepared. 5 tests for Individual brine concentrations were
carrled out. The effluent compositlons were analysed using gas chro-
matography at different time Intervals using the configured sampling
valve. Detalls of the procedure and set up are presented In our earlier
work (Abba et al., 2017). The effluent rates were measured and re-
corded by the downstream flow meters. These provided the volumes
produced by displacement of CHy by the Injected COz and paved a way
to quantlfy the trapped or stored CO: In the core sample after sub-
stantial recovery of the desired CH,. The solubility through Interfactal
Interaction between the different gases In different brine salinities for
all the experiments was studled using the rising bubble method of In-
terfacial tenslon measurement. Detalls of the experimental set up and
procedure s shown In section 2.2.4.

22.1. Brine preparagon

The connate water of different salts concentration was prepared In a
round bottom flask with a magnetic stirrer on & magnetic plate. The
stirring was kept at & medium rate as precautionary measure to obtaln a
homogeneous solution of the brine where all the solute was fully dis-
solved. Two brines of 5, 10 wit%: Nall concentrations were prepared to
simulate the formation water salinitles for the Investigation.

222 Core sample samradon

Far this study, 10% of characterised core sample was then saturated
with the distilled water and prepared brines (5, 10 wt™) to represent
the connate water using the vacuum ssturation method. Given the
nature of the core sample used and the core flooding equipment, 10%
saturation was ldeal as It provided sufficlent surface area for the fluid-
rock Interaction within the pore matrix. Furthermore, It reduced the
risk of damage to the core holder, back pressure regulator and tublng of
the core flooding equipment from the actdic effluents formed by the
Interaction of the supercritical C0; and the simulated connate water.
Equivalent volume to 10% of the pore volume of the core sample of the
tests brines was Injected using the set-up In Fig. 1 under vacuum to
establish the connate water saturatlon In the core sample.

2221, Apporone and procedure. Saturation set up shown In Fig. 1. Ta
carry out the saturatlon process, an equivalent volume of 10% of the
core sample’s pore volume of brine 15 measured out and placed In a
hydrophoblc syringe. The core sample (dried and welghted) was placed
In the alr tight sleave In the vacuum chamber. Valve 1 was shut and
valve 2 was open and the vacuum pump was run. Valve 2 was then shut
off and valve 1 was opened and the brine was Injected and valve 1 was
shut off. The set up was allowed to sit for 4h Slowly, the vacuum
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Fig. 1. ¥acuum saturation set up.

pressure was released, by opening the valve 2, and brought the chamber
to atmospheric pressure. The now saturated core sample was welghed
to verify the saturated wolume. The saturated core sample was then
prepared by wrapping It In cling film and foll paper. The cling film
helps In preventing the foll paper from sticking to the core sample
which makes it difficult to remowe and clean while the foll paper help to
preserve the vimon sleeve Integrity by reducing the permeation of the
supercritical C0g from the core sample through the sleeve. This GOz
permeation can also cause overburden pressure fluctuations, In that the
COqz passes through the vitton sleeve Into the annulus of the core holder
set-up housing the hydraulle oll which simulates the overburden
pressure on the core sample.

Prior to every experiment, the core sample was cleaned using
Soochlet extraction were a reflux of methanol cycles was used to remove
any traces of Inorganic compounds (In this case MaCl salts) to restore
the ortginal state of the core sample for consistency. Drying in the oven
at 100°C owvernight followed. This ensured the removal of any molsture
and reggents used In the cleaning process.

223 Core flooding process
The core flooding process was carrled out at 1300 psig and 0.3 ml/
min Injection rate wsing the set up shown In Fig. 2 (the pressure was

Jowrnal of Naneral (Gar Soieace and Engineering 71 (20720 102007

considered based on the gas zone density of 0.22 psi/ft, and the In-
Jection rate was from our previous work). And as aforementloned, the
COyz Injection was done employing the smme procedure, operational
condittons and equipment detzlls used In our previous work (Abba
et al, 20017). The sat-up works based on the principle of Darcy law
which defines fluld flow In porous media and its schematics Is shown In
Fig. 2. An unsteady state flow was adopted to evaluate the mass balance
between the Injected OO and the effluents reallsed — which comprised
of the displaced CH; and the Injected CO5. The concentration profile
was measured and recorded at 4-5Smin Intervals with the come-
sponding effluent flowrates. And the run came to an end when there
were Insignificant volumes of CHy In the produced effluents.

224 Interfociol tenston measurement (IFT)

Sewveral works have been carrled out to measure the interfactal
tenslon In COs-brine, CHe-brine, CO;-brine-CHy systems at different
conditions (Amin et al., 20010; Arabloo et al, 2016; Bagalkot et al,
2018; Barati-Haroon! et al., 2016; Chow et al, 2016; Dehghan et al.,
2015; Duchateau and Broseta, 2012; Kamari et al., 2017; Kashefi et al.,
2016; Khaksar Manshad et al., 201&; Mohammad Salshi et al., 2017;
Mutailipu et al., 2018a, 2018b; Perelra et al., 2017; Rashid et al, 2017;
Stukan et al, 2012; Yasuda et al., 2015) and the relationship between
the Interfacial tenslon and solubility highlighted. These Investigations
have shown that the forces that exist at the Interfaces between two
phases or flulds Interacting are 8 functlon of the densitles, the tem-
perature and pressures of the flulds system. And there exlst mass
transfer between the phases In contact which can be well attributed to
the solubllity of one specles of the flulds In another.

2241 Apporens and  procedure. Here, the Interfaclal tenston
measurement was done to assess the dissolutlon of the Injected CO2
for the duration of CHs displacement for EGR as a result mass transfer
between the phases. Each connate water solution with a specific
concentration was used to measure the IFT between the connate
water and the gases at the core flooding conditions of 13040 psig and
50°C. The rising bubble technique was used to camy out the
measurement using the set up as shown In Figure below. A Corelab
high pressure high temperature surface energy experimental set up was
used (see Fig. 3). It comprised of the high pressure measurement cell
which can withstand pressures of up to 10,000 psig, a Rame-Hart
optical system with digital Image processing software used for the IFT
determination wsing Image analysls of the bubble, a high pressure HIP
62-6-10 manual pump with a pressure rating of 10,000 psig for
charging the external phase (brine) and a Temco temperature
controller. The IFT Is measured using Droplmage software which uses
a theoretical algorithm to evaluate the parameter based on the bubble
profile generated.

Before the measurements, precautionary steps were taken to rid the
system of any contaminant and ensure proactive experiments In ob-
talning reliable results. The accumulators (1&2), the IFT cell (4), the
Injection needle (10), the delivery tubing was soaked In acetone for 2 b,
and this step was repeated for all new zamples being Investigated. These
components were coupled back together and then evacuated using
vacuum pump {(8). Hot distilled water was then placed Inslde the ac-
cumulators and then Injected Into [FT cell to flush the whole system.
Dry compressed alr was then used to dry the entire system In pre-
paration for the IFT measurements.

The external phases (brine/distilled water) were charged Into the
cell using the manual pump tll the desired pressure was attalned and
also the temperature was set using Corelab temperature controller with
an socuracy of = 0.3°C as the system pressure was set In order to
malintain the temperature at the desired temperature. After the pres-
sures and temperatures have stabilised, the gases (CHg or C0g) were
then Introduced Into the drop phase accumulator. Then the manual
pump was used to pressurise the gas In the accumulator to the desire
test pressures slightly above the cell pressure. Creating the bubble
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P27

Fig. 2. Schematics of core flooding set up.

Inside the test cell was done by gently opening the Injection needle
valve and monltoring the development of the bubble. The bubble de-
velopment and collapse were recorded using the Droplmage software
based on the Young-Laplace equation. Detatls of which are discussed In
Section 3.1.3.

This bubble measurement was repeated for 4 bubbles In each ex-
periment for repeatability and acquired data rellability and the IFT
measurement was made repeatedly on each bubble Image obtalned.

3. Results and discussion

2.1. Core flooding expertment

The recovery efficlency of the experiment was Investigated using a
laboratory simulated displacement experiment to determine the con-
centration profiles of the Interacting gas species. This entalled Injection
of the CO; Into the core sample saturated with CHs and connate water.

As already mentioned In Sectlon 2.2, a number of test runs were carrled
out to assess the repeatabllity of the expertmental methodology and set
up and the error analysis for the best three runs prior to the actual runs
were selected and shown In the appendix.

3.1.1. Methane recovery

First, the CH, produced was evaluated based on the total volume of
effluents produced after the core flooding experiment was stopped.
These volumes were fractions of the original gas In place In the core
sample. The results obtained are presented In Table 2 below.

These results are presented In a graphical form In Fig. 4 which
shows the trends observed. As can be seen, the poorest CHs recovery In
all the runs was realised In the run where 10 wt% of connate water was
used. This can be attributed to the poor sweep efficlency of the Injected
because of the restrictive flow when CO; traverses the core sample. This
restriction Is as a result of the higher salinity (high density) connate
water sealing off the namrower pore spaces within the pore matrix due

Fig. 3. IFT set vp - (1&2) accumulators (3) Rame-Hart digital camera (4) IFT cell (5) Moritor (6) Vent Valve (7) Vacuum Valve (8) Heating element (9) Injection
Needle (10) data logger and temperature controlier (11) stabelity controller (12) manual pump (13) gas botties (CH, and C0,) (14) Light source.
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Table 2
CHs production in pore volumes for all the runs.
Time {min) PV Time {min) Y Time {min) F¥ Time (min) ¥
Produced Produced Produced Produced
10 wi% CTFy 5wit CHy Distilled CHy Dy CHy
017 03 o 513 0.15 TaoT L £ 702
5.32 amn 533 nia 5.40 1eZ 533 a2
TEE L1& TLET 24.000 1083 2627 1067 64
15499 .57 15.E2 17.1z2 154099 1LEZ 15.83 R
ZL1& 2.9 .1e TTE 1.3z 72T .16 G.BE
2649 11s 26.49 .86 26,66 1D 26.40 563
IeE 163 J.E3 7 Iae 13s J.B2 497
mnm L1& I71e 1.8& ) 14ag e £ 453
4232 L] 4233 115 4248 1. 4232 417
A7 66 0.5F 4767 .58 4782 117 47.H2 A75
S53.82 031 53.33 041 5508 L1811 5466 im
S01& 01E 50.49 041 6133 011 &0 L
6432 LN ] B5.16 0.4z 6666 LoE &5.16 285

to Its density compared to the other muns with lower connate water
concentration with lower densitles, Because of the forced-homogenelty
actualised by the presence of the connate water In the pore matrix, less
tme was spent by the COg as It was Injected through the core sample
and also early CO breakthrough as seen In the concentration profile in
Fig. 5.

The orginal gas In place (DGIF) In the core sample before the
commencement of the flooding process was obtalned using the same
relation in Eq. (1) as employed In our previous work (Abba et al., 2018).

= bl — 5
B, 1)

Where © Is the original gas in place In scm”, w, Is the bulk volume In
cm®, Sw 15 Initial water saturation fraction, Bg 1s gas formation volume
factor in cm®/scm”® for the purpose of this research. This was then used
to evaluate the CHy recovery factor shown in Table 3.

Furthermore, the CHy recovery was highest when there was no
connate water saturation. This is obvious because there was no reduc-
tion In the original pore volume for the gas to oocupy and hence more
wolume for nascent CH,. Higher volume of CHy was reallsed In the core
sample durtng the dry run and thus higher recovery was observed. This
will serve as the benchmark to which other tests are pitted agalnst. 5o,

[

analysls will be accentuated In the runs with 10% of thelr pore volumes
saturated with connate water of different salinities (0, 5, 10 wt%). The
concentration profile also presented, notably, the varlation of the
breakthrough times with the salinities, This varlation was explained In
our previous works where significant pressure drop was seen when Clg
was displacing CHy at a 10wt connate condition (Fig. 6). The same
restrictive flow comes Into play when explalning the varlation In
breakthrough times. The higher the salinity of the connate water the
muore pore throat sealing effect was notlced. Distilled water saturated
run did not fully pleg the pore throats Instead It made them narrower
and the flow channels became more torteous. Similardy, 5wt connate
water run had lower pressure drop compared to the 10 wi% connate
water runs. This means that the pore channels were not significantly
reduced thereby allowing more unrestricted flow through the pore
matrix.

3.1.2 Corbon dioxde injecdon and recovery

Using a simple form of gas material balance and mass conservation,
the volume of COq Injected, and C0z produced can be evaluated to
assess the production effictency of each Injection strategy.

EWJ:I:&.= E[W:mw+ Wi Proadaced} ]

20 -

CH4 (PV Producssd)

Time (min )

Fig. 4. Graphical representation of CH4 volumes produced from all the experiments.
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1.0
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% 0.6 4
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=10 o 10 2 k1] a0 50 =] T
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Fig. 5. Concentration profilas of COy produced.
Table 3 Table 4
(H, recavery factor evaluation for each test O0y, produced during EGR for all the experimental nans.
Tesis 2wl (%) CHy Froduced BV OGP Recovery Testx Ewl PV mjected FY¥ FV Acommulated % {00y Shomed
¥ Factor (%) ® Produced
10 wi% 10 1342 8187 1644 1wik 1 3810 1331 rrdey] 6313
Swi%k 10 s 82187 64.09 Sl 1 3810 2044 E.ES 1B45
Distilied 10 ST 8187 &7.78 Dl 1 3810 7T B33 an
Dry a Bl55 83113 orea Dry o 3610 33eE 145 &0

Here, C0; was Injected at a constant flowrate rate and the effluents
produced were recorded and analysed. Produced COg results obtalned
and analysed are shown In Teble 4.

From Table 4, It suffices to say that the experimental run with 10 wt

0.5 4
0.8
0.7 4
0.6+

0.5 -

dF (psig)

0.4

0.3

0.2+

Mt

% connate water ylelded the most significant results in terms of COg
storage with 63.13% of the total pore volumes Injected stored In the
core sample. This 15 further established and reaffirmed In Fig. 7 where
the same run ylelded the least 0y recovered compared to the other

Tirme (min)

Fig. 6. dP changes during all experimental runs at different conmate water salimities at 1300 psig and 50°C.
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Fig. 7. 00y volumes recovered in pore volumes as functons of time.

runs. Also, the restrictive flow during the run as a result of the sealing
effect by the connate water alded the storage of the Injected CO; which
was characterised by the large pressure drop observed during the In-
Jection. Next, experimental run with the core sample saturated with
distilled water provided stored 23.21% of the total pore volumes In-
Jected. This was followed closaly by the run with 5wt connate water
and the least efficlent storage scenario was the core sample with no
connate water with the storage of 6.79% of the total pore volume In-
Jected. Given the similar flow behaviour of the Injected CO; In terms of
pressure drops between the distilled water and 5wt runs, It was ex-
pected that the storage efficlency will be very close.

Consequently, to assess the displacement efficlency In terms of CH,
recovery and CO, sequestration, Tables X and 3 were combined to
produce Fig. 8.

From the Figure, there seem to be an Increase In recovery of CHy as
the salinity decreases, this can be attributed to the pore matrix of the
core sample and the flow physics of the fluld as discussed In section
3.1.1. For COy storage, however, the storage efficlency arguably

decreased as salinity decreased. That cannot be substantiated because
the storage efficlency in the distilled water run s falrly higher than that
of the 5wt mun. This could be due to CD; solubllity In brine and
distilled water. Further Investigation Is thus required to substantiate the
claim and expatiate the trend observed.

It 15 @ well-known fact that the 05 1s highly soluble In water. The
mutual solubilittes of COy and CHy and connate water at different
salinities was Investigated next using [FT measurement to further drive
and explaln the narrative already postulated.

3.1.3. IFT memsurements

The experimental fluld-fluld [FT measurement was carried out using
the rising bubble technique described In Section 2.2 4. 1. This technlque
capltalises on the buoyancy of the gas bubble with respect to the brine
used, In that its ability to rise through the denser fluld is exploited. The
IFT measurement |5 evaluated based on the profile of the gas bubble In
the brine created In the IFT cell which is deduced using the Young-
Laplace equations:

SwlHh

Distilled Dry

BLCH4 Rocovery

W CO02 stored

Fig. 8. Efficiency of flooding process terms of G0, storage and CH, recovery.
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Table 5
[FT measarement of 004 at different brine salinities {1300 psig EDuC:l.

Time (5) Distilled Swit% (mN,/m) 10wi% (mN/m)
‘Waier [mN,/m}

oo 5513 8230 B551

1.0 S4.B89 8110 B453

1.9 EX12 SO.EG B3 A3

29 4E11 5712 E351

4.0 44 X3 55. X% E3.48

5.0 JB16 5345 B340

a0 33ET S23F B340

a9 B33 51.7% B335

2.0 24.33 50.11 e3.07

a0 X132 48,35 B2 35

Apgd?

=5 3
Where
1_ I[E)
H d, 4

Ap 15 the density difference between the two flulds, v Is the Inter-
faclal tenston, g 15 the acceleration due to gravity, de 1s equatorial
diameter of the drop, ds is the dlameter of the bubble at de from the
apex, H 15 the bond number which Is a function of the ratlo of ds/de.
The densitles of the phases were evaluated using FVTsim at the test
conditions of 1300 psig and 50 °C. The [FT was first measured when the
external phase (connate water) was not saturated with the drop phase
(C;) to observe the development and collapse of the bubble generated.
The results for all the test flulds are shown In Table 5 where mea-
surements were taken continuously as the bubble shrunk and collapsed.

The shrinking of the bubble signified the rate of mass transfer over
the Interface between the gas bubbles generated and brine phase In the
cell. As seen In Fig. 9, Fig. 10, and Fig. 11, the rate of shrinkage of the
gas bubble 15 more pronounced In the distilled water experiment and
the rate decreased as the salinity of the connate water sample Increased.
The IFT decreassd rapidly In the distilled water which explained the
shrinkage observed. However, IFT rate decreased at a slower rate when
the zalinity Increased to 5 wi% and even slowest at 10wit% connate
water. This Is represented graphically in Fig. 12

After the results of the rate of shrinkage and IFT varlation with tme
In the unsaturated brine were obtalned, the next step was to evaluate
CO= IFT when the brine was saturated with the Injected CHa. The ex-
ternal phase of the experiment (brine) was saturated with the CHy by
Injecting the gas through the Injection needle which pressurised the
system to the test pressures. [FT measurements were taken at time In-
tervals at the test conditlons. Full equilibrium was achleved after about

Li]
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3min where the bubble sizes became constant and hence the IFTs. The
CHs IFT results shown In Flg. 13 are similar to those obtalned by
(Yahaya et al., 2018) at the equillbrium condittons relevant to this
work.

From the results, it follows the same trend as that observed when
the measuring the C0; IFT In brine, In that the rate of IFT decrease 15
consequential to the brine salinity, with the lowest IFT measured be-
tween the CH, and the brine. This reaffirms that the higher the salinity
of the brine the lower the gas solubllity. The graphical representation of
the IFT vartation with time Is shown In Fig. 13.

Once the equilibrium between CHy and the brine was attatned, 0y
was now Injected at the same pressure Into the CH, saturated brine to
evaluate the IFT. This was to simulate the rate of CO; dissolution In the
reservolr during the displacement. It 1s noted that the connate water In
the reservolr was saturated with the CH, prior to injection, so this step
In IFT determination of the C0; In a CH, saturated brine gives a re-
presentation of the trends observed In Fig. 14.

It 15 clear that the gases had the highest Interfaclal tension In the
brine with the highest salinity and lowest Interfacial tension wvalue In
distilled water. This explains why more C0z seemed to accumulate
during the run with distilled water (Table 4 and Fig. ) compared to the
run with &wik.

The primary trapping mechanisms In the conventlonal natural gas
reservolrs durtng EGR by OO2 Injection and sequestration are the
structural and stratigraphic trapping as seen In Table 4 In the dry run
whilch only about 7% of the Injected C02 was stored In the core sample.
This storage efficlency was conslderably Increased to about 63% of the
Injected COz when connate water was Introduced Into the core sample.
This highlights the feasibility that in additton to structural trapplng,
solubllity trapping 15 realizable durling EGR and tends to Increase the
storage capacity of the conventional natural ges In terms of storage
while maintalning substantial recovery of the hydrocarbon resournce.

4, Conclusion

In this research, Berea sandstone core sample was used as the
conventional porous medla to carry out @ core flooding process to
evaluate the production of CHs and C0p during EGR scenario In the
presence of connate water to reallse the effects of It presence. Cg
storage was highest In the run where the connate water salinlty was
10wt which Is attributed to the restrictive flow of the Injected GOz to
displace the CHy and was characterised by low C0z and high CHy re-
coverles. Here, structural trapping mechanism was dominant and also
solubllity trapping to an extent. However, solubllity trapping me-
chanlsm 5 most pronounced during the distilled (0 wit%) and 5wt
salinity runs where both runs had similar CO; and CHy production, bt
the distilled water run had the higher 05 accumulation. This is due to
the higher solubility of the CO; In distilled water as seen In thelr

(4 )

N

Fig. 9. Bubble shrinkage of €0, bubble in Distilled water 1= Onset K: End [10's interval).
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Li]ri]

N

Fig. 10. Bubble shrinkage of CO; in 5 wt% brine L: Onset R: End (10s interval).

ni]'i]

A

Fig. 11. Bubble shrinkage of COz in 10 wt% brine L: Onset R: End (105 interval).

Interfacial tenstons — with distilled water having a value of 36.12mN/m trapping mechanism In the reservolr connate water to Increase the
and 48.20 mN/m for 5 wt% brine at the same conditions. CO; seques- storage capacity. Consldering only structural and stratigraphic trapping
tration during EGR Is not Just focused on the primary trapping me- mechanisms which were simulated using the dry run (no water sa-
chanisms of geological sequestration but can also exploit the solubility turation), only 7% of the Injected CO; was stored and a substantial

1 - ———
&0« T\
iy
1 e
0 - X
" 1 - o
80 -4 B 7
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[—e—Distiled wates
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IFT (mN/m)
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Fig. 12. Graphical representation of CO; IFT decrease as a function of time at under-saturated aqueous conditions (1300 psig S0°C).
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Fig. 12. CH, IFT as function of time at equilibrium (1300 psg 50°C).
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of time at

volume of 63% of the Injected CO; was sequestered when solubility
trapping was considered by Introducing connate water saturation. This
goes on to show there Is a potential for additional storage capacity
through secondary trapping mechanisms. The salinity of the connate
water plays a vital role in promoting the trapping — In this case struc-
tural trapping which resulted from the density of the connate water
sealing off the narmow pore spaces within the pore matrix as evident In
the 10 wt% connate water run. A substantial volume of CHy was re-
covered In all the cases which Is a win-win scenario for the technique.
The recovered CHy4 from conventional natural gas reservolr can offset
part of the cost of the sequestration process whilst providing good se-
questration site CO, storage. This study shows that structural and
stratigraphic trapping mechanisms are not the only exploitable avenue

199

for CO; storage by showcasing the potential of solubility trapping as a
secondary trapping mechanism which Increases the storage capacity
(the lmitation) of natural gas reservolr. Future work will entall In-
vestigation of effect of other types of salts on this process and at even
higher concentrations and saturations.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://dol.org/10.1016/) Jngse. 2019.103002.

Nomenclature

Methane

Carbon dioxide

Interfacial Tenston IFT (mN/m)

Density (g/cm”)

Acceleration due to gravity (m/s%)

Bubble equatortal dlameter (mm)

Bubble dlameter from bottom tip of bubble to height de (mm)
Bond number

Function

Pore volume

En:&&mv-«gg
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Abstract

Behavioural changes of surfactants due fo temperature fluctuations, and its interaction with saline
environment, is very common during oil and gas operations. Exhibifion of transient or permanent flow
behaviour is one form of these changes. Therefore, effect of temperature and ionic concentrations (salinify)
on flow behaviour of sodium surfactin was expenimentally investigated ORCADA® software-controlled
OFITE viscometer (Model 1100) was used to conduct steady-shear study, at 23-50 °C temperature, 0.1-
1.5 molar (M) salt concentrations and 0.025—1.0 % surfactin dosages. Sodium surfactin behaves as non-
Newtonian fluid, with a psendoplastic pattern exhibited in aqueous and 0.25-1 5M saline media. Effect of
changes in temperature and salinity on apparent viscosity of surfactin was surfactant-dosage dependent.
Furthermore, shear-thickening effect set in af a critical shear rate of 680.9 s, signifying flow-induced self-
aggregation. Surfactant dosages 0.075 and to a lesser extent 0.1% were munimally affected by changes
m temperatures, salinity and rate of shear not exceeding 6809 5. The findings suggest pumpability and
dispersion characteristics of the biosurfactant.

Introduction

Surfactin, a biological surface-active agent (biosurfactant). produced from Bacillus subfilis is increasingly
been accepted for many industrial applications including oil and gas (Al-Bahry et al | 2013; Al-Wahaibi
et al, 2014; Alves et al, 2010; Bezza & Chirwa, 2015). The acceptance stem from their ease of
biodegradability, less foxicity, ligh detergency, better foaming and wetfing properties, and greater stability
compared to synthetic surfactants (Bezza & Chirwa, 2015; Chen, Juang & Wei 2015; Inés & Dhouha,
2015). Furthermore, successful experimental and numerical study on application of surfactin in oil/gas
mdustry for either soil bioremediation, enhanced oil recovery, and'or heavy oil transport in pipelines have
been reported by many authors (Fernandes et al | 2016; Frigaard, Paso, & de Souza Mendes, 2017; Inés &
Dhouha, 2015). Success of these applications centres on the ability of the surfactin to remain adhered on oil-
water, gas—oil or gas—water inferface, thereby lindering inter-particle cohesion hence increasing the surface
area along the fluids mterface. However, duning industrial operations, fluids exhibits some form of transient
or permanent flow behaviour due to shear, compression and/or expansion stress. The resulting change in
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flow behaviour is of concern to operators. It may result fo undesirable consequence such as pressure loss in
pipes (Sharma, Tiwari, & Dixit, 2016) due to failure, and bum-out of equipment (such as pump) (Franck,
2004), during operations, especially at start up.

This study will therefore be a tool to enhancing the performance, assessing point of surfactin failure, and
mvestigation on relaxation of surfactin at fluids surfaces/interfaces. It also defines the extent of surfactin
response to any form of shear during application. and behaviour at quiescent state.

Awvailable literature indicated that studies regarding response of surfactin to rate of shear in a solution
of varying ionic strength and at varying temperature are limited However, many factors including
temperature, hydrophobic chain length and fonic concentration have been reported to impact micellization.
{(Al-Bahry et al.. 2013) investigated effect of incubation media and time on surfactin viscosity. Authors
reported no significant changes in viscosity. (Osman Hoiland, & Holmsen 1998) studied the effect of
pH. temperature and Ca™ on micropolarity and microviscosity of surfactin adopting the use of FTIE. and
flourometric analysis methods. Further fo flow behaviour of biomolecules, (de Oliveira, Amaral, & Burkert,
2018) reported increase in apparent viscosity on addition of 1moll -2 NaCl salt. Range of salt concentration
used does completely reflect that of produced water from oil and gas operations. Furthermore, (Zdziennicka,
Erawezyle, & Janczuk, 2018) smdied the volumetric properties of Rhamnolipid and surfactin at femperatures
of 203K 303K and 313K Additionally, (Ohadi, Dehghannondeh, Forootanfar, Shaldbaie, & Rajaee, 2018)
structural and aggregation behaviour of lipopeptide biosurfactant. The authors, in all these studies. were
unable to capture scenarios and conditions typical of applications in oil/gas industries.

In this study, therefore, response of aqueons surfactin to rate of shear at temperature ranges of 23 to 50
“C, and at varying aqueous NaCl salt solution of 0.1-1.5 M concentration was investigated. OFI Testing
Equipment (OFITE) viscometer model 1100 was used for the analysis.

Materials and Method

Materials

Sodium Surfactin (Kaneka surfacting biosurfactant (CAS No.302933-83-1), CssuHes 50aN0:Nal 5, was
purchased. and used as received, from Kaneka Furope Holding Company, Belgium Aqueous solution of
the surfactin was made using distilled water locally made i the Petroleum and Gas Engineering laboratory
of University of Salford. Acros Organics brand (207720010/20) analytical grade univalent salt, Sodmm
chlonde (NaCl) with 99 5% purity was purchased from Fisher Scientific, UK.

Method

Sample preparation. Aqueous solution of surfactant was prepared by measuring and directly adding 0.025,
005, 0075, 0.1 0.5 and 1.0 w/v% dosages of surfactant info sample container, and with distilled water
subsequently added. The mixture was vigorously agitated and stirred and allowed at least for 5 hours to
completely dissolve. Surfactant dosages were adopted based on the works of (Al-Wahaibi et al., 2014; Saito,
Sugai, Sasaki, Okamoto, & Ouyang. 2016; Whang, Liu, Ma_ & Cheng, 2008).

Saline solutions of 0.1-15 M concentration were as well prepared by measuring and dissolving
appropriate amount of salt into 2 litres of distilled water The solution was well stirred using hotplate
magnetic stirrer. Each concentration of the saline solution was then used to prepare surfactant solution
using the varions dosages stated above.

Measurement of rheology. The theological experiments were carried out using ORCADA® software—
controlled OFITE viscometer (Model 1100), having a shear rate range of 0.01-1000 s and 0.001 EPM
speed accuracy. Based on its configuration of B1, 42ml of calibration fluid was used to first calibrate the
viscometer. Input data (RPM, temperature, etc.) were then specified in the Test Builder, and RP 108 analysis
model (combination of Power Law and Bingham Plastic Models) was selected. Temperature in the range of
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23 °C (ambience) 30, 40 and 50 °C were inputted with an allowance of =1 °C. 0—600 RPM were selected
for the test. and units of shear stress and viscosity were then specified accordingly. Having keyed in the
input data and the test analysis mode selected, 42 ml of each of dosage samples prepared was measured and
poured into the sample cup and tightly screwed. "Start Test" button was entered to begin analysis, until all
RPM specified were completed. The experimental set-up is shown in Figure 1.

Laptop showing
ORCADA softwa

Sample cup

Figure 1—Rheology measurement equipment set-up

This same procedure was repeated for all samples in saline solution. at ambient temperature of 23 °C
with an allowance of =1 °C.

Result and discussion

Steady shear effect at different temperature

Figure 2 shows plot of viscosity against rate of shear at temperatures of 23. 30, 40 and 50 °C, designated
respectively by a. b, ¢ and d. It indicates pseudoplastic behaviour (Drew. 2006; Jain. Mody. Mishra, &
Jha, 2012; Mu, Li. Jia. Wang, & Zhang. 2002) of sodium surfactin across all dosages and temperature.
Furthermore, three (3) plateau regions. regardless of dosage. were noticed. Low-shear region exhibiting
characteristics of spherical micelles formation. The region depicts a small shear-induced decrease in
viscosity below 85.1 s shear rate (Y). Moreover, within same shear rate boundary. initial viscosity (1)
of 1.0% surfactin increases from 22.2-25.7 mPas (Figure 2b), when temperature was increased to 30 °C.
Conversely. viscosity of other dosages decreases within same range of temperature and Y. The trend became
highly dosage dependent at 40 and 50 °C. Beyond 85.1 s, reorientation of surfactin molecules became
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strongly shear-dependent. Y was sufficiently high to prevent surfactin chains from undergoing any form
of self-aggregation.
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Figure 2—Viscosity vs shear rate of variable surfactin dosages at {a) 23 °C (b)) 30 *C {c) 40 *C, and {d} 50 *C

Consecquently, viscosity (1) decreases continuously with increasing Y, depicting a continuous irreversible
shear-thinning behaviour (Lutz-Bueno, 2016; Rivero, Gouveia, Miiller, & Saez, 2012) across all dosages.
This form of behaviour is a very useful property for adsorptivity (Schroven, Gunes, & Vermant, 2017),
drilling flwid additives, and dispersant for flow assurance (Frigaard et al, 2017).

Pszeudoplastic behaviour reached a munimmm at critical Y of 680.9 s-1, and shear-thickening behaviour set
m beyond this value. The shear-thickening increase as the temperature increase which is visibly evident in
Figure 2c and d. Increasing temperature perhaps led to increased micelles concentration and consequently
formation of larger aggregates (rod-like micelles). It is worthy to note that dosages 0.075 and 0.1% are least
affected by changes in temperature and shear rate.

Dosage effect at zero-shear

To clearly understand effect of dosage on viscosity at different temperatures, plots of surfactin dosages used
mn the study were made against apparent viscosity at zero shear (1),). Figure 3 generally depicts a monotonic
response of viscosity to change in surfactin dosage. At ambient and 50 °C, the 1), increases with increasing
dosages up to critical dosages of 0.075 and 0.1%. Conversely, temperatures 30 and 40 “C decreases the ), as
the dosage increase. However, irrespective of the temperature change, there seems a convergence at 0.075
and 0.1% dosage. This indicates that, changes in temperafure is unable to induce any form of molecular
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chain mobility of stroctures (Alves et al | 2010) at critical dosages. It could as well be an indication of range
of the surafctant’s crifical micelle concentration ({CMC).

e MO0 === 3D0C 04Dl ==t==E0oC
25

20 4
15 1

10 4

. (mPas)

0 0.2 0.4 0.& [ik:] 1 1.2
Surfactin dosage (%)
Figure 3—Surfactin dosage effect on viscosity at different temperatures

Temperature effect on apparent viscosity

Temperature fluctuations 15 a common occurrence associated with oil and gas operations. It therefore
become critical to study response of surfactin to these fluctuations at different shear rate. Consequently,
effect of temperature on viscosity for different dosages of surfactin at different rate of shear was evaluated. It
15 obvious in Figure 4 (a and b) that temperature increase resulted in sinmltaneous breakage and realignment
of the surfactin network at zero-shear. Additionally, each dosage exhibited peculiar specific apparent
viscosity response fo changes in femperatire.

a #0.01 ®W340.5 28BS =1021.4 b +001 w3405 46809 10214
20 20 5
18 18 4 *
16 16 4 N
14 * w 144
¥ 2 * * . g 1
g 10 E 0
E &8 ] .
] -
i g 4
= & I ! 4
2 | | 2 ] ]
1 A N - i ".‘ | ! e :
" 20 3 40 50 0 20 W 40 50 &0

Tempertaure ("C}) Tempertaure (°C)
Figure 4—Effect of temperature on apparent viscosity of surfactin at different shear rate for (a) 0.025%, and (b) 0.05%

Surfactin dosage 0.025% depicted significant monotonic decrease while 0.05% depicted a monotonic
merease behaviour. Additionally, 30 °C caused viscosity decrease effect in both a and b. Of interest (in
figure3b) is the sharp decrease in apparent viscosity (1) from 14.9 to 7.6 mPas when temperature increased
from 23 to 30 °C. The increase induced a breakage and realignment of the surfactin network. Though it
reduced wiscosity across the dosage, it could not sustain the network deformation (Kamal, 2016). At lugher
rate of shear, however, temperature effect became less significantly visible indicating that the molecular
rearrangement was shear-controlled.

Conversely, temperature increase at zero-shear resulted in molecular aggregation on surfactant dosages
0.075 and 1. (P4 (Figure 5aand b). The effect, unlike at zero-shear, was less significant at higher rate of shear.
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Figure 5—Effect of temperature on apparent viscosity of surfactin at different shear rate for {a) 0.075%, and (b} 0.1%

Figure 6a mdicates that increasing temperature results in continnous formation of large aggregates at
zero-shear. This is evident by the confimious increase in v, Furthermore. 1), of 1.0% dosage increased
to a value of 25.7 mPas at 30 °C (Figure 6b). But with shear rate increase, 1, became less sensitive to

temperature. At 680 s, dosage 1.0% became highly shear rate induced that the apparent viscosity value
was close to unity.
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Figure 6—Effect of temperature on apparent viscosity of surfactin at different shear rate for {a) 0.5%. and (b} 1.0%

These affirm that apparent viscosity of surfactin is more dosage and shear rate dependent than it is on
temperature, particularly at high shear rate. Thus, surfactin like other biosurfactants, such as extracellular
polysaccharides produced from glycerol (Alves et al . 2010), thermo-rheologically stable.

Steady shear effect at different salt concentration
Performance of biosurfactant for oil'gas application 15 dependent on their behaviour in solufions like that of
formation water. Of particular significance 15 the microviscosity, and how it 15 affected by the micellar phase,
m terms of the solubilizing properties of the micellar core (Li, Zou, Ye, & Mu, 2009). The morphology
and molecular architecture of the surfactant may be responsible for this microviscosity effect. Organic or
morganic salts, cosurfactants and/or strongly binding counter ions were reported to have induced sphere-to-
wormlike fransifion in nanostructure of ionic surfactants. This may suggest that exposing sodium surfactin to
saline environment will impact on micellization hence its interfacial property during adsorption (Schroven
et al., 2017) and rheology.

Change in ionic concentration of dispersion medium may increase or decrease the size and shape of
amicelle. Li (Li et al | 2009), hypothesized that there exist two opposing tendencies in the formation of
micelles of ionic surfactants: (1) removal of hydrocarbon chains from water favours aggregation; and (2)
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electrostatic repulsions between the ionic head groups opposes aggregation (Shrestha & Aramalka, 2008).
Emnoblich (Knoblich et al, 1993), reported surfactin micelle to be spherical, ellipsoidal and/or cylindrical
with a non-homogeneous size distribution at pH 7. 2.5, and 12. Additionally, Liu (Liu, Mbadinga, Yang,
Gu, & Mu, 2015) also reported that cylindrical micelles do transformed into spherical and/or ellipsoidal
micelles of smaller sizes when exposed to saline solution environment of 100mM NaCl and 20mM CaCl,.
These are in line with the findings in this study shown in Figure 7.
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1.2 4 A a0075%
. *0,10%
i 0.50%
o 08+
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0.4 4 »
[ 4
02 4 h A
& E X
X ' AR ey
o.M 1 100 10000

log ¥ (s
Figure T—Viscosity vs shear rate as a function of surfactin dosage at 0.1M salt concentrations

0.1M NaCl salt concentration had a Iytic effect on 1., of surfactin molecule. At this concentration. there
was increased electrostatic repulsion between surfactant head group which himit micellar growth to small
fimite particle sizes (Li et al., 2009; Lutz-Bueno, 2016). It consequently led to zero viscosity at shear rate of
up fo 310 ! across most dosages. Nevertheless, dosage 0.075% maintained relatively constant but ugher
M- Beyond 510 57 Y, attractive Van der Waals force between the tails in the micellar became shear induced.
Accordingly, that resulted to molecular self-aggregation that caused to shear-thickening behaviour.

Flow behaviour of surfactin at increased salt concentration is like those reported m figure 1. However,
increased ionic concentration resulted in increased 1), at Zero-shear and constant temperature. For example,
1, of 1.0% surfactin dosage increased from 22.2 to 25.8 mPas at 0.25 M salt concentration (Figure 8a). It
further increased to 36.9 mPas at 0.5 M in Figure 8b. Increasing salt concentration could have favoured
removal of hydrocarbon chains from water. Consequently, it increased electrostatic coalescence between
the hvdrophilic group, which results in molecular self-aggregation. This effect however became dosage-
dependant as the salt concentration increased to 1.0 and 1.5 M (Figure 8c and d).

209



-] SPE-1DET31-MS

#0.025%

: e o
100 & 0.075% 100 - ‘
o o
5 B 0.50% ” i
_ e xtoom x m0
E ! 10 $ex = e =1.00°%
& ] - ! 10 - *y
: % : f
b= A Py = i
- ¢ ] 1 m
0.1 100 &.. 10000 2
—e s scoum e
001 1 100 10000
=
log ¥ (s7) |uq;Y{5"]
c #0.025% d 0.025%
x0.05% - #0,05%
100 4 aD0TE% 100 E & 0,07T5%
*0.10% F #0,10%
™ = m0.50% - b u0.50%
. o =1.00% . 3 ’ = 1.00%
E 10 A 5 ¥ 10 +
i * [ 3 i
E i ma E® : r
c - .
% = . %
o.M 1 100 10000 oo 1 100 10000
log ¥ (s} log ¥ {s7)

Figure 8—Viscosity vs shear rate as a function of surfactin dosage
at (a) 0.25M, (b) 0.58, [c} 1.0M, and (d]} 1.5M salt concentrations

Flow behaviour became strongly shear-induced above 850.1 s, with surfactin exhibiting confinuous
shear-thinning characteristics. Increase in salinity consequently led o increased electric charge density of
the polar shell formed at surface of the micelle (Lutz-Bueno, 2016). This results to upsurge of electrostatic
repulsions between head groups, which consequentially increased pseudoplastic behaviour of the surfactin.
Unlike at zero salt concenfration, 6809 s critical shear was strongly dosage dependent. Figure 8a shows
that 1 of 0.075% dosage continue to decrease with increasing rate of shear to a near zero value. To
stabilize surfactant in ionizing solutions, counter ions bind to the micelles and thereby screening the
electrostatic repulsion, a process that influence micellization. This phenomenon has been occurring with the
surfactant with change in salinity and dosage. It signifies that the ionic concenfration increase influenced
the molecular mobility of the surfactant. Though the behaviour was generally pseudoplastic, it was shear-
mduced, especially at high shear rate.

Conclusion

Response of sodium surfactin to different rate of shear was evaluated, taking info consideration surfactin
dosage, salt concentration and temperature. Based on the findings in this study, sodium surfactin behaves
as non-Newtonian fluid, with pseudoplastic flow pattern Effect of changes in temperature on apparent
viscosity of surfactin was largely shear rate dependent. Conversely, change in salt concentration was both
dosage and shear rate dependent.

Furthermore, shear-thickening effect set in at a crifical shear rate of 680 95, signifying flow-induced
self-aggregation. Surfactant dosages 0.075 and to a lesser extent 0.1% were minimally affected by changes
m temperafures, salinity and rate of shear not exceeding 68095 The results suggest pumpability and
dispersion characteristics of sodium surfactin hence its suitability in oil and gas applications.
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