Synergistically Engineered Hollow Particle and Molecular Amphiphile Systems for
Oil Spill Remediation

AN ABSTRACT
SUBMITTED ON THE TWENTY-FIFTH DAY OF FEBRUARY 2016
TO THE DEPARTMENT OF CHEMICAL AND BIOMOLECULAR ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
OF THE SCHOOL OF SCIENCE AND ENGINEERING
OF TULANE UNIVERSITY
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
BY

& VA

Olasehinde Gbenro Owoseni

APPROVED: |/ k ,

Vijany. John, D. Eng. Sci.

TP

aarwacPherson, Ph.D.

Ml —

Nosh'ir:S(?Pesﬁ(a, Ph.D.

i A et

Julie N. L. Albert, Ph.D.



ABSTRACT

Oil spill accidents represent an inherent occupational, environmental, economic,
and community health disaster associated with the transformation of petroleum resources
into products that help meet our world’s energy need. Dispersants are applied to break the
oil spill into sufficiently small droplets and mitigate oil spill impacts by reducing the
possibility of shoreline impact, lessening the impact on marine life and significantly

increasing the oil-water interfacial area available for remediation processes.

Existing dispersants are liquid solutions of surfactant in hydrocarbon solvents.
There are several concerns with the existing dispersant systems including the large
volume of hydrocarbon solvents introduced into the ecosystem; waste due to spray drift
during application; ineffectiveness on heavy and weathered oils; low dispersant contact
with oil due to miscibility with ocean water; lack of buoyancy; and easy removal of the

dispersant by ocean currents.

In this dissertation, an alternative, benign and efficient dispersant technology is
developed based on principles of particle stabilized emulsions. Naturally occurring
halloysite clay nanotubes (HNTs) adhere to the oil-water interface to stabilize oil-in-
water emulsions. Additionally, the internal tubular structure allows the loading and
delivery of oil spill treating agents such as surfactant to the oil-water interface. The
halloysite surface is functionalized with magnetic iron oxides for oil mobilization.
Synergistic emulsion stabilization is also achieved using the HNT and hydrophobically

modified chitosan (HMC), an amphiphilic derivative of chitosan biopolymer. A selective



surface carbonization technique is developed to optimize the partitioning of the halloysite
to the oil-water interface. The carbonization concept is extended to a rapid aerosol
process for the synthesis of hollow structured silica-carbon composite particles as

particulate emulsifiers.

The mesocrystalline gel system consisting of the innocuous phospholipid, I-a-
phosphatidyicholine (PC); anionic surfactant, dioctyl suifosuccinate sodium salt (DOSS),
and nonionic surfactant, polyoxyethylene (20) sorbitan monooleate (Tween 80), is
developed as an effective gel dispersant for oil spill treatment. The gel dispersant
effectively lowers the crude oil-saline water interfacial tension, is positively buoyant,
breaks down on contact with surface oil layers and releases surfactant components that
stabilize oil-in-water emulsions for extended periods. Particles such as halloysite may be

incorporated into the gel for oil spill remediation.
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CHAPTER 1
GENERAL INTRODUCTION
1.1  The Challenge of Crude Oil Spills

The exploration, development, production, and transportation of petroleum
resources are significant in meeting our world’s energy need. The benefits derived from
these operations are accompanied by an inherent occupational, environmental, economic,
and community health disaster in form of oil spill accidents.* > Oil spills can adversely
affect the health of plants and animals in the coastal ecosystem if there is no adequate
clean-up response.’ The spill oil impacts the health of marine associated bird species by
fouling their feathers, damaging the skins or eyes, producing internal physiological harm
on ingestion or inhalation and significantly impacting reproduction by suppressing the
sex steroid hormone production.' The Exxon Valdez oil spill and Apex Houston oil spills
were reported to have killed thousands of seabirds.' Oil spills have also resulted in the
widespread death of marine mammals such as sea otters, sea cows, polar bears, seals and
sea lions, whales, dolphins and porpoises.”” ¢ There is evidence that the MC-252
Deepwater Horizon (DWH) oil spill in 2010 affected the reproduction and health of
coastal bottlenose dolphins in the Gulf of Mexico.®

The impact of an oil spill depends on the circumstances of the spill including the
spill source, spill cause, oil type, spill volume, spill location with respect to proximity to

sensitive resources, and environmental conditions such as the season in which spill



occurs.”® In the event of an oil spill, the oil can spread into a film on water, evaporate,
emulsify into oil mousse, be transported by winds and ocean waves, or dissolve into the
water column.> ¢ Table 1.1 summarizes the effects of oil type on the persistence and
characteristic impacts of an oil spill.'

Oil spill risk can be mathematically described using the equation:'

Riskoj spiy = Probability; spin X Consequences,y spin (1.1)

Approaches to minimize the probability of oil spill accidents include using fault tree
analysis, event trees from historical data and engineering studies, analysis of weather and
seismic data.' The concept of zero probability for oil spills is desirable but may not be
attainable with current practices and technologies.! The dissertation exploits the
fundamental principles of colloidal and interfacial phenomena of particles, surfactant
molecules and polymer macromolecules in the development of alternative, cheaper, and

environmentally-benign technologies for mitigating the consequences of oil spills.
1.2 Oil Spill Response Procedures

The response to an oil spill may involve mechanical containment and recovery of
the spilled oil from water (Figure 1.1a)’, application of solidifiers, chemical herding, in-
situ burning (Figure 1.1b), bioremediation and oil dispersion.® 7 Containment equipment
such as booms are used to restrict the spread of the oil for recovery by skimmers or
sorbents.® However, this approach can be time-consuming, expensive and have low oil
recovery rates. Mechanical removal of the spilled oil also leaves behind a thin layer of oil
that is inaccessible to native oil degrading microbes and creates a barrier to oxygen

transport from the atmosphere to the water.”



Table 1.1 Effects of oil type on the persistence and impacts of an oil spill'

Oil Type Examples Spill Characteristics and Impacts
highly volatile, contains high concentration of
toxic soluble compounds, high potential to

Volatile Jet fuel, kerosene,
impact surface and subsurface resources

Distillates | gasoline
including drinking water, difficult to clean using
conventional tools
contains toxic soluble compounds, leaves about

Diesel fuels, No. 2 [ one-third of spill as residue, potential long-term

Light

fuel, home heating | contamination of surface and subsurface
Fuels
oil, marine diesel resources, possible to clean with effective oil
spill response
about one-third of oil evaporates after 24 hours,

Lube Oils | Lubricating Oils | severe and long-term contamination, severe

Crude Oil | Medium Crude oil impact on marine life, quick clean-up response
can be effective

Heavy fuel oils, | little or no evaporation or dissolution, heavy and
intermediate fuel | long term contamination of sediments, severe

Heavy

oils, No. 4 fuel, No. | impacts of coating and ingestion of waterfowl
Oils

5 fuel, No. 6 fuel,

residual oil

and fur-bearing mammals, weathers slowly,

difficult shoreline and substrate clean-up




Figure 1.1: (a) Photograph of oil spill recovery using skimmer and boom. (b)
Photograph showing the in situ burning of surface oil layers.”



In chemical herding, water insoluble surfactants are applied around the periphery
of oil slicks to generate Marangoni flows that compact and thicken the slick.® The
increased thickness of the oil facilitates in-situ burning or skimming operations.
Typically, oil thicknesses greater than 3mm are required to sustain the in-situ burning
process. Herding is especially useful for cold water spills such as in the Arctic where ice
floes dampen the utility of wave action for oil spill dispersion and results in dispersant

waste when sprayed onto the ice.

Solidifiers may also be applied to convert the oil into a solid mass and reduce the
spread of oil in the marine environment.® Solidifier types include polymer sorbent,
crosslinking agents and polymers with cross linking agents. Several challenges have
restricted the use of solidifiers to small, thin and near shore spills. The challenges
encountered in several steps of solidifier use include difficulties in delivering large
amount of solidifier material required, attaining complete mixing of the solidifier with the
oil, recovering solidified oil, as well as potential for toxic and long term effects of the

solidifier itself.

The application of dispersants to break spill oils into tiny droplets for subsequent
biodegradation is often an efficient approach for the treatment of oil spills (Table 1.2)57
? Typical oil spills dispersants are a blend of surfactants with organic solvents such as
glycol and light petroleum distillates.” Surfactant, the active ingredients in existing
dispersants, diffuse to the crude oil-seawater interface and reduce the interfacial tension,
allowing oil to mix into water column as tiny droplets.” Corexit 9500 and Corexit 9527
are the most common dispersants considered for use in the United States. Application of

dispersants may reduce the possibility of shoreline impact, lessen the impact on birds and



mammals, and promote the biodegradation of oil (Figure 1.2).% In instances where
mechanical recovery is employed to remove the bulk of the spilled oil, dispersants are
used to break the thin oil film left into droplets promoting oxygen transport to oil

degrading organisms in the water.’

Table 1.2 Description of major oil spills’

QOil Spill Characteristics
o el . Volume .
oil .Spl" Year . Depth Distance of Oil Dlspf:rsa.nt
Accident Duration Offshore Application
(m) (km) Released
(m’)
9500 m’ of
Torrey 1967 | 12days |Surface | 25 14000 | BP1002 plus
Canyon 11 other
dispersants
11 days,
reduced 294 m?® of
Santa Barbara flows for 13000- | Polycomplex
Blowout 1969 more 37 95 16000 | A-11,
than 1 Corexit 7664
year
Ixtoc [ 1979 - | 10 5600m” of
blowout 1980 | months >0 80 >80000 Corexit 9527
15m’ of
42000- | Corexit
Exxon Valdez | 1989 | <1 day Surface 2 120000 | 9580, 7664,
BP1100X
Deepwater 7000m” of
Horizon 2010 | 87 days 1,544 73 780000 | Corexit
Blowout 9500A
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Figure 1.2: Oil dispersion and biodegradation of suspended oil droplets

A challenge often encountered in the bioremediation process is the low
concentration of inorganic nutrients that are utilized by the oil-degrading
microorganisms.'’ Enhanced bioremediation of spill oils typically involves the addition
of materials to accelerate the microbial degradation of oil.'® Nitrogen and phosphorus
containing nutrient formulations are usually added. However, added nutrients may be
highly diluted in open water systems. Current approaches require the use of oleophilic
formulations to improve nutrient contact with the spill oil."”

1.3 Significance of Developing New and Effective Spill Remediation Technologies

The Deepwater horizon oil spill generated concerns within the scientific and
technological community for several reasons including the impacts of the large volume
and subsurface injection of dispersant. A key area of concern is the volume of
hydrocarbon solvents'' introduced into the marine ecosystem, with potential toxic
effects.” Existing dispersants are liquid formulations that are sprayed onto spill oils to
break them into tiny droplets that are suspended in the water column. Due to the large

volume of water in the ocean, solubility and miscibility of dispersant components in



ocean water and spray drift during application, a significant amount of dispersant may not
come into contact with the oil. These factors make it imperative to apply large amounts of
dispersant formulations to treat oil spills. In addition liquid dispersants such as Corexit
9500 does not work effectively on weathered oil and is easily washed away by ocean
waves when applied onto heavy or weathered oils.'? This has significant economic and
environmental consequences.

Therefore it is important to develop environmentally benign dispersants with
more efficient delivery methods that can minimize the use of organic solvents. This will
significantly improve the net environmental benefit of dispersant application in the
treatment of oil spills. The development of multifunctional dispersants systems that can
allow the controlled delivery of nutrients and facilitate bacteria colonization at the oil
water-interface will enhance the bioremediation of spill oils especially in conditions
where nutrient availability is a limiting factor. In addition, the wastage of dispersant in
the treatment of surface oil spills can be significantly reduced by developing buoyant
dispersants systems that effectively contact surface oil layers.

The current challenges with dispersant technologies can be overcome by
leveraging the existing fundamental understanding of dispersant activity in the
development of alternative dispersant systems using environmentally benign materials
and synergistic properties of emulsifying agents.

1.4  Classification and Design of Emulsifying Agents

Emulsifying agents such as surfactant, surface active polymers or particles are
needed to stabilize emulsions against processes such as sedimentation, creaming,

flocculation and coalescence. The origins of the inherent instability of the pristine



emulsion system may be thermodynamically described by the free energy change

generated on emulsification:'

AG emulsion _ AGinterfacial area __ TASconfiguration (1 ‘2)

which is the sum of the free energy associated with the oil-water interfacial area increase
and configurational entropy of the oil droplets.'> Typically, the entropy term

(TASconfigurationy is neoligible and equation 1.2 reduces to:
AGemulsion — pginterfacialarea — ;A4 (1.3)

where o is the interfacial tension and AA is the increase in interfacial area. The
spontaneous breakdown of emulsions with a high interfacial area to the parent bulk
phases is therefore thermodynamically favorable necessitating the addition of
emulsifying agents as stabilizers. The classes of emulsifiers (Figure 1.3) are described in

the subsequent subsections.

Surfactant Polymer Particles

oil ;
Water :
Figure 1.3: Classes of emulsifiers

1.4.1 Low Molecular Weight Amphiphiles

Amphiphiles such as surfactant and lipid molecules stabilize emulsions by
physicochemical and mechanical mechanisms."” '* * Surfactant adsorbs and orients at
the oil-water interface to lower the interfacial tension and reduce the thermodynamic

work of emulsification (equation 1.3). The reduction in interfacial tension may be
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characterized using geometric methods such as capillary rise, sessile drop, pendant drop,
spinning drop, oscillating jet, contracting circular jet or force methods such as the Du
Niioy ring detachment, Wilhelmy plate, Langmuir barrier, drop weight and maximum

bubble pressure. '

Surfactant also stabilizes the interfacial layer by imparting elastic-like properties,
resisting shear and dilatational distortion. The thermodynamic expression for the Gibbs
elasticity (Eg), which describes the surface tension gradients generated by the surfactant

to oppose thinning and rupture of the interfacial film, is given by:

do

EG = m (1.4)

The integration of hydrophobic tail and hydrophilic headgroups into the surfactant
molecule drives surfactant adsorption at the oil water interface and imparts self-assembly
characteristics. The relative composition of the hydrophilic and hydrophobic portions of
the surfactant molecule may be quantified in terms of the hydrophilic lipophilic balance
(HLB) or molecular packing parameter (P = v/ayl. ) which is the ratio of the molecular
volume occupied by the surfactant tail (v) to the product of the contour length (/;) and
effective cross-sectional area of the hydrophilic headgroup (ag).'® When P >1 the oil
tends to be on the concave side of the surfactant laden interface and when P <1 water

tends to be on the concave side.'’

A crude application of the HLB concept is that stable oil-in-water emulsions can
be produced when the HLB of the surfactant is same at that of the 0il.”® Surfactant of
various HLB can be blended to attain a suitable weighted average HLB for emulsion

stabilization.!” This synergism concept is applied in the formulation of surfactant based
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emulsifiers in food, cosmetics, paints and oil spill dispersant products. Corexit 9500A
dispersant is a blend of 48% nonionic surfactant derivatives of polyethoxylated sorbitan
and oleic acid with 35% of dioctyl sodium sulfosuccinate as the anionic surfactant in light

hydrocarbon distillate and 1-(2-butoxy-1-methylethoxy) propanol solvent."”
1.4.2 Surface Active Polymers

Polymers are large macromolecules composed of smaller and repeating chemical
units. Polymers span the range of natural macromolecules such as proteins and
polysaccharides and synthetic macromolecules such as elastomers, thermosets,
thermoplastics and fibers. Polymers may stabilize emulsions by lowering the interfacial
tension, imparting viscoelastic properties to the oil water, and/or by steric and
electrostatic stabilization mechanisms.'* ' '° These surface active polymers may be
designed by grafting hydrophobic side chains to a hydrophilic backbone, grafting
hydrophilic side chains to a hydrophobic polymer or alternating hydrophilic and
hydrophobic polymer blocks.'* ' The combination of these basic architectures allows the
design of polymeric surfactant with more complex architectures. Similar to surfactant
molecules, the integration of hydrophilic and hydrophobic moieties into the polymer

molecule imparts self and interfacial assembly properties to the polymer.

The broad availability, environmentally benign characteristics and easily
functionalized groups of polyelectrolytes such as chitosan provides a major route for
synthesizing hydrophobically modified water soluble polymers as emulsion stabilizers."”
Chitosan, an abundantly available cationic biopolymer extracted from crustacean shells,

may be modified into an amphiphilic derivative by grafting hydrophobic alkyl groups to

the polymer backbone.'’® As a polymeric emulsifier, the hydrophobically modified
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chitosan (HMC) is positively charged and anchors its hydrophobic residues into oil

droplets, stabilizing emulsions by electrosteric mechanisms.'’

1.4.3 Particulate Emulsifiers

Particles can adhere to the soft deformable oil-water interface to stabilize
emulsions against coalescence.” These solid-stabilized emulsions are often referred to as
Pickering emulsions in recognition of the pioneering efforts of Spencer Umfreville
Pickering.?! Several experimental and theoretical studies have been carried out on solids-
stabilized emulsion especially on the key factors that affect stability and the structure of
drop interfaces.”* 2 The attachment of the particle at the oil-water interface with energies
that are several orders of magnitude higher than the thermal energy is a key mechanism
for the high stability of particle stabilized emulsions.”” This energy depends on factors
such as particle shape, size and wettability. The roles of these factors in the design of
particle based dispersant systems are elucidated in this dissertation using free energy

analysis of particles attached at the oil-water interface.

Most solid stabilized emulsions are prepared with solid, non-porous particles of
various shapes including spherical, cylindrical, sheet-like and ellipsoidal particle.??
However, particles with porous or hollow structured internal morphologies may be
synthesized with the aid of sacrificial templates.?* 2 2% 2% 2 2 Hollow particles are a
unique class of particles because the significant pore volume in the particles may be

exploited in energy storage, catalysis and controlled delivery applications.*®3"3

When dealing with solid particles at liquid interfaces, the three-phase contact

angle is an important parameter.”” * The contact angle is the angle, conventionally
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measured through the liquid, at which a liquid/vapor interface meets a solid surface. This
is the angle between the tangents to the solid surface and the fluid-fluid interface
measured through one of the fluids. It is conventionally measured through the more polar
liquid. The contact angle (0) for an oil-water interface is related to the tension of particle-

water, ypw, particle-oil, yp0, and oil-water, Yow by the Young’s equation:23

Ypo = Ypw = Yow COS O (1.5)

Relevant to oil spill remediation, the association of oil with solid particles such as
fine clay minerals in the aqueous seawater medium results in the formation of oil-mineral
aggregates.®®> This natural interaction enhances the physical removal of spill oils from
low-energy shorelines and facilitates the dispersion of the oil into coastal waters. The
formation of oil-mineral aggregates also enhances the biodegradation of spill oils. This
approach has been observed facilitate the process of oil-spill clean-up especially in

aspects of oil dispersion and natural recovery of oiled shorelines.*

1.4.4 Design of Mixed Emulsifier Systems

The design of mixed emulsifier systems is attainable by exploiting covalent and
non-covalent interactions between the various classes of materials. The overall goal is to
obtain a system with the appropriate interfacial activity for emulsion stabilization.
Particles can be functionalized with hydrophobic groups using strong chemical bonds to
optimize their wettability and partitioning to the oil water interface.” Based on the charge
structure of their hydrophilic headgroups, surfactant may be classified as anionic,
cationic, nonionic or zwitterionic.”> The adsorption of oppositely charged surfactant on

solid particles by electrostatic interaction can facilitate oil emulsification.”* Non-ionic or
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zwitterionic surfactant may also be physisorbed on particles for improved

emulsification.*

The formation of a surfactant—polyelectrolyte complex (SPEC) by electrostatic
interaction between chitosan polyelectrolyte and an oppositely-charged surfactant has
also been reported to facilitate oil emulsification properties of the polyelectrolyte.'® The
adsorption of polymer onto the surface of particles may also modify the particle
wettability®® and lock particles together thereby strengthening the interfacial layer.”’
These previous works demonstrate that effective emulsifier systems can be designed by a
systematic synergy of the attractive characteristics of a range of materials using the

fundamental principles of colloidal and interfacial phenomena.
1.5  Brief Description and Novelty of Dissertation Research

1.5.1 Integration of Particle-Stabilized Emulsions with Surfactant Delivery using

Halloysite Clay Nanotubes (HNT)

Hollow particles possess a significant void volume that can be exploited for the
targeted delivery and controlled release of materials.*® We hypothesize that using hollow
particles, the concept of particle stabilized emulsions can be integrated with the delivery
of spill treating agents, such as surfactants and nutrients, directly at the oil-water
interface. Here we focus on halloysite, a naturally occurring aluminosilicate nanotube®®
with characteristic dimensions of about 10 - 70 nm in internal diameter, 90nm - 250nm in
external diameter and up to 1.0um in length. The void volume of halloysite nanotubes
has previously been explored for the controlled release of materials such as anti-corrosion

agents, biocides and drugs.”
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In this dissertation, the halloysite lumen is exploited for the loading and delivery of
surfactant components to the oil water interface for effective oil emulsification.
Functionalization of the HNT surface with superparamagnetic iron oxide nanoparticles is
demonstrate to impart magnetic responsiveness to the oil-water interface with potential
multifaceted applications in oil spill dispersion, mobilization of surfactant-herded surface

oil layers and remote oil spill detection using magnetic fields.

Optimum wettability of the HNT by oil and water phases is crucial for the efficient
delivery of spill treating agents, such as surfactants and nutrients, directly at the oil-water
interface. In addition to the available pore volume and open ended nanotubular
morphology, halloysite nanotubes (HNT) possess a negatively charged outer silica
surface and a positively charged inner alumina surface.”® *° The interaction of the
negatively charged external HNT surface with the positively charged chitosan
biopolymer followed by a carbonization step is developed as a novel approach for tuning
particle wettability in the preparation of particle-stabilized emulsions. Based on the
interaction of chitosan and halloysite, the mechanisms of synergistic emulsion
stabilization using the HNT and hydrophobically modified chitosan (HMC) derivative is
clearly investigated. The hollow nanotubular morphology of the HNT is further exploited
in the unique design of an effective clay nanotube, hydrophobic surfactant, and cationic

biopolymer mixed dispersant system having tubular inorganic micelle architecture.

1.5.2 Formation Mechanism and Emulsion Stabilization Characteristics of Hollow

Microspheres Synthesized in a Scalable Aerosol Process

As demonstrated with the naturally occurring halloysite nanotubes, hollow

particles have potential applications as emulsion stabilizers and release vehicles for oil
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spill treating agents. Common approaches for synthesizing hollow particle synthesis are
difficult to scale up to commercially viable quantities due to the multistep operations and
complex components involved.’*® We elucidate the colloidal mechanism of hollow
particle synthesis using a rapid and scalable aerosol process. Relevant to the
carbonization concept for tuning particle wettability aforementioned in section 1.5.1,
hollow structured silica-carbon particles produced using the scalable aerosol process are

exploited for oil emulsification applications.
1.5.3 Development of Nanostructured Gel Dispersants

Gel dispersants have attractive characteristics such as (a) improved adherence to
heavy or weathered oils without being washed off by ocean waves (b) significantly
reduced spray drift during delivery (c) improved contact with spills oils due to buoyancy
for extended periods (d) lower hydrocarbon solvent content and (e) provision of some
degree of visible feedback on dispersion to spill responders. We develop an effective
mesocrystalline gel dispersant containing the innocuous phospholipid, I-a-
phosphatidylcholine (PC), and surfactant components of Corexit 9500, dioctyl
sulfosuccinate sodium salt (DOSS, 98%) and polyoxyethylene (20) sorbitan monooleate
(Tween 80) for the treatment of oil spills. The influence of Tween 80 content on the gel
microstructure is elucidated using small angle neutron scattering (SANS), electron
microscopy and nuclear magnetic resonance spectroscopy. The effectiveness of the gel

dispersant is characterized using the standard baffled flask test.



CHAPTER 2

RELEASE OF SURFACTANT CARGO FROM INTERFACIALLY-ACTIVE
HALLOYSITE CLAY NANOTUBES FOR OIL SPILL REMEDIATION

Based on: Owoseni, O.; Nyankson, E.; Zhang, Y. H.; Adams, S. J.; He, J.
B.; McPherson, G. L.; Bose, A.; Gupta, R. B.; John, V. T. Release of Surfactant Cargo
from Interfacially-Active  Halloysite  Clay = Nanotubes for  Oil  Spill
Remediation Langmuir 2014, 30 (45) 13533— 13541

2.1 Introduction

Oil spills are often major occupational, environmental, and community health
disasters.® Crude oil spills can adversely affect the health of plants and animals in the
ecosystem if adequate spill remediation procedures are not deployed.*' The addition of
surface-active materials or dispersants to disperse spill oils into tiny droplets is often an
efficient approach for the treatment of oil spills.'” Such surface-active materials, such as
dispersants and lipophilic fertilizers, can facilitate the biodegradation process at the oil-
water interface.” Typical oil spill dispersants are a blend of surfactants with organic
solvents such as glycol and light petroleum distillates.'” The dispersant is sprayed onto
the spill oils to break them into tiny droplets that are suspended in the water column.
Application of dispersants can reduce the possibility of shoreline impact, lessen the
impact on birds and mammals, and promote the biodegradation of oil.” Approximately
|4

2.1 million gallons of dispersant was applied during the Deepwater Horizon Oil Spil

Surfactants which are the active ingredients in existing dispersants, diffuse to the



18

oil/water interface and reduce the oil-water interfacial tension, allowing oil to mix into

water column as tiny droplets.”

There are concerns over the potential impact of existing dispersants on the
ecosystem.'" ** Key areas of concern include the volume of dispersants and hydrocarbon
solvents introduced into the marine ecosystem.'' The active surfactant components are in
dynamic equilibrium between the oil-water interface and the bulk phases.** Due to the
large volume of water in the ocean a significant amount of dispersant may not come into
contact with the oil. The solubility and miscibility of dispersant components coupled with
the ocean waves often makes it imperative to apply large amounts of the dispersant with
significant economic and environmental consequences. Therefore it is important to
develop environmentally benign dispersants with more efficient delivery methods that

can minimize the use of organic solvents.

Emulsions are a dispersion of one liquid in another immiscible liquid in the form
of small droplets typically stabilized by the addition of emulsifiers. While such
emulsifiers are typically surfactants, it is known that interfacially-active solid particles
can function as emulsifiers for stabilizing oil-in-water emulsions.* Following the

pioneering studies by Ramsden and Pickering,*" 46

several experimental and theoretical
studies have been carried out on solids-stabilized emulsions to understand the factors that
affect stability and the structure of the interface.”* *’ The synergy of particles and
surfactants in stabilizing emulsions has also been exploited in designing optimally stable

. . . . . . 9
emulsions in food and material science appllcatlons.‘w’4

This paper describes the use of a naturally occurring clay mineral, halloysite, with

the morphology of hollow tubules, in stabilizing oil-in-water emulsions. The additional
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aspect is that the pore volume in the tubules can sequester surfactants, thereby allowing a
release of surfactant to the oil-water interface. Halloysite has been used in the controlled
release of pharmaceutical and agricultural compounds.>® 3! 9233 5453 Ha|loysite has also
been utilized in the fabrication of composite polymer microparticles via suspension and
emulsion-based routes, for drug delivery applications.®® > *® Its use in stabilizing
emulsions together with the delivery of surfactants to the oil-water interface is the

specific novelty of the concepts advanced in this paper.

Halloysite is a naturally occurring aluminosilicate with a chemical formula
AlL[Si205(0H)4].2H,0. It is formed from the rolling of kaolinite sheets into tubes due to
the lateral misfit of the smaller gibbsitic octahedral sheet and the larger silica tetrahedral

sheet.”®

In addition to the nanocylindrical geometry, halloysite possesses a
predominantly negatively charged outer silica surface and a positively charged inner
alumina surface at the pH of the marine environment.>* In recent and pioneering work,
Cavallaro and coauthors have shown that charge-mediated adsorption of surfactants to
the lumen and external surfaces of halloysite facilitates the dispersion of halloysite in
aqueous media and also enables the capture of hydrophobic compounds, including
hydrocarbons.*® ® These concepts are relevant to our work with encapsulating surfactants

in HNTs, which when released will reduce the oil-water interfacial tension.?” 28

Our objective in this work is to encapsulate surfactants representative of
COREXIT 9500, the commonly used dispersant in oil spill remediation, into the tubular
voids of halloysite. We show that halloysite stabilizes oil-in-water emulsions and
subsequently releases the surfactants thereby reducing the interfacial tension significantly

allowing much smaller droplets to form leading to enhanced dispersion of oil.
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2.2 Experimental Procedures
2.2.1 Materials

Dioctyl sulfosuccinate sodium salt (DOSS, 98%), polyoxyethylene (20) sorbitan
monooleate (Tween 80), sorbitan monooleate (Span 80), dodecane, methanol,
chloroform, methylene blue , cobalt(Il) nitrate hexahydrate (Co(NO;3);) and ammonium
thiocyanate (NH4SCN, >97.5%) were purchased from Sigma-Aldrich. Halloysite
nanotubes (HNT) were obtained from NaturalNano. Inc. (Rochester, NY, USA). Sodium
tetraborate decahydrate (Na,B;07-10H,0) was obtained from J. T. Baker. Deionized (DI)
water, produced from an Elga water purification system (Medica DV25), with resistance
of 18.2 MQ was used in all experiments. 0.6 M sodium chloride (Certified ACS grade,
Fisher Scientific) solution in deionized water was used as a substitute for seawater.
Louisiana sweet crude oil with a viscosity of 0.01 Pa s and specific gravity 0.85 at 15 °C
was obtained from British Petroleum’s Macondo prospect (SOB-20100617032)." All

chemicals were used as received.

2.2.2 Loading of Halloysite Nanotubes (HNT) with Surfactants

In a typical loading experiment, 0.2g of HNT was weighed into a round bottom
flask. A known amount of surfactant(s) dissolved in methanol was then added to the
flask. The halloysite nanotubes were then dispersed by magnetic stirring and brief
ultrasonication (Cole-parmer 8890). Vacuum suction was applied to the contents of the
flask to displace the air in the HNT and suck the surfactant solution into the HNT. The
pressure was then cycled back to atmospheric pressure, typically after 15minutes. This

cycling process was repeated two times and then the remaining methanol was allowed to
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evaporate under vacuum in a rotary evaporator to allow the loaded surfactants to
crystallize inside the halloysite nanotubes.”

The surfactants used in the vacuum loading experiments were DOSS, Tween 80
and Span 80. Native HNT and the surfactant-loaded HNT were characterized by
transmission electron microscopy (TEM) on a FEI Tecnai G2 F30 Twin Transmission
Electron Microscope operated at 300 kV. Thermogravimetric analysis (TGA) of the
native and surfactant-loaded HNT was carried out on a TA Instruments SDT 2960
Simultaneous DTA-TGA. The analysis was performed in an air environment at a heating
rate of 10°C/min. The surfactant loading is simply expressed as the mass percentage of
surfactant in the surfactant-loaded HNT samples.

223 Emulsion Preparation and Characterization

The nanotubes were uniformly dispersed in water by ultrasonication (Cole-parmer
8890) for 1 minute. Dodecane was then added to the HNT dispersion at a dodecane to
water ratio of 1:3. Emulsions were then prepared by vortex mixing at 3000rpm
(Thermolyne Maxi Mix II) for 2 minutes. Crude oil (BP-MC 252) in saline water

emulsion was also prepared using this procedure.

A small aliquot of the oil-in-water emulsion was removed using a Pasteur pipet
and diluted with water prior to imaging on a Leica DMI REZ optical microscope. The
images were analyzed using Image ProPlus v.5.0 software to obtain the droplet sizes.
Emulsion stability in a centrifugal field was characterized by carefully transferring the
emulsions into 15ml polypropylene centrifuge tubes followed by centrifugation at

1000rpm for 2minutes on an Eppendorf 5810 Centrifuge.
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The three-phase contact angle of the HNT-water-dodecane interface was
measured using a standard goniometer (Rame-Hart model 250). The HNT powder was
pressed into a tablet and placed in a glass cell (Starna Cells Inc.) containing dodecane as
the external phase.’® Water was injected from a 21 gauge needle onto the HNT tablet for

contact angle measurement.

The structure of drop interfaces were imaged by Cryo-scanning electron
microscopy (Cryo-SEM) imaging on a Hitachi S-4800 field emission Scanning Electron
Microscope operated at a voltage of 3 kV and a working distance of 8mm. The emulsion
sample was first plunged into liquid nitrogen, followed by fracturing at =130 °C using a
flat-edge cold knife and sublimation of the solvent at =95 °C for 5 min. The sample was

sputtered with a gold—palladium composite at 10 mA for 88 s before imaging.
2.2.4 Characterization of Surfactant Release Kinetics

Briefly, 5mg of DOSS-loaded HNT was added to 100ml of saline water in a glass
beaker. The DOSS loading from TGA analysis was 12.4wt%. 5ml samples were
withdrawn at several time intervals and analyzed for DOSS release. Sml of saline water
was added back to the beaker immediately after each sampling to replace the saline water
that was withdrawn. The system was continuously stirred at 200rpm using a magnetic
stirrer. The release kinetics of DOSS into the saline water was characterized by the

simplified methylene blue active substances (MBAS) spectrophotometric method.®

Briefly, 200 pul of a 50mM sodium tetraborate solution at pH 10.5 was added to
the 5ml samples in a 20ml vial. 100 pl of a solution containing 3.1mM methylene blue

and 10mM sodium tetraborate was then added to the vial. This was followed by vortex
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mixing for Iminute. 4 ml of chloroform was then added and the system was vigorously
stirred on a vortex mixer at 3000rpm for 30 seconds. After equilibration for 5 minutes,
the absorbance of the blue chloroform phase resulting from the transfer of the DOSS-
methylene blue (DOSS-MB) complex was measured at 650 nm against air using a

Shimadzu UV-1700 PharmaSpec UV-VIS Spectrophotometer.

The release of Tween 80 into saline water was also characterized by UV-
spectroscopy using the cobalt thiocyanate active substances (CTAS) method.** © The
CTAS reagent was prepared by dissolving 3g of Co(NO3), and 20g of NH4SCN in 100
mL of water. 500mg of Tween 80-loaded HNT were added into 100ml of saline water
and continuously stirred at 200rpm. The Tween 80 loading from TGA analysis was
13.0wt%. 0.75ml samples were withdrawn at intervals of time. 0.75ml of the CTAS
reagent and 3mL of chloroform were then added to the samples followed by vortex
mixing at 3000rpm for | minute. Absorbance of the chloroform phase containing the
cobalt thiocyanate-polyethoxylate complex was measured at 620nm. The amounts of
surfactant released over time were extracted from calibration curves prepared using
known concentrations of the surfactants in saline water.

2.2.5 Measurement of Qil-water Interfacial Tension

The dynamic reduction in the dodecane-saline water interfacial tension was
measured by the pendant drop method using a standard goniometer (Ramé-Hart, model
250). 5mg of the surfactant-loaded HNT was weighed into 4ml of dodecane in a glass
cell. A drop of water of about 15uL was then quickly injected from a syringe. The
dynamic interfacial tension was measured by drop shape analysis using the DROPimage

Advanced Software.
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Low crude oil-saline water interfacial tensions obtainable with surfactant-loaded
HNT dispersants were measured using the spinning drop tensiometer (Grace Instruments
model M6500)."” The spinning drop tensiometer has a rotating capillary of 2mm inner
diameter with total volume of 0.292cm>. The surfactant-loaded HNT dispersants were
thoroughly mixed with crude oil by vortex mixing and sonication at various dispersant to
oil mass ratios. A small drop, approximately 0.0005 cm?, of the dispersant-oil mixture
was injected into the capillary filled with saline water using a micro syringe. The
capillary tube was sealed and rotated at a velocity in the range of 5000—6000 rpm. The
temperature of the tube was maintained at 25°C by circulating cold water around the
capillary tube. The radius of the oil drop was measured using an optical microscope fitted
with a digital output.

The interfacial tension values were then obtained by the Vonnegut’s formula:®

_ Apw? R
4

@2.1)

where y (mN m™") is the interfacial tension, 4p (g cm™) is the density difference between
the drop and the surrounding fluid, w (rad s7') is the angular velocity, and R (cm) is the
drop radius. The crude oil-saline water interfacial tension without the dispersant was

measured by the pendant drop method.
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2.3 Results and Discussion

2.3.1 Interfacial activity of halloysite nanotubes

Figure 2.1 shows optical micrographs of dodecane-in-water emulsions stabilized

by various concentrations of HNT without surfactant.

B (07wt Halloysite 0.05wt% Halloysite

0.1wt% Halloysite 0.2wt% Halioysite

0.5wt% Halloysite 1.0wt% Halloysite

Figure 2.1: Optical microscopy images of dodecane-in-water emulsions showing
the interfacial-activity of HNT. HNT concentrations in water were 0.01wt%,
0.05wt %, 0.1wt %, 0.2wt %, 0.5wt % and 1wt % respectively. Smaller droplets
are obtained with increasing concentration of HNT adsorbed at the oil-water
interface. The emulsions are stable for months. The insets are photographs of

vials containing the emulsions prepared with varying HNT concentrations. Scale
bars = 100um.
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The emulsions are creamy-white in appearance and stable for more than 3months at room
temperature. Increasing the concentration of HNT leads to emulsions with progressively
smaller droplet sizes. There is no significant reduction in droplet size beyond 0.5wt%

HNT concentration, likely due to complete coverage of the interface by the particles.

The effect of increasing HNT concentration on the stability of the oil-in-water
emulsions was characterized by centrifugation. In a centrifugal field, the denser aqueous
phase collects at the end of the tube furthest from the axis of rotation while the halloysite
stabilized oil-in-water emulsion phase forms a concentrated cream at the other end.** This
procedure forces the droplets together, thereby deforming the droplets into polyhedra
separated by thin water films. The rupture of the thin oil-water-oil films leads to the
formation of a clear oil layer which provides a reasonable measure of emulsion
stability.”> ** Figure 2.2 shows the effect of increasing halloysite concentration on the
fraction of oil resolved on centrifugation and the average droplet sizes. There is a
significant impact of increasing halloysite concentration on emulsion stability and
average droplet sizes between halloysite concentrations of 0.05wt% and 0.5wt%. The
average droplet size decreases by 53% and the fraction of oil resolved decreases from

38% to 0% for the 10-fold increase in particle concentration from 0.05wt% to 0.5wt%.

It is evident that the increased adsorption of halloysite nanotubes at higher
concentrations, leads to the formation of more stable emulsions. The formation of a rigid
and protective interfacial film by the adsorption of HNTs at the oil-water interface

provides steric hindrance to drop coalescence leading to high emulsion stability. 67
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Figure 2.2: Relationship between HNT concentration, emulsion stability and average
droplet size. Emulsion stability increases with HNT concentration.

Cryo-SEM imaging of the oil-in-water emulsion shows the morphology of the oil
droplet-water interface (Figure 2.3). At 0.1wt% HNT concentration in water, the oil
droplet is covered by network-like aggregates of HNT (Figure 2.3 a-d). Cryo-SEM
imaging shows the interconnected nanotubes trapped together at the oil-water interface. A
denser network of HNT is observed at the oil water interface at the higher 1wt%
concentration (Figure 2.3 e-h). The HNTs assemble in a side-on orientation at the oil-

water interface at both concentrations.®®

The contact angle is an important parameter in understanding the adsorption of
solid particles at liquid interfaces. The contact angle is the angle between the tangents to
the solid surface and the fluid-fluid interface measured through one of the fluids.? It is

conventionally measured through the more polar liquid. The contact angle (6) is related to
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the tension of particle-water, y , particle-oil, y_ , and oil-water, y_, interfaces by the

Young’s equation®

yCD- yCW = yO"'cos 0 (2'2)

Figure 2.3: Cryo-SEM images of dodecane-in-water emulsion stabilized by HNT.
HNT concentrations are 0.1wt% (a,b,c,d) and 1wt% (e,f,g,;h). The emulsion is
stabilized by the adsorption of halloysite nanotubes network at the oil water interface.
A denser network of halloysite nanotube is trapped at the oil water interface at the
higher 1wt% concentration.
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Free energy analysis of particle positioning at the interface provides useful
insights into the mechanisms governing the stability of particle-stabilized emulsions.” At
the low Bond numbers (low ratio of gravitational forces to surface tension forces), the
deformation of the fluid interface by small particles due to gravity can be neglected.”* ®
Here, we assume the geometry of a solid cylinder with flat faces and with a three-phase
contact angle (6) as shown in Figure 2.4. The analysis for a solid cylinder is approximate,
given that the morphology of halloysite is tubular. Due to capillary action, however, the
lumen is likely to be filled with liquid and the three phase contact is essentially on the

exterior surface of the material, validating the analysis to the exterior surface.

Oil

Water

Figure 2.4: Cylindrical particle in a side-on orientation at a planar oil-water interface

The surface free energy (G™) can be expressed as:

G = 3, A Ay A 23)

ow

A

, = Ay +Ayy (2.4)

where 4, is the area of the cylindrical particle, A" is the area of the oil-water interface

int

when the particle is adsorbed at the interface, 4p,

is the area of the particle in contact

with the aqueous phase and A;’,’o’ is the area of the particle in contact with the oil phase.
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The emulsion will be destabilized if the particles are detached into either of the
bulk phases. The contact angle of the particle at the oil-water interface defines the phase
into which the particle will be detached. The three phase contact angle of the halloysite-
water-dodecane interface was measured through the water phase as 25.6+0.1° using the
compressed HNT tablet method.” This value of the contact angle indicates that the
particles are more hydrophilic than lipophilic and will therefore stabilize emulsions

where water is the bulk phase.”>

We analyze the detachment of the hydrophilic HNTs
from the oil-water interface into water as this scenario will be thermodynamically more

favorable than detachment into the oil phase.” The surface free energy when the particle

is detached from the interface and fully submerged into the aqueous phase (G") is:

Wo_ w
G = Aaw +y

o 2.5)

Y
}OW

where 4, is the area of the oil water interface when the particle has been detached into

water.

Therefore, the free energy change (4G) on removing the particle from the oil-

water interface into water is:
AG =G"-G™ (2.6)

AG =y

ow

[4)" - Aps cos 6] 2.7

where A;,"' is the area of the oil-water interface occupied by the cylindrical particle.

Simple analysis of the cylindrical geometry for the areas AZ" and A;,’j,' gives:

20.:
récos 0 N rcos* Osin 8) (2.8)

AG=2rLy, (sin0-6cos @ - 7
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For a Ipm long cylindrical particle with radius of S0nm, three-phase contact angle
of 25.6° and a dodecane-water interfacial tension of 49+1mN/m, the energy of particle
attachment at the interface is calculated to be 3.45x10%°kT. The particle is trapped at the
interface with an energy that is four orders of magnitude greater than the thermal energy,
kT. At such high energy levels for detachment, the particles can be considered to be
irreversibly adsorbed at the oil-water interface.”” *° Small particles adsorbed at fluid
interfaces experience net attractive capillary forces due to formation of an asymmetric
menisci between particles located at the interface.®® The forces act when the distance
between particles at the interface is less than the characteristic capillary length of the
system.”* ® The capillary length (g) determines the range of action of the capillary forces

22,4
and can be expressed as:*> *

1

g= (/{%)2 2.9)
where y_is the interfacial tension, Ap is the difference between the mass densities of the
two fluids and g is the gravitational acceleration. Capillary interactions between the
particles will influence the network assembly and interconnection of HNT at the oil-water
interface, leading to the observed aggregates and to network formation.® Typically, these
attractive capillary interactions greatly exceed the thermal energy kT and can strongly
chain the particles together.”® A chain of cylindrical particles at the oil-water interface
can be represented as having a length (L’) which is greater than the individual length (L)
of each particle. For HNT, while it is clear that L > r, when the particles aggregate to
chains, the assumption of L’ >> r is valid, leading to the simplification of equation (2.8)

to AG=2rL%, (sin -0 cos6) (2.10)
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Figure 2.5 shows that the free energy of particle detachment (4G) calculated from
equation 2.7 increases with the number of contacting particles jammed together at the oil-
water interface. The energy required for detaching an assembly of ten interconnected
1um long cylindrical particles with a radius of 50nm from the oil-water interface into the
aqueous phase is about eleven times the energy required to detach a single particle.
Capillary interactions between HNTs allow end-to-end linkages into aggregates with an
increased energy of attachment at the oil-water interface. The analysis is distinct from
that of a single rod of equivalent length since the linkages allow the multiple cylindrical
particles to conform to the interface. In general, the energies also increase with particle

radius (equations 2.8 and 2.10).

10°

107 b

108}

Increasing Particle Radius
1041 A a e g sl M M sz a2 a2l

Free energy of detachment (AG)/kT

1 10 100
Number of contacting particles at the
oil-water Interface

Figure 2.5: Variation of free energy of detachment with number of contacting
cylindrical particles in capillary aggregates trapped at the oil-water interface. Curves
are for a 1pm long cylindrical particles with radius ranging from 25nm to 125nm. The
free energy of particle detachment (4G) is several orders of magnitude greater than
the thermal energy (kT) and increases with the number of particles jammed together
into a capillary aggregate.
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2.3.2 Synergistic Effects of Surfactant Loaded HNT

In practical oil spill remediation applications, the reduction in interfacial tension
aids the dispersion of spill oils into small droplets. This will expose a large oil-seawater
interfacial area for the effective bioremediation of oil spills by indigenous bacteria in the
ocean.’ Surfactants and interfacially-active particles can act synergistically to stabilize
the emulsion.*® The adsorption of surfactant molecules at the interface serves to lower the
interfacial tension while the adsorption of particles provides a steric barrier to drop
coalescence.'! 2 *® With this objective in mind, HNTs were loaded with surfactant(s) by

. .62
vacuum suction and solvent evaporation.®

Figure 2.6 shows TEM images and thermogravimetric curves for native HNT and
DOSS-loaded HNT. Figure 2.6a reveals the hollow nanotubular structure of the native
halloysite clay particle with an empty lumen. The characteristic dimensions of the HNT
range from about 0.33um - 1.5um in length, 90nm-250nm in external diameter and 10nm
— 70nm in lumen. Loading of the surfactant, DOSS, fills the lumen with the surfactant

resulting in a higher electron density from the TEM imaging (Figure 2.6b).

Figure 2.6¢ shows the TGA curves for halloysite and DOSS-loaded halloysite at various
DOSS loadings. The TGA curve for native HNT (curve i) shows two distinct mass losses
centered at 64°C and 510°C respectively. The first mass loss is due to the loss of water
molecules adsorbed on the external surface of halloysite nanotubes while the second mass
loss is due to the dehydroxilation of halloysite.”' The TGA curve for surfactant-loaded
HNT has an additional distinct mass loss centered at 290°C due to the thermal
degradation of the loaded surfactant. The degree of mass loss increases accordingly with

the amount of surfactant loaded into the HNTs (curves ii-v).
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Figure 2.6: TEM images of native HNT (a) and HNT loaded with 12.4wt% DOSS (b);
Panel (c) shows TGA analysis of HNT with various DOSS loadings. DOSS loadings
are Owt% (curve i), 2.83wt% (curve ii), 5.55wt% (curve iii), 7.70wt% (curve iv) and
12.4wt% (curve v) respectively. The higher mass loss observed for the DOSS-loaded
HNT is due to the thermal degradation of DOSS.
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Figure 2.7 shows the kinetics of release for DOSS and Tween 80 from HNT into
saline water. Based on TGA analysis and mass balance calculations on the surfactant-
loaded HNT samples, about 80% of the surfactant cargos were typically released from the
HNT over the time period of the experiments. The kinetics of release for Tween 80 are
significantly higher than for DOSS due to the higher water solubility of Tween 80.” With
DOSS an initial burst release over the first 5 minutes or so due to surface adsorption is
followed by a much slower release as the sparingly water soluble surfactant slowly
partitions out of halloysite into the aqueous phase. Electrostatic interactions between the
anionic surfactant DOSS and the positively charged inner surface of the HNT lumen may
also contribute to the more sustained release of DOSS compared to the non-ionic

surfactant Tween 80.
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Figure 2.7: Kinetics of surfactant release into saline water. DOSS and Tween 80 release
into the saline water was characterized by the methylene blue active substances (MBAS)
and the cobalt thiocyanate active substances (CTAS) spectrophotometric method.
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Figure 2.8a shows the effect of synergistic emulsion stabilization by halloysite
nanotubes and DOSS. At constant halloysite concentration, the average droplet size
decreases with increasing surfactant loading and release from halloysite nanotubes.
Neglecting configurational entropy contributions, the overall free energy change (AG) for

emulsification can be expressed as: "

AG= y,,* A4 @2.11)

where AA is the change in interfacial area and 7y is interfacial tension. Reduction of the
interfacial tension therefore allows a significantly greater surface area generation (smaller

droplets) for the same work done to the system.

Using pendant drop tensiometry, we characterized the interfacial tension
dynamics when DOSS is released from the HNT into the dodecane phase. Curve i in
Figure 2.8b is the dynamic interfacial tension measurements for HNT without any
surfactant loaded. Without surfactant loading into the HNT, there is no significant
reduction in interfacial tension. For the surfactant loaded-HNT samples (Figure 2.8b,
curve ii and iii), the release of DOSS molecules from HNT into the dodecane phase
results in a dynamic reduction in the dodecane-saline water interfacial tension. We note

that the DOSS will create water-in-oil microemulsions in the dodecane phase.”
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Figure 2.8: (a) Influence of surfactant loading and release from HNT on the average
droplet size of dodecane in water emulsions. Emulsions were prepared at dodecane to
water ratio of 1:3 and at constant HNT concentration of 0.2wt% in water. Inset shows
optical microscopy image of dodecane-in-water emulsion stabilized by HNT alone
and DOSS-loaded HNT at 2.83wt% DOSS loading. (b) Dynamic interfacial tension of
the dodecane-saline water interface for native HNT (i), HNT loaded with 2.83wt%
DOSS (ii), and HNT loaded with 5.55wt% DOSS (iii).
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Figure 2.9 shows cryo-SEM images of an oil-in-water emulsion prepared with
DOSS-loaded HNT as the emulsifier. The low resolution cryo-SEM images show that
droplets sizes are significantly smaller for the emulsion stabilized by HNT and DOSS
(Figure 2.9a-b) compared to the emulsion stabilized by 0.1wt% HNT alone (Figure 2.3a).
The adsorption of DOSS molecules and HNTs at the dodecane-water interface (Figure

2.9¢c-d) synergistically reduces the net interfacial energy and stabilizes the emulsion.

i /. | eree—
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Figure 2.9: Cryo-SEM images of dodecane-in-water emulsion stabilized by DOSS-
loaded HNT at 12.4wt% DOSS loading. Emulsions were prepared at dodecane to
water ratio of 1:3 and 0.1wt% HNT concentration. DOSS molecules and HNT
synergistically adsorb at the interface to stabilize the emulsion.
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The ability of dispersants to significantly lower the crude-oil water interfacial
tension is an important criterion in effectively dispersing spill oils. Synergism in mixtures
of surfactants can reduce the interfacial tension to levels appropriate for the dispersion of
spills oils.** 7 When surfactants act in synergy the interfacial tension can be reduced
beyond the level obtainable with the individual surfactants. Blends of surfactants such as

DOSS, Tween 80 and Span 80 are commonly used in dispersant formulation.'”*3

Recently, Reihm and McCormick have expanded on earlier work by Brochu, and
correlated the effectiveness of dispersants containing DOSS, Tween 80 and Span 80 to
the initial and dynamic oil-water interfacial tension.”” ™ These authors found that DOSS
helps stabilize the interface formed during the breakup of dispersant treated oil, while

Tween 80 and Span allow formation and retention of low interfacial tensions. =7

To test the combined effects of the three surfactants used in the formulation of
COREXIT 9500, HNTs were loaded with one or more combinations of DOSS, Tween 80
and Span 80. Figure 2.10 shows the crude-oil saline water interfacial tension values
obtained at various dispersant-to-oil mass ratios (DORs). The dispersants were HNT
loaded with DOSS; HNT loaded with a binary mixture of DOSS and Tween 80 (ratio of
80:20) and HNT loaded with a ternary mixture of DOSS, Tween 80 and Span 80 (ratio of
48:32:20). In all experiments, methanol was used as the solvent for the surfactants to
infiltrate the halloysite lumen. The surfactant compositions were chosen to span the three
levels of interfacial tension reduction effectiveness for blends of DOSS, Tween 80 and
Span 80.”* 7 The release of surfactant cargo from halloysite nanotubes lowers the crude
oil-saline water interfacial tension to levels appropriate for the dispersion of spill oils.!”

4% 72 The inset to Figure 2.10 is an optical micrograph of crude oil-in-saline water
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emulsion stabilized by HNT loaded with a ternary mixture of DOSS, Tween 80 and Span

80 at dispersant to oil ratio of 1:10.

1000

100

-
o

Interfacial Tension (mN/m)

1 -]
DOSS o
DOSS:Tween
0.1 =
"
0.01

DOSS:Span:Tween

0-001 L 2 'l L l 'l ' 'l 'l l (] A '] '] I '] '} 'l 'l L
0.00 0.05 0.10 0.15 0.20

Dispersant to Oil Mass Ratio

Figure 2.10: Crude oil-saline water interfacial tension measurements by the pendant
drop and spinning drop method. HNT was loaded with DOSS, a binary mixture of
DOSS and Tween 80(ratio of 80:20) and a ternary mixture of DOSS, Tween 80 and
Span 80 (ratio of 48:32:20). The surfactant loadings in HNT from TGA analysis were
12.4wt%, 11.0wt% and 11.9wt% respectively. The inset shows optical micrograph of
crude oil in saline water emulsion prepared with HNT loaded with a ternary mixture
of DOSS, Span 80 and Tween 80 at dispersant to oil ratio of 0.10 (blue curve).
Surfactant release from halloysite nanotubes lowers the crude oil-water interfacial
tension to levels appropriate for the dispersion of spill oils into small droplets that can
be suspended in the water column.
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It is noteworthy that the crude oil-saline water interfacial tension is significantly
reduced with the dry surfactant-loaded HNTs dispersants without the use of any
hydrocarbon solvents. The low cost, ready availability, biocompatibility, very low
cytotoxicity and interfacial activity of halloysite nanotubes makes this concept very
promising for oil spill remediation applications. It is important to recognize however, that
the halloysite particulate system must be delivered to the oil phase so that they migrate to
the oil-water interface and become attached to the interface upon natural agitation (wave

energy for surface spills or turbulence in deep sea oil release).

24 Conclusions

The release of surfactants from interfacially-active hollow particles is proposed as
a new technology for the treatment of oil spills. The key concepts are based on principles
of emulsification using naturally occurring halloysite clay nanotubes and the delivery of
surfactants from the halloysite nanotubes to the oil-water interface. This concept
eliminates the use of organic solvents in existing dispersants. The adsorption of the
halloysite nanotubes (HNT) provides a steric barrier to drop coalescence and the release
of surfactant molecules lowers the oil-water interfacial tension. It is also found that the
nanotubes adopt a side-on orientation and form networks on the interface through end-to-
end linkages. The synergistic stabilization of emulsions by halloysite and surfactants
generates oil droplets that are smaller than with halloysite alone as a particulate
emulsifier. Interfacial tension measurements show that the application of the surfactant
loaded-HNT dispersant lowers the crude oil-water interfacial tension to levels appropriate

for oil spill dispersion. In practical applications, the dispersion of spill oils into small
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droplets will expose a large oil-seawater interfacial area for the ultimate bioremediation

of oil spills by indigenous bacteria in the sea.

We note that the halloysite stabilized emulsions have the potential for several
other applications relevant to oil spill remediation, based on the fact that these materials
become stabilized at the oil water interface. In addition to the encapsulation of
surfactants, the nanotubes can be fabricated to contain hydrophobic fluorescent markers
that will partition into the oil phase to help identify oil spills in nighttime conditions. The
nanotubes can be made to contain magnetic markers to mobilize oil spills. These are
aspects of our continuing research. The availability of halloysite nanotubes in tonnage
levels from natural deposits >* additionally enables translation to large scale industrial

applications feasible.
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CHAPTER 3

INTERFACIAL ADSORPTION AND SURFACTANT RELEASE
CHARACTERISTICS OF MAGNETICALLY FUNCTIONALIZED
HALLOYSITE NANOTUBES FOR RESPONSIVE EMULSIONS

Based on: Owoseni, O.; Nyankson, E.; Zhang, Y.; Adams, D. J.; He, J.; Spinu, L.;
McPherson, G. L.; Bose, A.; Gupta, R. B.; John, V. T. Interfacial adsorption and
surfactant release characteristics of magnetically functionalized halloysite nanotubes for
responsive emulsions J. Colloid Interface Sci. 2016, 463, 288— 298
3.1 Introduction

The adsorption of solid particles at the oil-water interface is useful in variety of
applications including materials synthesis, interfacial catalysis and emulsion
stabilization.”> *” The magnetic functionality of iron oxide nanoparticles have stimulated
their application in the preparation of magnetically responsive emulsions, oil
mobilization and remote detection of the oil-water interface.*” 7* 7" In particle stabilized
emulsions, the partial wetting of particles by both the oil and aqueous phases drives the
partitioning of the particles to the oil-water interface.” ’® The underlying concept behind
the stabilization of emulsions by particles is the fact that the particles are held at the oil-
water interface with energies that are several orders of magnitude higher than the thermal

- C 22,23,49,79

energy thereby providing a large steric hindrance to droplet coalescence.

Free energy analysis on a particle at a planar oil-water interface gives the work

required to desorb the particle from the interface into a bulk phase in terms of the free
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energy change (4G).>> For instance, the free energy change (4G) on removing a

cylindrical particle from the interface into the bulk aqueous phase can be expressed as:*

AG = 2rLyy, [sin6 — 6 cos @ (1+51)+ 12280 (3

where ¥, is the oil-water interfacial tension, r is the radius of the cylindrical particle, L is
the particle length and @ is the contact angle.®’ Using equation 3.1, the work required to
detach a 1pm long cylindrical particle with a radius of 50nm at a 30° contact angle and
interfacial tension of 49mN/m is calculated to be 5.54x10%kT.

Similar analysis for the detachment of a spherical particle into the aqueous phase gives:*

AG = mrdy,,(1 —cos 8)2  (3.2)

where y,,, is the oil-water interfacial tension, 7; is the radius of the spherical particle, and
6 is the contact angle.”” From equation 3.2, the work required to detach a spherical
particle of the same volume as the cylindrical particle above (rs=123.3nm) at a 30° contact
angle and interfacial tension of 49mN/m is calculated to be 1.12x 10°%kT.

The high energy of attachment at the oil-water interface makes particulate
emulsifiers effective in preventing droplet coalescence. However, the adsorption of the
particles at the interface does not reduce interfacial tensions sufficiently for optimal
emulsification.* 8! The lowering of the oil-water interfacial tension can be achieved by
the combination of particle and surfactant emulsifiers.’> *® 8 Pichot et. al. investigated
the synergistic mechanisms of emulsion stabilization by hydrophilic silica particles added
to the aqueous phase and monoolein surfactant added to the oil phase.®* The monoolein
surfactant was reported to play key roles of lowering the interfacial tension, inducing
droplet break-up during emulsification and delaying droplet coalescence until the silica

particles assemble at the oil/water interface.®
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The methods employed in treating oil spills include physical containment with
booms, mechanical recovery with skimmers, chemical herding, in-situ burning,
dispersion and biodegradation.® In calm ocean conditions and in arctic conditions in the
presence of ice floes, chemical herding can be used to thicken oil slicks to for easy
recovery or in-situ burning without the need for mechanical containment.® In the
dispersion of oil spills into the water column, surfactant solutions are typically applied to
lower the oil-water interfacial tension and break up oil spills into droplets with minimal
wave energy, thereby providing a large oil-water interfacial area for biodegradation. %
The energy required to create droplets and thereby increase interfacial area can be
expressed as:

AG =y, xAA  (3.3)
the product of the oil-water interfacial tension (yow) and interfacial area (AA).22
Dispersant formulations contain a significant amount of solvents such as propylene
glycol and there is considerable interest in reducing solvent levels and effectively
delivering surfactant components.®*

We recently exploited the unique nanotubular morphology of halloysite nanotubes
(HNT) for the loading and release of surfactant from the pore volume of the tubes,
lowering the crude oil-saline water interfacial tension to values of 102 mN/m.® The
nanotubes attach to the oil-water interface, thereby allowing a release of surfactant to the
oil-water interface and dispersion of oil into small droplets. Here, we functionalize the
HNT surface with superparamagnetic iron oxide nanoparticles for the preparation of
magnetically responsive oil-in-water emulsions. We characterize the release of surfactant

from the magnetically-functionalized halloysite nanotubes (M-HNT), synergistic particle-
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surfactant stabilization of emulsions over extended time periods and the structure of the
oil-water interface. The integration of superparamagnetic nanoparticles within the hollow
scroll-like nanostructure of halloysite (HNT) and the interfacial activity of the resulting
magnetic nanotubes may find potential applications in oil spill dispersion, interfacial
release of spill treating agents, magnetic mobilization and as magnetic contrast agents for
85, 86

enhanced oil spill detection.

3.2  Experimental Procedures
3.2.1 Materials

Iron (1II) chloride hexahydrate (FeCl;.6H,0), dioctyl sulfosuccinate sodium salt
(DOSS, 98%), polyoxyethylene (20) sorbitan monooleate (Tween 80), sorbitan
monooleate (Span 80), methanol and dodecane were purchased from Sigma-Aldrich. Iron
(I) sulfate heptahydrate (FeSO4.7H20, >99.0 %), sodium chloride (NaCl, certified ACS
grade) and ammonium hydroxide solution (ACS reagent, 28.0-30.0% NHj3 basis) were
obtained from Fisher Scientific. Halloysite nanotubes (HNT) were obtained from
NaturalNano. Inc. (Rochester, NY, USA). The characteristic dimensions of the HNT
range from about 0.33 - 1.5 um in length, 90 -250 nm in external diameter and 10 — 70
nm in lumen. All materials were used as received. Deionized (DI) water, produced from
an Elga water purification system (Medica DV25), with resistivity of 18.2 MQ cm was
used in all experiments. 0.6M sodium chloride solution in deionized water was used as a

substitute for seawater.

3.2.2 Synthesis of Halloysite-Supported Iron Oxide Nanoparticles (M-HNT)
HNT supported magnetite nanoparticles were prepared by a modification of a
previously reported co-precipitation method.*” In a typical synthesis, 0.50g of HNTs was

dispersed in 200ml of deionized water in a 250ml Buchner Flask by stirring. The HNT
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suspension was purged with N, under vacuum conditions for 20 minutes, to remove
dissolved oxygen. 0.332g of FeSO4¢7H,0 and 0.645g of FeCl326H,0 were then added to
the flask to give a molar ratio of Fe** to Fe** of 1:2. The mixture was further purged with
N, under vacuum conditions for 20 minutes. The temperature of the mixture was then
raised to 80 °C. This was followed by the slow addition of 0.5M NH;OH to the mixture
using a syringe pump operating at 0.1ml/min. The final molar ratio of OH to iron (Fe**
and Fe*") was 16:1. The mixture was then aged at 80°C under N, bubbling, vigorous
stirring and vacuum conditions for 4 hours. The particles were recovered by magnetic
decantation and then washed 4 times with deionized water. After the final washing step,

the particles were dried in a vacuum oven at 80°C for 12 hours.

3.2.3 Particle Characterization

The morphology of the particles was characterized by transmission electron
microscopy (TEM) imaging using a FEI Tecnai G2 F30 Twin Transmission Electron
Microscope operated at 300 kV, and X-ray diffraction (XRD) on a Siemens D500
diffractometer using Cu KR radiation at 1.54 A. The magnetic properties of the particles

were measured using a vibrating sample magnetometer (VSM).

3.2.4 Loading of M-HNT with Surfactant

The M-HNT was loaded with surfactant following a previously reported
procedure.® In a typical loading experiment, the M-HNT was weighed into a round
bottom flask. A known amount of surfactant dissolved in methanol was then added to the
flask. The halloysite nanotubes were then dispersed by stirring, followed by
ultrasonication for 1 minute (Cole-Parmer 8890). Vacuum suction was applied to the

contents of the flask and the pressure was then cycled back to atmospheric pressure,
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typically after 15minutes. This cycling process was repeated two times and then the
remaining methanol was allowed to evaporate under vacuum in a rotary evaporator to
allow the loaded surfactant to crystallize inside the halloysite nanotubes.®? The surfactant
loading is simply expressed as the mass ratio of surfactant to M-HNT added into the
methanol expressed as a percentage. The surfactant-loaded M-HNT was characterized by
transmission electron microscopy (TEM) imaging on a FEI Tecnai G2 F30 Twin
Transmission Electron Microscope operated at 300 kV. Surfactant loadings were
determined by thermogravimetric analysis (TGA) using a TA Instruments SDT 2960
Simultaneous DTA-TGA. The analysis was performed in an air environment at a heating
rate of 10°C/min.
3.2.5 Emulsion Preparation

A 1wt% stock suspension of M-HNT was prepared by stirring the M-HNT in
water until a uniform dispersion was obtained. Various concentrations of M-HNT in
water were prepared by diluting appropriate quantities of the uniformly dispersed 1wt%
M-HNT stock suspension in water. Emulsions prepared with surfactant-loaded M-HNT
were prepared by directly weighing the particles into a glass vial and adding the
appropriate volume of the aqueous phase. Dodecane was then added to the nanotube
dispersion at a dodecane to water ratio of 1:3. Emulsions were prepared by mixing the
aqueous dispersion of particles with the dodecane for 2 min using a Thermolyne Maxi
Mix II vortex mixer operating at 3000rpm. For the centrifugation stability studies,
emulsions were carefully transferred into 15mL polypropylene centrifuge tubes and

centrifuged at 1000rpm for Sminutes. The magnetic responsiveness of the emulsions was
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demonstrated by applying a magnetic field of a 7mT magnet to an aliquot (about 200puL)

of the M-HNT stabilized emulsion on a glass slide.
3.2.6 Emulsion Characterization

Emulsions were characterized by Optical Microscopy and Cryogenic Scanning
Electron Microscopy (Cryo-SEM) techniques. A small aliquot of the emulsions were
placed on a glass slide and imaged on a Leica DMI REZ optical microscope. The images
were analyzed using Image ProPlus v. 5.0 software. Cryo-SEM imaging was performed
using a Hitachi S-4800 field emission Scanning Electron Microscope operated at a
voltage of 3 kV and a working distance of 8 mm. The emulsion sample was first plunged
into liquid nitrogen, followed by fracturing at —130 °C using a flat-edge cold knife and
sublimation of the solvent at —95 °C for 5 min. The sample was sputtered with a gold—

palladium composite at 10 mA for 88 s before imaging.
3.2.7 Surfactant Release and Interfacial Tension Measurements

Interfacial tension measurements were made on a standard goniometer (Ramé-
Hart, model 250). 5mg of DOSS-loaded HNT was weighed into 4ml of dodecane in a
glass cell. The DOSS loading in M-HNT was 4.05% from TGA analysis. A pendant drop
of water of about 10pL was then quickly injected from a syringe. The dynamic interfacial
tensions were measured by drop shape analysis using the DROPimage Advanced
Software. For the release of Tween 80 from M-HNT, 5mg of Tween 80-loaded M-HNT
was weighed into 4ml of saline water. The Tween-80 loading in M-HNT was 3.96% from
TGA analysis. An inverted pendant drop of dodecane was quickly injected through the

water phase for interfacial tension measurements.
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3.3  Results and Discussion
3.3.1 Particle Characteristics

Figure 3.1(a, b) shows representative SEM images of the native HNT. SEM
images of the M-HNT indicate that iron oxide nanoparticles are supported on the HNT
(Figure 3.1c, d). The iron oxide nanoparticles are about 10nm in size. Nanoclusters
consisting of magnetite nanoparticle as subunits are also observed on the HNT. Figure
3.1(e-f) shows TEM images of the M-HNT sample. TEM imaging reveals that the
magnetite nanoparticles are supported both on the external and inner lumen surfaces of
the HNT. A plausible route for the incorporation of the iron oxide nanoparticles in the
HNT lumen is the infiltration of iron precursors into the HNT lumen by capillary action
resulting in the precipitation of iron oxide nanoparticles inside the lumen on addition of
NH,OH.?' The capillary pressure driving the infiltration of water into the HNT lumen is

about 200atm.’!

Energy-dispersive X-ray spectroscopy (EDS) analysis confirms the
presence of Fe atoms from the nanoparticles supported on the aluminosilicate HNT
(Figure 3.1g). A key observation from the TEM imaging (Figure 3.1f) is that there is
available lumen volume in the M-HNT for the loading of materials such as surfactant.
Figure 3.2a shows XRD patterns of native HNT and the M-HNT. Using Bragg’s
law, the sharp diffraction peak at 26 angle of 12.0° corresponds to a 001 basal spacing of
7.37A which is indicates a dehydrated form of the HNT.® The key observation is that the
XRD curve for M-HNT shows characteristic peaks of HNT in addition to peaks from the
magnetite.®” ¥ Figure 3.2b shows the magnetization curve for M-HNT obtained using a

VSM at room temperature in an applied magnetic field sweeping from -20 to 20 kOe. The

magnetization curve shows no remanence indicating the superparamagnetic properties of
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the material. The superparamagnetism results from the effective stabilization of the
magnetite nanoparticles on the HNT. Competition between the magnetocrystalline
anisotropy and thermal energies in the nanoparticles leads to a transition from the
ferromagnetic property of the bulk iron oxide to the observed superparamagnetic property
of the small magnetic nanoparticles.”” The photograph to the right of the magnetization
curve (Figure 3.2b) shows the magnetic responsiveness of the M-NHT powder the

externally applied field of a 7mT bar magnet.

; Magnetite A
{ Nanoparticles 500

Figure 3.1: SEM images of native HNT (a,b) and M-HNT(c,d) showing magnetite
nanoparticles supported on HNTs. Panels e and f shows TEM images of M-HNT. Inset
to Figure 3.1f is the electron diffraction pattern of the crystalline iron oxide
nanoparticles. Panel g is the EDS spectrum of the M-HNT.
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Figure 3.2: (a) XRD patterns of HNT and M-HNT. XRD curve for M-HNT shows
characteristic peaks of HNT in addition to peaks from the magnetite. The peaks
indexed to magnetite are shown in red Miller indices in Figure 3.2a. (b) Magnetization
curve of M-HNT. The magnetization curve shows the superparamagnetic property of
M-HNT. The photograph to the right shows the magnetic responsiveness of the M-
NHT powder.

3.3.2 Stability and Interfacial Structure of M-HNT stabilized Emulsions

Figure 3.3 shows the stability in a centrifugal field, optical microscopy images
and magnetic mobilization of dodecane-in-water emulsions stabilized by the M-HNT.
Stability of the emulsions was characterized under forced coalescence in a centrifugal

field. In a centrifugal field, the critical de-emulsification pressure (P.) required to break
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the film of the continuous phase between two approaching solid-stabilized droplets

provides a quantitative basis for comparing the stability of solid-stabilized emulsions.*>*'

The critical de-emulsification pressure (P,) is expressed as:*>°'

Pc ZApgk( Voil - Vrel)/A (34)
where 4p is density difference between the aqueous and oil phases, g; is the centrifugal

acceleration, V,; is the volume of oil used in preparing the emulsion, V,,; is volume of oil

released on centrifugation, and A is the cross-sectional area of the centrifuge tube.*
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Figure 3.3: (i) Fraction of oil resolved on centrifugation for dodecane-in-water
emulsions stabilized by various concentrations of M-HNT. Inset shows optical
microcopy images of emulsions stabilized by 0.01wt% and 0.1wt% M-HNT (scale
bars = 100pm). (ii) Magnetic mobilization of M-HNT stabilized oil-in-water emulsion
from left to right (a-d). Attachment of M-HNT at the oil-water interface stabilizes the
emulsion and imparts magnetic responsiveness to an externally applied filed of a 7mT
magnet.
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In all experiments, the centrifugal acceleration, cross-sectional area of the
centrifuge tube as well as volumes of the oil and water phases were kept constant at the
various M-HNT concentrations. The ratio of P, for emulsions prepared at two conditions

of different particle concentrations (1) and (2) can then be expressed as:

1 !
P _ 1'(/)rel

3.5
Pg 1- ¢I2’€1

where P. is the critical de-emulsification pressure at condition 1, P72 is the critical de-
emulsification pressure at condition 2, (p'rel is the fraction of oil released on centrifugation
at condition 1 (0.17 at 0.1wt% M-HNT from Figure 3.3, Panel i) and (pzrel is the fraction
of oil released on centrifugation at condition 2 (0.72 at 0.01wt% M-HNT from Figure
3.3). Using equation 3.5, the increase of M-HNT concentration from 0.01wt% to 0.1wt%
triples the pressure required to rupture the film between two approaching oil droplets
under forced coalescence in a centrifugal field. The attachment of M-HNT at the oil-
water interface provides the steric barrier to droplet coalescence and stabilizes the
emulsion.”> The particles impart magnetic responsiveness to the stabilized oil droplets
(Figure 3.3, Panel ii). The emulsion is mobilized by the application of an external
magnetic field of a 7mT magnet.

Cryo-SEM imaging reveals the interfacial structure of the M-HNT-stabilized
emulsion (Figure 3.4a-d). Cryo-SEM images of the emulsion shows that the M-HNT
particles are attached to the oil-water interface in a side-on orientation and are networked
together into aggregates at the oil-water interface (Figure 3.4c). This is in agreement with
the orientation of nanocylindrical HNT at the oil oil-water interface.®® Figure 3.4d is a

high resolution image of magnetic nanotubes lying in a side-on orientation at the
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interface. The HNT simultaneously acts as a support for the superparamagnetic iron

oxide nanoparticles and imparts interfacial-activity to the M-HNT.

Figure 3.4: Cryo-SEM imaging of the interfacial structure of dodecane-in-water
emulsion stabilized by magnetically functionalized halloysite clay nanotubes

3.3.3 Surfactant Release and Synergistic Emulsion Stabilization
Figure 3.5a is a representative SEM (a) image of Tween 80-loaded M-HNT at
11.31wt% Tween loading. Surfactant loading into the M-HNT lumen results in a higher

electron density from the TEM imaging (Figure 3.5b).%

Figure 3.5: (a) SEM image of M-HNT loaded with Tween 80. Tween 80 loading is
11.31% from TGA. (b) TEM image of a surfactant-loaded M-HNT.
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Figure 3.6 shows representative TGA curves for M-HNT and surfactant-loaded
M-HNT. The mass loss for the M-HNT is due to the loss of water molecules adsorbed on
the external surface and the dehydroxilation of the nanotubes centered at 50°C and 519°C
respectively.?’ The higher mass loss for the surfactant-loaded M-HNT is due to the
thermal decomposition of the surfactant in addition to the loss of water and
dehydroxilation of the M-HNT.*

Figure 3.6b presents the differential thermal analysis (DTA) curves for M-HNT
loaded with increasing amounts of DOSS. At lower surfactant loadings (curves i and ii),
the mass loss due to surfactant decomposition is sharply centered around 280°C. At a
higher surfactant loading of 9.63%, the surfactant decomposition peak is a broader
compared to the peak at lower surfactant loadings. A rough calculation based on filling
the lumen exclusively with DOSS indicates a maximum loading of about 6.25wt% for a
nanotube having a 30nm lumen diameter, a 90 nm external diameter and a length of 1
micron. At low surfactant loading, the surfactant is predominantly loaded into the M-
HNT lumen, enhancing the thermal stability of the surfactant. Once the lumen is filled,
the remaining surfactant adsorbs on the external surface of the M-HNT. As the surfactant
loading increases, the amount of surfactant adsorbed on the external surface of the M-

HNT increases resulting in the broader surfactant decomposition peak.



100

70

M-HNT

m——es M-HNT with 2.97wt% DOSS

m— M-HNT with 3.96wt% Tween 80

s M-HNT with 4.05wt% DOSS

= M-HNT with 7.86wt% DOSS/Tween 80
| emmma M-HNT with 9.63wt% DOSS

aeeme M-HNT with 11.31wt% Tween 80

3

DTA (a.u)

0 120

210 300 390
Temperature (OC)

Suipeo] SO Suiseardu]

iii

30 120

210 300 390
Temperature (OC)

480

5§70

660

57

Figure 3.6. (a) Thermogravimetric curves of M-HNT with various surfactant loadings.
(b) Differential thermal analysis (DTA) curves for M-HNT loaded with increasing
amounts of DOSS. The DOSS loadings are 2.97wt% (i), 4.05wt% (ii) and 9.63wt%

(iii).
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Figure 3.7 shows optical micrographs of emulsions stabilized by M-HNT and
surfactant-loaded M-HNT. The release of surfactants from the M-HNT leads to
significant reduction in droplets sizes compared to emulsions stabilized by M-HNT alone.
Figure 3.7 (b-d) shows optical micrographs of emulsions stabilized by DOSS-loaded M-
HNT with increasing DOSS loadings while Figure 3.7¢ is a representative optical

micrograph of emulsion prepared with Tween 80 loaded-M-HNT.

Surfactant release and adsorption at the oil-water interface lowers the interfacial
tension leading to a reduction in emulsion droplet sizes compared to the emulsion
stabilized by M-HNT without surfactant loading for the same energy input to the system.
The interaction of ionic surfactants with oppositely charged particles is typically
employed in the synergistic particle-surfactant stabilization of emulsions and foams. An
interesting aspect of the tubular halloysite is the negatively charged outer layer surface
and positively charged inner lumen surface. This is attractive for the synergistic
stabilization of emulsions with M-HNT and surfactants, including ionic and non-ionic
surfactants as well as surfactant blends used in dispersant formulation. Figure 3.7f show
optical micrographs of dodecane-in-water emulsions stabilized by 0.1wt% M-HNT
loaded with a blend of the anionic surfactant, DOSS, and the non-ionic surfactant, Tween
80, at DOSS to Tween 80 ratio of 60:40. The synergistic delivery of the surfactants,
DOSS and Tween 80 from M-HNT in Figure 3.7f facilitates oil emulsification into very

small droplets.



Figure 3.7: Optical Microscopy of emulsions stabilized by 0.1wt% M-HNT and
0.1wt% M-HNT with various surfactant loadings. Surfactant loading in M-HNT
were 0 wt % (a) 1.50 wt% DOSS (b), 4.05 wt% DOSS (c), 9.63 wt% DOSS (d),
3.96 wt% Tween 80 (e) and 7.86wt% DOSS-Tween 80 blend (f) respectively.
DOSS to Tween 80 ratio in the blend was 60:40. Scale bars = 100pm.
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Figure 3.8(a-d) shows representative cryo-SEM images of an oil-in-water
emulsion prepared with DOSS-loaded M-HNT as the emulsifier. The emulsion system is
stabilized by the adsorption of DOSS and M-HNT at the oil water interface. The M-HNT
are attached to the oil-water interface in a side-on orientation (Figure 3.8c). The high
resolution Cryo-SEM image in Figure 3.8d shows the magnetite nanoparticle and native
HNT components in the interfacially-active M-HNT. Figure 3.8e shows the reduction in
the dodecane-saline water interfacial tension (IFT) on release of DOSS and Tween 80
from M-HNT. The IFT curves suggest an initial burst release of surfactant resulting in a
sharp reduction in the interfacial tension. The initial burst release region is directly
followed by a less rapid reduction in IFT suggesting a more gradual release of the
surfactant. Over time, the IFT curves exhibit the characteristic rapid fall and meso-
equilibrium regions of dynamic surface tension reduction by surfactant.” The reduction
in interfacial tension lowers the energy required to create new oil-water interface leading
to the formation of small droplets (Figure 3.8).% In practical remediation applications, the
dispersion of oil into tiny droplets translates into the creation of a large oil-water
interfacial area for the enhanced bioremediation of oil spills by oil-degrading

: : 7,4
microorganisms. ’ 3

The stability of emulsions stabilized by M-HNT and DOSS-loaded M-HNT with
time were characterized by analyzing a number of optical micrographs to obtain the
droplet size distribution over a period of 5 weeks. Figure 3.9 shows the droplet size
distributions immediately after emulsion preparation and after 5 weeks. To the best of our
knowledge, these results provide the first detailed characterization of the stability over

time for emulsions stabilized by the clay nanotubes alone and in combination with
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surfactant. The droplet size distributions progressively decrease with increasing loading
and release of DOSS from the M-HNT. The M-HNT provides steric hindrance to droplet
coalescence over time while the released surfactant facilitates oil emulsification into

smaller droplets.
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Figure 3.8: Cryo-SEM images of dodecane-in-water emulsion stabilized by DOSS-
loaded M-HNT (a-d). M-HNT concentration is 0.1wt%. DOSS loading in M-HNT is
9.63%. Panels (a) to (d) are in order of increasing magnification. Panel e shows the
dynamic reduction in the dodecane-saline water interfacial tension for M-HNT loaded
with DOSS and Tween 80. Surfactant loadings in M-HNT were 4.05wt% DOSS and
3.96wt% Tween 80 from TGA. The inserts are snapshots of the progressively
elongated inverted pendant drop of dodecane in saline water on release of Tween 80
from the Tween 80-loaded M-HNT. Images were taken at 240s (i), 5220s (ii) and
17400s (iii) respectively.
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Figure 3.9: Droplet size distributions of emulsions stabilized by M-HNT and
DOSS. The droplet size distribution immediately after preparation and after 5
weeks shows emulsion stability with time.
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34 Conclusions

A magnetically responsive iron oxide nanoparticle system supported on halloysite
clay nanotubes has been successfully developed for oil emulsification and magnetic
mobilization of oil. Attachment of the magnetic particles at the oil-water interface makes
the oil-in-water emulsions responsive to an externally applied field. The anionic
surfactant, dioctyl sulfosuccinate sodium salt and the non-ionic surfactant,
polyoxyethylene (20) sorbitan monooleate are effectively loaded and released to reduce
the interfacial tension and thus the oil droplet size. Droplet size analysis over a period of
5 weeks reveals the high stability of emulsions stabilized by the magnetic particles and
released surfactant. The attachment of the nanotubes at the oil-water interface stabilizes
the oil-in-water emulsions and provides an efficient dispersant delivery method that can
minimize the use of organic solvents.

The simple synthesis procedure and the synergy of biocompatible HNT and
magnetite components make the M-HNT materials, an attractive multifunctional and
environmentally-benign material for practical oil spill remediation applications.>® % % %
It is demonstrated that development of multifunctional particulate emulsifiers can

effectively provide combined properties of surfactant delivery,®* emulsion stabilization®

and magnetic field response’® with potential applications in oil spill detection.®> %
Aspects of our continuing work include exploiting the unique oppositely charged surfaces

of the HNT for selective surface modification of the nanotubes for chemical herding and

selective recovery of surface oil layers.
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CHAPTER 4

TUNING THE WETTABILITY OF HALLOYSITE CLAY NANOTUBES BY
SURFACE CARBONIZATION FOR OPTIMAL EMULSION STABILIZATION

Based on: Owoseni, O.; Zhang, Y.; Su, Y.; He, J.; McPherson, G. L.; Bose, A.; John, V.
T. Tuning the Wettability of Halloysite Clay Nanotubes by Surface Carbonization for
Optimal Emulsion Stabilization. Langmuir, 2015, 31 (51), 13700 - 13707

4.1 Introduction

Emulsions stabilized by fine solid particles are relevant in a wide range of
processes such as in the food, pharmaceutical and petroleum industries.”” Solid stabilized
emulsions have also attracted interest in environmental remediation applications
including the treatment of crude oil spills.>> ** % % A key characteristic of an effective
emulsifier, including particles used as oil spill dispersants, is the ability to adsorb at the
oil-water interface, inhibit droplet coalescence and phase separation.'” ****” The particle
wettability can be quantitatively expressed in terms of the three phase contact angle
which the particle makes at the oil-water interface.”*

The attachment of particles to the oil-water interface with energies that are several
orders of magnitude higher than the thermal energy provides a large steric hindrance to
droplet coalescence and is one of the key ugderlying concepts behind particle-
stabilization of emulsions.”® Analysis on a spherical particle at a planar oil-water
interface gives the work required to desorb the particle from the interface (AG) as:*>*
AG = 11y, (1 £ cos 6)? 4.1)

where y,, is the oil-water interfacial tension, r, is the particle radius, and @ is the

equilibrium contact angle measured through the water phase. The sign in the bracket
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(equation 4.1) is negative for particle desorption into water (0 < 8 < 90°) and positive for
particle desorption into oil (90° <6 < 180%).%
Similar free energy analysis on a cylindrical particle at a planar oil-water interface

gives the free energy change (4G,) on removing the particle from the interface into the

water as:gg‘ 2

BGy = 2rLypy [sin6 — 6 cos 8 (1+5) + 2220 for0 <9 <90°  (42)
and the free energy change to remove the particle from the interface into the oil phase as:
AG, = 2rL¥y [sine + (T — @)cosd (1 + f) + M] for90° <6 <180° (4.3)

where 7, is the oil-water interfacial tension, r is the radius of the cylindrical particle, L is

the particle length and @ is the contact angle.
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Figure 4.1: Free energy of particle detachment from the oil-water interface as a
function of contact angle for a spherical particle (red curve) and cylindrical particles
with aspect ratio of 5.0 and 10.0 (blue and green curves respectively). All particles
have the same volume of 7.85%107%! m3, oil-water interfacial tension was 499mN/m and
the cylinder aspect ratio is defined as the length to diameter ratio.
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Figure 4.1 shows the free energy of detachment from the oil-water interface for
spherical and cylindrical particles of the same volume as a function of contact angle. A
first observation is that the energy of attachment of the cylindrical particle at the oil-water
interface is higher than for a spherical particle of the same volume, underscoring the role
of particle shape on emulsion stabilization by the particles.”> *® For instance at 8 = 90°,
the work AG in equations 4.1 and 4.2 reduces to the product of the interfacial tension
(yow) and the area of the oil-water interface occupied by the particle corresponding to the
area of the mid-section of the particles. For a cylindrical particle with 50.0nm radius and
length of 1.0um, a spherical particle of equal volume will have a radius of 123.3nm. The
area of the mid-section is calculated to be 1.0%10"°m? and 4.8*10"*m? for the cylindrical
and spherical particles respectively, yielding a higher AG/KT value of 1.3*10° for the
cylindrical particle compared to 6.2*10° for the spherical particle. The energy of
attachment at the interface is higher for cylindrical particles with aspect ratio of 10
relative to cylindrical particles with an aspect ratio of 5.

Madivala et al. experimentally characterized the role of particle shape and aspect
ratio on emulsion stabilization and viscoelastic properties of the oil-water interface.”® The
authors discovered that emulsion stability and the magnitude of the interfacial
viscoelastic properties depends strongly on the aspect ratio of the particles.” Strong
attractive capillary interactions that are induced based on particle shape also facilitate
particle assembly into networks at the oil-water interface.”

For both cylindrical and spherical particles the work required to detach a particle
from the interface into a bulk phase increases from 0° to 900, reaches a maximum at 90°

and then decreases from 90° to 180°.22 Therefore, tuning the surface chemistry of particles
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to intermediate wettability provides a means to prepare optimally stable particle-
stabilized emulsions because of the improved propensity of the particles to partition the

23

oil-water interface.”> Traditionally, hydrophilic solids can be modified by

23, 100

chemisorption of hydrophobic moieties such as silane coupling agents, carboxylic

101 102, 103, 104

acids ™ and polymer grafts; or physisorption of oppositely charged surfactant,>*

105, 106 36, 107

polymer and asphatlenes.'® '® Relevant to the treatment of subsea oil spills,
the synergy of the hydrophobic surfactant Span 20 and hydrophilic silica particles in
dispersing oil into small droplets has been demonstrated in high shear energy jet
experiments.''® The adsorption of Span 20 onto the surface of the silica particles was
proposed to make the particles more hydrophobic and enhance their interfacial activity
for oil emulsification.''

Recently we have advanced the use of naturally occurring halloysite
aluminosilicate clay nanotube (HNT) for oil emulsification.®’ An interesting aspect of the
HNT, is that it has a predominantly negatively charged outer silica surface and a
positively charged inner alumina surface.®” ** The nanotubular morphology of the HNT
has been exploited for the loading and delivery of surfactant to the oil-water interface.
The effectiveness of particles in emulsion stabilization and interfacial delivery of
materials are largely dependent on the partitioning of the HNT to the oil-water interface.
Here we propose a new concept to optimize the attachment of the particles to the oil-
water interface and tune the wettability of the hydrophilic native HNT by the systematic
carbonization of the external surface of the particles. We exploit the selective binding of

the readily available cationic biopolymer, chitosan, onto the negatively charged external

surface of HNT> to carbonize the HNT on pyrolysis in an inert atmosphere. We
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demonstrate that this is an effective route to tune the wettability of the nanotubes for
optimal emulsion stabilization.

4.2  Experimental Procedures

4.2.1 Materials

Medium molecular weight chitosan (190 - 310 kDa) was obtained from Sigma-
Aldrich. The reported degree of deacetylation is 75 - 85%. Dodecane and sodium
hydroxide were obtained from Sigma-Aldrich. Acetic acid (glacial, >99.7%) was
purchased from Fisher Scientific. All materials were used as received. Halloysite
nanotubes (HNT) were purchased from NaturalNano Inc. (Rochester, NY, USA).
Deionized (DI) water, produced from an Elga water purification system (Medica DV25)
with a resistivity of 18.2 MQ cm was used in all experiments. Acetic acid solutions were

prepared by diluting the glacial acetic acid in DI water.
4.2.2 Synthesis and Characterization of Carbonized Halloysite Nanotubes (CHNT)

Stock solutions of 2wt% HNT in deionized water and 0.5wt% medium molecular
weight chitosan in acetic acid were first prepared. Appropriate amounts of medium
molecular weight chitosan and HNT were then pipetted from stock solutions and added to
a vial. The mass ratios of chitosan to halloysite used in particle synthesis were 0.002,
0.01, 0.02, 0.025, 0.05, 0.2, 0.5 and 1. To ensure homogeneous solubilization of chitosan
and protonation of the amine groups in the solvent medium, the pH was adjusted to ~ 3.7
by adding acetic acid solution. The pH was measured using a Thermo Scientific Orion 3-
star benchtop pH meter. The mixture was stirred for 24hours to facilitate the adsorption
of the positively charged chitosan biopolymer on the negatively charged external surface

of the HNT.?® The pH was then adjusted by the addition of 1M NaOH solution to
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deionize the chitosan and form a non-dissolvable chitosan coating on the HNT.""! The
chitosan coated halloysite particles were recovered by centrifugation and washed twice
with deionized water. The recovered samples were then pyrolyzed at 700 °C for 1 h under
the flow of N, gas to convert the chitosan adsorbed on the HNT to carbon.''? The
carbonized halloysite samples are hereafter referred to as CHNTI1 to CHNTS8 with the

numbers assigned in order of increasing level of carbonization.

The morphology of the particles was characterized by field emission scanning
electron microscopy (SEM, Hitachi S-4700) and transmission electron microscopy
(TEM, JEOL 2010, operated at 200 kV). Energy dispersive X-ray spectroscopy (EDS)
was carried out on the Hitachi S-4700 scanning electron microscope operating at 20kV
and a working distance of 15mm. The sample was placed on a Cu/Zn substrate and the
EDS spectrum was acquired with the oxford INCA software. Thermogravimetric analysis
(TGA) of the CHNT samples was performed in an air environment at a heating rate of
10°C/min using a TA Instruments SDT 2960 Simultaneous DTA-TGA. Similar to the
CHNT synthesis procedure, the native HNT was heated at 700°C for 2 hours in N; and

used in the control TGA experiment.

Zeta potential of halloysite-chitosan mixtures in acetic acid solution (pH ~ 3.7)
were determined by measuring the electrophoretic mobility using the Phase Analysis
Light Scattering (PALS) technique (Nanobrook ZetaPALS, Brookhaven Instrument). 2
ml of the samples were transferred into a disposable polystyrene cuvette that was
connected to the solvent resistant electrode and the zeta potential was measured at 25°C.
Fourier transform infrared spectroscopy (FTIR) was performed on a Thermo Nicolet

Nexus 670 FT-IR Spectrometer. FTIR analysis was carried out with KBr pellets of the
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native HNT, chitosan, chitosan coated HNT and carbonized HNT. The chitosan coated-

HNT was dried at 50°C for the FTIR analysis.
4.2.3 Emulsion Preparation and Characterization

Iwt% stock particle suspensions were prepared by uniformly dispersing the
particles in water by magnetic stirring followed by ultrasonication (Cole-Parmer 8890)
for 1 minute. Appropriate amounts of the stock suspension were diluted in 20ml glass
vials containing the aqueous phase. Emulsions were prepared at dodecane to water ratio
of 1:3 by vortex mixing the aqueous particle dispersion with the dodecane. Mixing was

carried out for 2 minutes on a Thermolyne Maxi Mix II operating at 3000 rpm.

The emulsion was characterized by Optical Microscopy and Cryogenic Scanning
Electron Microscopy (Cryo-SEM). In the optical microscopy imaging, a small aliquot of
the emulsion was placed on a glass slide prior to imaging on a Leica DMI REZ optical
microscope. The images were analyzed using Image ProPlus v. 5.0 software. Cryo-SEM
imaging was performed using a Hitachi S-4800 field emission Scanning Electron
Microscope operated at a voltage of 3 kV and a working distance of 9 mm. The emulsion
sample was first plunged into liquid nitrogen, followed by fracturing at —130 °C using a
flat-edge cold knife and sublimation of the solvent at —95 °C for 5 min. The sample was
sputtered with a gold—palladium composite at 10 mA for 88 s before imaging.
Photographs of the emulsions were taken with a Pentax K10D Digital Camera. In the
partitioning experiments, the particles were initially dispersed in dodecane by magnetic
stirring at a 0.5wt% particle concentration. 2ml of the particle suspension was placed in a
vial followed by the addition of 2ml of water. The contents were mixed for 2minutes

(Thermolyne Maxi Mix II) at a low speed (~ 1000rpm) to prevent emulsion formation.
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4.2.4 Interfacial Tension and Contact Angle Measurement

Interfacial tension was measured using the pendant drop method on a standard
Ramé-Hart model 250 goniometer. About 15uL of 0.01wt% particle dispersions in water
were injected into an external dodecane phase and the drop shape was analyzed using
DROPimage Advanced Software to obtain the interfacial tensions. Contact angle was
measured on a Ramé-Hart contact angle goniometer using compressed discs of the

39106, 108 The contact angle measured on compressed discs is not fully

particles.
representative of the contact angle of particles distributed on an interface. However, the
method does provide an indirect estimation of the wettability and has been used to
characterize particles at the oil-water interface.”” '°® The particles were compressed into
10mm discs in an evacuable pellet die (Specac) at a pressure of 30Mpa (Riken High
Pressure Hydraulic Equipment). The compressed discs were immersed in dodecane
contained in a rectangular cell and water was then injected from a 21 gauge needle onto
the particle discs using the automated Ramé-Hart dispenser. The contact angle was

measured at 25°C through the aqueous phase at the dodecane, water and particle

interface.

4.3 Results and Discussion

4.3.1 Particle Characterization

Figure 4.2a shows a schematic for the synthesis of the carbonized halloysite
nanotubes (CHNT). Figure 4.2b presents FTIR analysis of adsorption of chitosan onto
halloysite and the synthesized CHNT. Chitosan is solubilized in acidic aqueous solution
as a positively charged biopolymer due to the protonation of its primary amine groups

below its pKa of 6.5.""> On the other hand, the isomorphic substitution of AI** for Si** in
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the external tetrahedral sheet imparts a net negative charge on the external surface of the
HNT.>® Figure 4.2a is a schematic of the adsorption of positively charged chitosan
polymer on the negatively charged HNT yielding the carbonized HNT on pyrolysis in an
inert atmosphere. We carried out FTIR to gain insights on the mechanisms of adsorption

and subsequent pyrolysis of chitosan (Figure 4.2b).
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Figure 4.2: Synthesis of the carbonized halloysite nanotubes (a), FTIR analysis of chitosan
adsorption and carbonization mechanisms on halloysite nanotubes (b). Chitosan adsorbs on
halloysite by electrostatic attraction and hydrogen bonding, yielding carbonized halloysite
nanotubes on pyrolysis in an inert atmosphere.
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The FTIR spectrum of the chitosan shows key characteristic absorption peaks at
3421 em™, 2928 cm! - 2879 cm'], 1653 cm'], 1078 cm™ attributable to OH stretching, C—
H stretching vibrations, amide I (-CONH-) and skeletal vibration involving the COO
stretching respectively.''> ''"* > The FTIR for the native HNT shows the characteristic
peaks at 1635 cm™, 1100 cm™, 1030 cm™,912 em™', 693 cm™ and 539 cm”! corresponding
to the O-H deformation vibration of the interlayer water, Si-O stretching vibration, in-
plane Si-O-Si stretching vibration, O-H deformation of inner surface hydroxyl groups,
perpendicular Si-O stretching vibration and Al-O-Si deformation respectively.'® The
peaks at 3690cm’ and 3620 cm™ are assigned to the Al,-OH stretching bands of the
HNT.>* The key observation in the spectrum for the chitosan/HNT system is that the
amide I band of chitosan is perturbed from 1653 cm™ to a lower frequency of 1576 cm™,

corresponding to a frequency shift (Av) of 77cm. The frequency shift is attributable to

hydrogen bonding interactions between the chitosan and the HNT.>* 16

The zeta potential of chitosan/halloysite mixtures at pH of 3.7 (Table 4.1)
transitioned from negative (- 3.06 mV) to positive, reaching a relatively constant value (~
+70 mV) with increasing mass ratio of chitosan to halloysite. Thus, the adsorption of
chitosan onto the HNT is driven by electrostatic attraction and hydrogen bonding
interactions. Pyrolysis leads to loss of the aliphatic C-H peaks (2928 cm™ - 2879 cm™)
indicative of the decomposition of aliphatic structures''’ and the loss of Al,-OH
stretching bands in the CHNT suggesting dehydration of the HNT on heat treatment at
700°C. The FTIR spectra of the CHNT indicates the appearance of absorption bands at
1616 cm™ attributable to C=C stretching and 800 cm™ region attributable to aromatic C-

H out-of-plane bending vibrations.''®
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Table 4.1: Zeta Potential of Chitosan/Halloysite Mixtures

Mass Ratio of
Zeta Potential (mV)
Chitosan to Halloysite

0 -3.06+1.62

0.002 424 +0.95
0.01 23.41 £3.5
0.025 55.47+2.14
0.05 61.28 £0.85

0.1 70.24 £2.29

0.5 71.73 £2.67

1 67.37+1.03

Figure 4.3 presents a photograph of the HNT with increasing levels of
carbonization and representative TGA curves of the particles. Table 4.2 lists the mass
percent of carbon coating on halloysite nanotubes for samples reported in this work as
obtained from the TGA. The level of carbonization increases with the increasing mass
ratio of chitosan to HNT in the precursor solution used for synthesizing the CHNT
(Figure 4.2a and Figure 4.3). Accordingly, the particles transition from white to grey and
ultimately to black in appearance with increasing levels of carbonization (Figure 4.3b).
The mass losses observed in the thermogravimetric curves of the CHNT samples are due
to the oxidation of the carbon coating on the HNT and it increases with the level of

carbonization.
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Figure 4.3: Representative thermogravimetric curves (a) and photograph of HNT with
increasing levels of carbonization (b).

Table 4.2: Thermogravimetric Analysis (TGA) of Carbonized Halloysite

Sample Mass Percent. of Carbon Coating on
Halloysite Nanotube (%)
CHNTI 0.84
CHNT2 1.19
CHNT3 1.63
CHNT4 757
CHNTS 351
CHNT6 4.65
CHNT7 8.76
CHNTS 13.43
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The SEM images in Figures 4.4a and 4.4b reveals the smooth external surface of
the native HNT. SEM imaging provides direct evidence of the carbon coating on the
native HNT in the synthesis of the partially carbonized CHNTS sample (Figure 4.4c and
4.4d) and the CHNT?7 particles with a higher level of carbonization (Figure 4.4e). The

TEM image shows that the CHNT retains an overall tubular nanostructure (Figure 4.4f).
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Figure 4.4: SEM images of the native HNT (a, b) and carbonized halloysite nanotubes
CHNTS (c, d) and CHNT?7 (e). Panel f is the TEM image showing the retention of the
nanotubular structure in the carbonized halloysite (CHNTS5) and g is the SEM EDS
confirming the formation of the carbon coating on the aluminosilicate HNT.
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The carbonization procedure allows for the selective hydrophobic modification of the
external surface of the HNT while preserving the native positively charged internal
alumina surface and lumen volume. The available lumen volume in the clay nanotubes
allows the loading and release of materials such as surfactant from the nanotubes in oil
spill remediation applications.®” Elemental mapping by SEM/EDS on the CHNT?7 sample
confirms the formation of the carbon coating on the native aluminosilicate HNT (Figure

4.4g).
4.3.2 Particle Partitioning and Oil Emulsification Characteristics

The oil-water partitioning characteristics of the HNT with varying levels of
carbonization are presented in Figure 4.5. The native HNT partitions largely into the
bottom aqueous phase (Figure 4.5a). The greater affinity of the native HNT for the
aqueous phase compared to the oil phase indicates a relatively hydrophilic surface
property. The aqueous HNT suspension is stable as shown by the turbidity of the bottom

aqueous phase in the photograph taken after 1 hour (Figure 4.5b).

Intermediate High
Native Carbonization Carbonization

(CHNT4) (CHNT?)

Figure 4.5: Influence of surface carbonization on the wettability and partitioning
characteristics of halloysite clay nanotubes. Photographs a and b were taken immediately
after gentle mixing and after 1 hour respectively.
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On the other hand, HNT with a high level of carbonization (CHNT?7) is retained
in the upper dodecane phase. Over time the CHNT7 particles sediment towards the oil-
water interface under gravity.>> The particles are trapped at the oil-water interface and do
not transfer into the bottom aqueous phase. Hydrophobic modification of the HNT by
surface carbonization effectively imparts a greater affinity for the upper oil phase. The
key observation is that at intermediate level of carbonization (CHNT4), the particles
preferentially partition to the oil-water interface compared to either the bulk oil or water
phase. The partial wetting of particles by both the oil and aqueous phases drives the

location of the particles at the oil-water interface.”

Figure 4.6 shows optical microscopy images and photographs of emulsions
stabilized by 0.1wt% of the native HNT and the carbonized halloysite nanotubes
(CHNTI to CHNT?7). The appearance of the emulsions range from creamy white for the
native HNT to light grey for HNT with intermediate levels of carbonization and
ultimately to black for emulsions prepared with HNT at high levels of carbonization. This
is in line with the transition in the appearance of the particles illustrated in Figure 4.3b.
Figure 4.6 presents the average droplet sizes and corresponding interfacial tension
measurements for the clay nanotube laden dodecane-water interfaces. A key observation
is that relative to the native HNT, the average droplet sizes decreases with increasing
level of carbonization up to the CHNT4 sample and then increases at much higher levels
of carbonization. The broad minimum in average droplet size is centered on the emulsion
stabilized by the CHNT4 particles, having a 2.57wt% carbon coating on the HNT surface

(Table 4.2). Based on the oil-emulsification characteristics, the samples may be classified
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into four categories; the native HNT, HNT at very low level of carbonization (CHNT1),
HNT at intermediate levels of carbonization (CHNT2 - CHNTS) and HNT at high level

of carbonization (CHNT6 — CHNTS).
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Figure 4.6: (a) Optical microscopy images of dodecane-in-water emulsions
stabilized by HNT with increasing level of carbonization. Particle concentrations
are 0.1wt%. Smaller droplets are obtained at intermediate levels of HNT
carbonization (CHNT2, CHNT4). The insets are photographs of vials containing the
emulsions. Scale bars = 100 um. (b) Average emulsion droplet sizes and
corresponding dodecane-water interfacial tensions measured using the pendant drop
technique by injecting about 15pL of 0.01wt% particle suspensions into an external
dodecane phase.
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Figure 4.6b indicates that the dodecane-water interfacial tension does not change
significantly with the varying level of HNT carbonization. For the same amount of
energy input and comparable interfacial tension values for all the particle types, the
smaller average droplet sizes obtained at intermediate levels of halloysite carbonization
can be attributable to an increased partitioning of the particles to the oil-water interface.””
9. 120 The enhanced interfacial activity of the particles at intermediate level of
carbonization necessitates the creation of more oil-water interfacial area in form of small
droplets to accommodate the particles at the interface.”? Once the particles are attached to

the oil-water interface, they provide steric hindrance to the coalescence of the small

droplets into larger ones.

Figure 4.7a presents the variation of the dodecane-water-particle contact angles
with the level of HNT carbonization. The three-phase contact angle for the CHNT4
sample is 89.8°. This contact angle value is the closest to 90° of all particle types and
coincides with the minimum in average droplet sizes centered on the emulsions stabilized
by the CHNT4 (Figure 4.6). However, we note that the compressed disc method is an
indirect way to characterize the change in hydrophobicity of the nanotubes. The
representative photographs in Figure 4.7b illustrate the variation of the three-phase
contact angle with increasing level of HNT carbonization. Regression analysis shows that
the contact angle () varies logarithmically with the level of HNT carbonization (m.)

according to the equation:
0 =37.27In(m,) + 54.52 (4.4)

with the coefficient of determination (R*) = 0.97. At HNT surface carbonization (m.)

levels of 0.84wt%, 2.57wt% and 13.43 wt%,; the contact angle which the particle makes
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at the oil-water interface are calculated to be 48.0%, 89.7% and 151.3° respectively. Thus,
carbonization of the external surface of the native hydrophilic halloysite particles

effectively tunes the wettability of the particles for emulsion stabilization.
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Figure 4.7: (a) Variation of the three-phase contact angle with level of HNT
carbonization. Red symbols are contact angle measurements while the blue curve
with blue symbols corresponds to the mass percentage of carbon coating on halloysite.
(b) Photographs showing contact angle of water drops on particle surfaces in an
external dodecane phase.
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The cryo-SEM imaging (Figure 4.8) shows that networks of the CHNT are
adsorbed at the oil-water interface. The CHNT stabilizes the oil-droplets by providing a
steric barrier to droplet coalescence due to the high energy of attachment of the particles
at the oil-water interface.®’ Coalescence of solid-stabilized emulsion droplets can occur
when the particles are detached from the interface into a bulk phase or the particles are
displaced laterally along the interface. The lateral displacement of the particles at the oil-
water interface could result in the contact of exposed oil-water interfacial areas on
adjacent droplets leading to coalescence.”” In particle-stabilized emulsions, the strength
of the particle network adsorbed at the oil-water interface prevents lateral displacement of
particles away from droplet contact areas, providing stability against coalescence.?? The
energy required to detach network aggregates of particles at the oil-water interface is also
much higher than for an individual particle as it scales with the overall size of the
adsorbed particle aggregates (equation 4.1 — 4.3).> % These mechanisms are fundamental

to emulsion stabilization by solids such as the CHNT.
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Figure 4.8: Cryo-SEM images of dodecane-in-water emulsion stabilized by
carbonized halloysite nanotubes (CHNT). Panels (a) to (d) are prepared with CHNT2
with low level of carbonization while (¢) to (f) are stabilized by CHNT6 with high
level of carbonization. Emulsion is stabilized by the adsorption of network of particles
at the oil water interface. Particle concentration is 0.1wt% in water.
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4.4 Conclusions

Naturally occurring halloysite nanotubes have been hydrophobized by the
selective carbonization of the external surface of the HNT. The level of carbonization of
the HNT determines the relative wettability of the particles by the oil or water phases.
Smaller droplet sizes are obtained at intermediate levels of carbonization compared to the
hydrophilic native HNT due to an increased propensity of the particles to partition to the
oil-water interface. The lowest average droplet sizes are obtained for emulsions stabilized
by the CHNT4 particles prepared at a chitosan to halloysite mass ratio of 0.025, yielding
a carbon coating of about 2.57wt%. Droplet size analysis indicates that at high levels of
carbonization the HNT are less effective in oil emulsification into small droplets. The
driving force for oil emulsification into smaller droplets at intermediate levels of
carbonization is the improved preference of the particles to reside at the oil-water
interface. The experimental observations with increasing levels of HNT carbonization are
in agreement with free energy analysis on the attachment of cylindrical particles at the
oil-water interface. The energy required to detach a cylindrical particle from the oil water
interface is much higher at intermediate particle wettability compared to the more
hydrophilic or hydrophobic regimes. The concept of tuning the wettability of solids by
surface carbonization can be extended to other inorganic materials such as titania or iron
oxides as well as other carbon sources including sugars, polymers and organic molecules.
The lumen volume in the clay nanotubes can be exploited for the smart delivery of
materials such as surfactant®® *°, fluorescent markers or nutrients in oil spill remediation

applications.6
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CHAPTER 5
SYNERGISM OF HALLOYSITE NANOTUBE WITH POLYMERIC AND

SMALL MOLECULE AMPHIPHILES IN A TERNARY MIXED EMULSIFIER
SYSTEM
5.1 Introduction

Emulsions are stabilized by the adsorption of emulsifying agents such as solid
particles, surface active polymer macromolecules and surfactant molecules at the
interface between the dispersed and continuous phases.'> '* The synergy of the inherent
characteristics of various emulsifying agents can facilitate the preparation of optimal
emulsion systems.'* '7 3 8102 A key mechanism by which the emulsifiers preserve
emulsion stability is by resisting the coalescence of the droplets."* Low molecular weight
surfactant adsorb at the oil-water interface to lower the interfacial tension and stabilize
emulsions.'* The surfactant molecules are typically in a dynamic equilibrium between the
interface and the bulk phases and may desorb from the interface into the bulk phase.*

Polymeric surfactant have several attractive properties including excellent
retention at the interface compared to low molecular weight surfactant, effectiveness at
low concentrations as well as little sensitivity to salt and temperature changes.'* These
surface active polymers are used in conjunction with low molecular amphiphiles as they
diffuse less rapidly to newly created interfaces."* Surface active polymers can be
designed by grafting hydrophobic chains to a hydrophilic backbone polymer, grafting

hydrophilic side chains to a hydrophobic backbone polymer or alternating hydrophilic
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and hydrophobic polymer blocks.'* ' In these architectures the hydrophobic polymer
segments have a strong affinity for an apolar phase with the hydrophilic segments
exposed to a polar phase. Chitosan, a readily available polysaccharide extracted from
crustacean shells, can be hydrophobically modified into an amphiphilic derivative by
grafting hydrophobic alkyl groups to the chitosan backbone by reductive amination.'”'*!
Driven by the hydrophobic effect, the hydrophobically modified chitosan (HMC)
biopolymer assembles at the oil-water interface to enhance the stability of oil droplets
dispersed using the commercial oil spill dispersant (Corexit 9500) and prevents rapid
resurfacing of the oil droplets.'” The HMC also anchors its hydrophobic residues into the
oil phase as well as hydrophobic domains of vesicle bilayers and onto the surface of solid
particles.'” "% 22 133 The formation of hydrophobic crosslinks between the chains of
HMC leads to the formation of a transient macromolecular network.'”” ' The
hydrophobic alkyl groups attached to the chitosan backbone anchors to the surface of
particles such as carbon microspheres and latex nanoparticles, connecting the particles
together into a self-supporting, three-dimensional gel matrix.'"® ' The native chitosan

shows negligible interfacial activity and is not able to form gels with solid particles.'” 122,

123

Solid particles that are partially wettable by oil and water attach to the oil-water
interface to stabilize emulsions primarily by providing a steric hindrance to droplet
coalescence.”? Particles are held at the interface with energies that are several orders of
magnitude in thermal energy, kT.”> Mixed emulsifier systems incorporating particles,
polymers and/or surfactant can be formulated for the synergistic stabilization of

emulsions using covalent or non-covalent interactions between the individual
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23,35, 124135 yybrid particle-polymer materials have been designed for

components.
optimal emulsion stabilization and emulsion templated materials synthesis.’® '“ The
coadsorption of polymers and particles at the oil-water interface is proposed to improve
the mechanical strength of the particle layer in the fabrication of microcapsules.36’ 37,126
Relevant to the treatment of oil spills, hydrocarbon degrading bacteria that is
electrostatically complexed with chitosan biopolymer have been exploited as particulate
oil emulsifiers.'?” 28

The use of naturally occurring halloysite aluminosilicate clay nanotube (HNT) in
oil emulsification and interfacial surfactant delivery has recently been advanced for the
treatment of crude oil spills.’® ®” '*® The lumen volume of the HNT allows the loading
and release of representative surfactant components of dispersants.® In addition to the
anisotropic nanotubular morphology of the HNT, it has a predominantly negatively
charged outer silica surface and a positively charged inner alumina surface.®® The binding
of the readily abundant cationic chitosan biopolymer onto the negatively charged external
surface of HNT followed by pyrolysis in an inert atmosphere has recently been exploited
for tuning the particle wettability by a selective surface carbonization technique.'?

In this work, the colloidal interaction and mechanisms of synergistic emulsion
stabilization of negatively charged HNT with the cationic biopolymer, HMC, is
investigated. The bulk emulsion systems and the oil-water interfacial structure were
characterized to elucidate the synergistic roles of HMC and HNT in oil emulsification.
The design of a ternary, mixed emulsifier system with inorganic tubular micelle based

architecture is demonstrated by exploiting the unique nanotubular morphology of the

HNT.!?% 3! Based on our recent work, the water insoluble surfactant, sorbitan monooleate
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(Span 80), is loaded on the HNT core and the cationic HMC interacts with the negatively
charged external surface of the HNT from the continuous aqueous phase. The
nanotubular morphology and elemental composition of the HNT, basic repeat units of the
HMC biopolymer as well as the chemical structure of Span 80 are presented in Figure

5.1
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Figure 5.1: Structure of the halloysite nanotube (HNT), representative repeat units of
hydrophobically modified chitosan (HMC) biopolymer and sorbitan monooleate (Span
80) surfactant
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5.2 Experimental Procedures
5.2.1 Materials

Low molecular weight chitosan (50,000 - 190,000 Da) with a reported deacetylation
degree of 75% - 85%, dodecane, dodecyl aldehyde, sodium cyanoborohydride, sodium
hydroxide, sodium chloride and sorbitan monooleate (Span 80) were obtained from
Sigma-Aldrich. Acetic acid (glacial, > 99.7%) was purchased from Fisher Scientific.
Halloysite nanotube (HNT) was purchased from NaturalNano Inc. (Rochester, New
York, USA). All materials were used as received. Acetic acid solution was prepared by
diluting glacial acetic acid in deionized water produced from an Elga water purification
system (Medica DV25, 18.2 MQ cm resistivity). A saline water solution of 0.6M sodium
chloride concentration was used a surrogate for seawater. Louisiana sweet crude with
viscosity of 0.01 Pa.s and specific gravity 0.85 at 15 °C was obtained from British

Petroleum’s Macondo prospect (SOB-20100617032).""- &

5.2.2 Synthesis and Characterization of Hydrophobically Modified Chitosan

(HMC)

Hydrophobically modified chitosan (HMC) was synthesized using a previously
reported procedure involving the reaction of the amine groups of chitosan with n-dodecyl
aldehyde.'” ' 132 Briefly, 4 g of low molecular chitosan was first dissolved in 220 mL of
1% (wt/v) acetic acid. 150 mL of ethanol was then added to allow for the solvation of the
n-dodecyl aldehyde when it is added to the chitosan solution. The pH was adjusted to 5.1
by the addition of sodium hydroxide, followed by a solution of dodecyl aldehyde in

ethanol containing a 2.5% molar ratio of the aldehyde to the amine groups in chitosan.'*?
g y group:
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An excess of sodium cyanoborohydride was then added to the mixture. The mixture was
subsequently stirred at room temperature for 24 hours. The final product was precipitated
with ethanol and sodium hydroxide solution. The precipitate was then washed with
ethanol and deionized water 3 times followed by freeze drying. Attachment of the
dodecyl hydrophobes to the chitosan backbone was confirmed by 'H NMR spectroscopy
conducted on a Bruker Avance 500 MHz NMR spectrometer (Appendix A). The HMC is
soluble in acidic medium below the parent chitosan pKa of 6.5.'"* The amine groups of
the parent chitosan are protonated in acidic media, imparting a positive charge to the

solubilized HMC.'?
5.2.3 Preparation and Characterization of Span 80 loaded HNT

HNT was loaded with the lipophilic surfactant, Span 80 following the vacuum
suction and solvent evaporation procedure employed in our previous work.%® %7 0.1g of
HNT was weighed into a round bottom flask. The HNT was uniformly dispersed by
magnetic stirring and brief ultrasonication (Cole-Parmer 8890) in 2ml of ethanol
containing 0.03g of Span 80. Vacuum suction was then applied to the mixture in the flask
to displace the air in the HNT and suck the surfactant solution into the HNT. The
pressure was cycled back to atmospheric pressure after about 15minutes. This pressure
cycling process was repeated twice and then the remaining ethanol solvent was

evaporated under vacuum in a rotary evaporator.

The loading of Span 80 onto the HNT was confirmed by Fourier transform
infrared (FTIR) spectroscopy analysis carried out on a Thermo Nicolet Nexus 670 FT-IR

Spectrometer and transmission electron microscopy (TEM) imaging on a FEI Tecnai G2
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F30 Twin transmission electron microscope operated at 300 kV. The native HNT and

Span 80 loaded HNT were pressed into KBr pellets for the FTIR analysis.

5.2.4 Emulsion Preparation and Optical Microscopy Imaging

Halloysite nanotube (HNT) was uniformly dispersed in deionized water by
magnetic stirring followed by brief ultrasonication (Cole-Parmer 8890) for 1 minute.
HMC solutions were prepared by dissolving the dried polymer in a 1wt% acetic acid
solution. Emulsions were prepared by adding known amounts of a 0.5% (wt/v) HMC
stock solution in acetic acid and/or 1wt % HNT dispersion in water into the aqueous
phase. The contents of the aqueous phase were ultrasonicated (Cole-Parmer 8890) for 1
minute before emulsion preparation. Emulsions were prepared in 20ml glass vials by
vortex mixing dodecane with the aqueous phase containing the HMC and/or HNT at
dodecane to water ratio of 1:3. Mixing was carried out on a Thermolyne Maxi Mix II
operating at 3000 rpm for 2 minutes. In all the emulsions, the pH of the aqueous phase
was adjusted to ~ 3.7 by adding acetic acid. The pH was measured using a Thermo
Scientific Orion 3-star benchtop pH meter. Crude oil in saline water emulsion was also

prepared with span 80 loaded HNT following the same procedure.

The emulsions were imaged on a Leica DMI REZ optical microscope to
characterize droplet shape and sizes. A small aliquot of the emulsion was transferred onto
a glass slide prior to imaging and analysis using the Image ProPlus v. 5.0 software. To
characterize emulsion stability to forced coalescence, the emulsions were centrifuged in
15ml Polypropylene Centrifuge Tubes at 1000rpm for 2min on an Eppendorf 5810

Centrifuge.



92
5.2.5 Scanning and Cryogenic-Scanning Electron Microscopy Imaging

The morphology of the native HNT and HNT with adsorbed HMC was
characterized by field emission scanning electron microscopy (SEM, Hitachi S-4800).
Cryogenic Scanning Electron Microscopy (Cryo-SEM) imaging of the interfacial
structure of the emulsions was performed on the Hitachi S-4800 field emission Scanning
Electron Microscope operated at a working distance of 9 mm and voltage of 3 kV. In
cryo-SEM experiments, the emulsion samples were plunged into liquid nitrogen followed
by fracturing at —130 °C using a flat-edge cold knife and sublimation of the solvent at
—95 °C for 5 min. The sample was then sputtered with a gold—palladium composite at 10

mA for 88 s.

5.2.6 Zeta Potential and Turbidity Measurements

Zeta potential of the suspension and emulsion samples was obtained by measuring
the electrophoretic mobility of the systems using Laser Doppler Velocimetry (Zetasizer
Nano, Malvern Instruments). 800 puL of the samples were transferred to a polypropylene
electrode cell and the measurements made after temperature equilibration at 25 °C for 2
min. The colloidal stability of halloysite and HMC mixtures at pH of ~ 3.7 was
characterized by measuring the percentage light transmittance through the sample as a
function of time using a UV-vis Spectrophotometer (Shimadzu UV-1700) operated at a

wavelength of 400 nm.
5.2.7 Contact Angle and Interfacial Tension Measurement

In the contact angle measurements, compressed tablets of HNT and HNT with

adsorbed HMC were immersed in dodecane contained in a rectangular cell.’® ' The
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HNT samples with adsorbed HMC were recovered by centrifugation from HMC and
HNT mixtures and were subsequently dried at 50°C. The samples were compressed into
10mm discs in an evacuable pellet die (Specac), using a Riken High Pressure Hydraulic

Equipment at a pressure of 30MPa.'?

Water was then injected from a 21 gauge needle
onto the compressed tablets using the automated dispenser of the standard Ramé-Hart
model 250 goniometer. The contact angle was measured through the aqueous phase at the
dodecane, water and solid interface.'” Dynamic interfacial tensions were measured using
the pendant drop method on the standard Ramé-Hart model 250 goniometer. About 15uL
of a water drop containing HMC, HNT and/or Span 80 loaded HNT were injected into an

external dodecane phase. The drop shape was analyzed using DROPimage Advanced

software to obtain the interfacial tensions.

53 Results and Discussion
5.3.1 Interfacial Adsorption of HMC in Oil Emulsification

Figure 5.2 shows optical microscopy images, average droplet sizes and stability to
forced coalescence in a centrifugal field of dodecane-in-water emulsions stabilized solely
by HMC. The emulsions are white in appearance. Progressively smaller droplet sizes are
obtained with increasing HMC concentration (Figure 5.2a — 5.2d). An order of magnitude
increase in HMC concentration from 0.005 wt% to 0.05 wt% resulits in a 61.4% decrease
in average droplet size from 89.35um to 34.47pum respectively (Figure 5.2¢). Increase in
the concentration of the interfacially-active HMC biopolymer necessitates the creation of
more oil-water interfacial area in the form of smaller droplets to accommodate the HMC

at the oil-water interface.
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Figure 5.3a presents the zeta potential of HMC solutions and HMC stabilized
emulsions. There is no significant increase in the zeta potential of the HMC solutions
with increasing concentration (red plot, Figure 5.3a). The zeta potential of the solutions is
higher than for the emulsions at all HMC concentrations. The lower zeta potential
measured for the emulsions compared to the HMC solutions is likely due to the negative
charge of the pristine oil-water interface.'> The cationic polymer layer at the oil-water
interface imparts a positive charge on the oil droplets inducing electrostatic repulsion
between the HMC stabilized droplets. The charge imposed on the droplets increases with
the concentration of the cationic HMC'” as observed in the zeta potential of 40.68mV at
0.005wt% HMC that plateaus to 48.82mV at a higher 0.05wt% HMC (green plot, Figure
5.3a).

Cryo-SEM imaging reveals the interfacial structure of dodecane-in-water
emulsion stabilized solely by HMC (Figure 5.3b). The HMC adsorbs at the oil-water
interface with the hydrophobic residues preferentially anchored in the oil droplets.'” '**
The HMC also show non-covalent networks in the adjoining aqueous phase by the self-
association of the hydrophobes (Figure 5.3b).' The zeta potential and cryo-SEM
imaging reveals that the hydrophobic modification of chitosan integrates cationic and
hydrophobic functionalities in the HMC, imparting interfacial activity as well as
hydrophobic assembly properties.'® ''* The polymer chains attach at the oil-water
interface and likely stabilizes the oil droplets through steric and electrostatic

mechanisms.'” 1%
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Figure 5.2: (a — d) Optical microscopy images of dodecane-in-water emulsions
stabilized by increasing amounts of HMC. The pH of the aqueous phase was
adjusted to about 3.7 for all the samples by adding acetic acid. The insets are
photographs of vials containing the emulsions. Scale bars = 100 um. (e) Average
droplet sizes and emulsion stability to coalescence.
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Figure 5.3: (a) Zeta potential of hydrophobically modified chitosan (HMC) solutions
and dodecane-in-water emulsions stabilized by HMC. (b) Cryo-SEM images of
dodecane-in-water emulsions stabilized by HMC. Images (i) to (iv) in panel b are in
increasing order of magnification.
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The stability of the emulsion against droplet coalescence and phase separation is
ultimately dependent on the resistance of the stabilizing interfacial layer to droplet
coalescence. The resistance of the interfacial layer to coalescence can be quantitatively
characterized by applying a centrifugal field.* ® In a centrifugal field, the oil droplets
are forced together and deformed into polyhedra separated by thin water films.*> Rupture
of the thin oil-water-oil films around the droplets results in the formation of a clear oil
layer. The experimentally measured fraction of oil resolved on centrifugation (g@,.) is
related to the critical de-emulsification pressure (P.) required to rupture the stabilizing

interfacial layer of the emulsion by:*>°'

P.=Mpg,Voii(1-@p)/A (5.1)
where 4p is density difference between the aqueous and oil phases, g is the centrifugal
acceleration, V,; is the volume of oil used in preparing the emulsion and 4 is the cross-
sectional area of the centrifuge tube.

A key observation in Figure 5.2¢ is that the emulsions stabilized by HMC have
very low resistance to coalescence as the fraction of oil resolved on centrifugation range
from 0.93 to 1 at the various HMC concentrations. Motivated by the propensity of
particles such as halloysite nanotubes (HNT) to provide a large hindrance to coalescence,
we exploit synergistic emulsion stabilization mechanisms of HMC and the HNT.?* %
5.3.2 Colloidal Interaction and Synergistic Emulsion Stabilization of HMC and HNT

Zeta potential measurements of HMC and HNT mixtures are listed in Table 5.1.
The HNT concentration was fixed at 0.1 wt% for all the systems listed in Table 5.1. The

HMC concentrations were 0 wt%, 0.005 wt%, 0.01 wt%, 0.025 wt% and 0.05 wt%

corresponding to HMC to HNT mass ratios of 0, 0.05, 0.1, 0.25 and 0.5 respectively.
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Table 5.1 shows that the positively charged HMC polyelectrolyte adsorbs onto the
negatively charged external surface of the halloysite tubules, reversing the net surface
charge from negative to positive.””” In the adsorption of a polyelectrolyte onto an
oppositely charged surface, the counter ions from the polymer and the surface are
released into the bulk solution increasing the entropy in the system.'* This
thermodynamic driving force brings the system to a lower free energy state on adsorption
of the polymer to the solid surface.'® The zeta potential increases and plateaus to a

relatively constant value of about 60mV beyond HMC concentration of 0.01wt %.

Table 5.1: Zeta potential HMC and HNT mixtures

HMC Concentration | Zeta Potential (mV)
0 -6.83+0.44
0.005 12.00 £+ 1.01
0.01 58.57+1.59
0.025 60.39 +1.38
0.05 60.48 + 4.68

Figure 5.4 presents the colloidal stability of the HNT/HMC system as
characterized by turbidity measurements. At low HMC concentrations of 0.005 wt% and
0.01 wt%, there is a rapid increase in transmittance of the HNT/HMC system (green and
yellow curves, Figure 5.4b) relative to the HNT colloidal dispersion (purple curve, Figure

5.4b). This may be attributable to strong bridging flocculation of the HNT at low polymer
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coverage, producing large HNT aggregates that sediment rapidly (photographs in Figure
5.4a)."* At higher HMC to HNT mass ratios, the colloidal system becomes more stable
(blue and red curves, Figure 5.4b). This is likely a result of the electrosteric stabilization
of the HNT at higher concentrations of the cationic HMC biopolymer.'? We hypothesize
that beyond HMC concentration 0.01 wt%, the nanotubes are stabilized in the aqueous
phase by the transient network'?> ' formed from hydrophobic associations of HMC

chains.

Figure 5.5a — 5.5b shows the SEM of native HNT while Figure 5.5¢ — 5.5f shows
HNT with HMC adsorbed on the surface. Figure 5.5g shows the influence of HMC
adsorption on the contact angle of water on the solid HNT surface in an external
dodecane phase. The adsorption of HMC increases the three-phase contact angle of the
native HNT from about 26.2 + 0.13° to 61.10 = 0.01° at HMC to HNT mass ratio of 0.1.
The adsorption of the HMC with hydrophobic alkyl residues onto the HNT makes the
surface of the native hydrophilic HNT more hydrophobic.'* In agreement with the zeta
potential measurements, there is no further increase in the contact angle beyond HMC to
HNT mass ratio of 0.1 (panel iv, Figure 5.5g). The zeta potential and contact angle
measurements suggests that the ionic sites on the negatively charged HNT surface is
electrostatically saturated with the cationic polymer at HMC to HNT mass ratio of 0.1,
and at higher concentrations the additional HMC interacts via hydrophobic interactions

with the exposed hydrophobes of HMC that is electrostatically adsorbed onto the HNT.
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Figure 5.4: Colloidal stability of halloysite nanotubes (HNT) as a function of
hydrophobically modified chitosan (HMC) concentration. Figure 5.4a shows
photographs while Figure 5.4b is turbidity measurements over time at 400nm.



101

i 9 =26.20 || ii 6 =41.05

Figure 5.5: SEM images of HNT (a,b) and HNT with adsorbed HMC (c-f).
Photographs showing contact angle of water in an external dodecane phase on the
surface of native HNT and HNT with adsorbed HMC (g). In panel g, the compressed
tablets were made from dried particles initially recovered by centrifugation from
systems with HMC to HNT mass ratios of 0 (i), 0.05 (ii), 0.1 (iii) and 0.25 (iv)
respectively.



102

Figure 5.6a — 5.6d shows representative optical micrographs of emulsions
stabilized by the HNT and increasing HMC concentrations and Figure 5.6e shows
emulsion stability to coalescence. Synergistic oil emulsification of the HNT and HMC
produces emulsions with smaller droplet sizes and a significantly improved stability to
coalescence. To understand the synergistic emulsion stabilization mechanisms of the
HMC and HNT, the zeta potential of the emulsions were first measured and listed in
Table 5.2. The zeta potential increases with HMC concentration and plateaus to about
60mV beyond HMC concentration of 0.01wt%. The charge imparted on the oil droplets
by the interfacial coadsorption of HMC and HNT will generate electrostatic repulsion
that limits the close approach of the positively charged droplets and facilitates emulsion

stabilization.

In the emulsion stability experiments reported in Figure 5.6e, the centrifugal
acceleration, cross-sectional area of the centrifuge tube, volume of oil and volume of the
aqueous phase were kept constant. The HNT concentration is fixed at 0.1 wt% and the
conditions vary only with the HMC concentration. Using equation 5.1, the ratio of P, for
emulsions prepared at two conditions (1) and (2) can be expressed as:’’

)
P_é — 1-90
Pg 1- ¢?

rel

(5.2)

where P! is the critical de-emulsification pressure at condition 1, P/ is the critical de-
emulsification pressure at condition 2, @' is the fraction of oil released on centrifugation

at condition 1 and (pzrel is the fraction of oil released on centrifugation at condition 2.
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Figure 5.6: Optical microscopy images of dodecane-in-water emulsions stabilized
by 0.1wt% HNT and increasing HMC concentrations of 0wt% (a), 0.01wt % (b).
0.025wt % (c) and 0.05wt % (d) respectively. Scale bars = 100um. The pH of the
aqueous phase was adjusted to about 3.7 for all the samples by adding acetic acid.
Emulsion stability to coalescence and average droplet sizes (e).
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Table 5.2: Zeta potential of oil-in-water emulsions stabilized by HMC and HNT

HMC Concentration | Zeta Potential (mV)
0 -8.15+0.86
0.005 46.42 +2.08
0.01 51.77+4.26
0.025 60.14 + 1.67
0.05 5729+ 1.89

For instance, emulsions stabilized by 0.1wt% HNT with HMC concentrations of
0.005wt% and 0.025wt% may be considered as conditions 1 and 2 respectively. Figure
5.6e shows that the fraction of oil released decreases from 0.94 at HMC concentration of
0.005 wt% and to 0.38 at 0.025 wt% HMC. From equation 5.2, there is about a 10-fold
increase in the pressure required to rupture the interfacial layer containing the HNT with
the increase of HMC concentration from 0.005 wt% and 0.025 wt%. We hypothesize that
the interfacially-active HMC biopolymer anchors the particles at the oil-water interface
and strengthens the resistance of the interfacial layer to coalescence. Although this
mechanism has been suggested to increase the mechanical strength of particle layers in
the synthesis of emulsion templated capsules,’’ the analysis here provides quantitative
characterization of the strengthening of interfacial HNT layer on coadsorption with the

HMC biopolymer.
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The addition of very small HMC amounts (0.005wt % - 0.01 wt %) does not lead
to a considerable increase in emulsion stability to coalescence. This may be due to the

136 or strong flocculation'®” of the HNT into large

charge-patch flocculation of oil droplets
aggregates at small HMC concentrations. The enhanced emulsion stability appears
correlated with conditions in which the HNT is effectively stabilized by the HMC in the
aqueous phase (0.025wt% and 0.05 wt%) unlike systems where the HNT is strongly
flocculated by the HMC (0.005wt% and 0.01 wt%). The correlation of strong particle
flocculation with reduced emulsion stability has been reported in emulsions stabilized by
silica and laponite particles.'3” 1*® Strong particle flocculation may lower the availability
of dispersed particles that can adsorb at freshly created oil-water interfaces during

emulsifcation.'*®

Figure 5.7 shows cryo-SEM images of dodecane-in-water emulsion
synergistically stabilized by the HNT and HMC. The imaging of the oil-water interfacial
structure reveals domains of the HNT locked together by the HMC biopolymer (Figure
5.7d, 5.7¢ and 5.7f) at the oil-water interface. The cryo-SEM imaging provides direct
evidence that HMC anchors the particles together at the oil-water interface to strengthen
the interfacial particle layer.>” ' The ‘connecting’ HMC chains (yellow arrow, Figure
5.7f) likely locks the nanotubes at the oil-water interface, by hydrophobic interactions
with the hydrophobic residues of HMC that is electrostatically adsorbed on the HNT

surface (red arrows, Figure 5.7f).'%

To induce droplet coalescence the emulsifier stabilizing the oil-water interface has
to be detached from the oil-water interface into a bulk phase. Free energy analysis on a

cylindrical particle at a planar oil-water interface gives the work of detachment or free



106

energy change (4G,) on removing the particle from the oil-water interface into water

aSISO

rcos?@sin 0

BGy = 2rLyo [sinf — 6 cos 6 (1+2)+ 22208 for0<6<900  (5.3)

where y,, is the oil-water interfacial tension, r is the radius of the cylindrical particle, L is

the particle length and @ is the contact angle.

From equation 5.2, the thermodynamic propensity of particles to remain attached
to the oil-water interface as quantified by AG,, is dependent on the particle size and
wettability.? The network aggregate of the HNT locked together by the HMC may be
pictured as a particle unit with a larger size compared to a single HNT at the oil-water
interface. The energy required to remove particle aggregates from the oil-water interface
is higher than for a single particle, as AG, scales with size.” From Figure 5.5, the
adsorption of HMC onto the HNT surface also modifies the HNT wettability. For a 1 um
long cylindrical particle with a radius of 50 nm at interfacial tension of 49 mN/m,
increase of the three-phase contact angle from 26.20° to 50.62° translates to an increase in
the work of detachment from 3.70 x 10* kT to 2.60 x 10° kT. The locking of the HNT
together at the oil-water interface and modification of HNT wettability by the HMC
increases the thermodynamic propensity of the particles to remain attached to the oil-
water interface, significant enhancing emulsion stability to coalescence.'” *’The

synergistic oil emulsification of HMC and HNT is driven by:

i) hydrophobic interaction of HMC with the oil phase through hydrophobic

alkyl residues (Figure 5.3b, Figure 5.7)
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ii) adsorption of the HMC onto the halloysite nanotube (HNT) by
electrostatic attraction (Figure 5.5¢ — 5.5f, Figure 5.7)

iii) locking of HNT together at the oil-water interface by hydrophobic

associations between HMC chains (Figure 5.7).

Figure 5.7: Cryo-SEM images of dodecane-in-water emulsions stabilized by the HNT
and HMC. Panels (a) to (f) are in increasing order of magnification.
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In practical applications, such as in the treatment of oil spills, the interfacial tension
reduction is crucial for oil emulsification with minimal input of ocean wave energy.* °
The thermodynamic work for emulsification () can simply be expressed as a product of

two contributions:”

W=V *0A (5.4)

where AA is the change in interfacial area and vy, is interfacial tension. Emulsification
involves the creation of more oil-water interfacial area, making W positive and requiring
the input of work into the system. Using equation 5.4, the work of emulsification can be
minimized by the lowering of interfacial tension, typically by the adsorption of surfactant
at the oil-water interface. The nanotubular morphology of the HNT allows for the loading

and release of surfactant for the lowering of the oil-water interfacial tension.®* %’

Figure 5.8a is the FTIR of the native HNT and Span 80 loaded HNT. The inset to
Figure 5.8a shows a representative high resolution TEM image of the Span 80 loaded
HNT. The FTIR spectrum of the Span 80 loaded HNT shows characteristic absorption
peaks at 535, 911, 1008, 3696 - 3621 cm”! corresponding to the AI-O-Si deformation,
O-H deformation of inner surface hydroxyl groups, in-plane Si—O-Si stretching vibration
and AL-OH stretching bands of the HNT respectively.” '* In addition to peaks
attributable to the HNT, the FTIR analysis of the span 80 loaded HNT revealed infrared
absorption bands at 1742, 2854 and 2925 cm™ attributable to C=0 stretching vibration,
symmetric stretching of CH3 and asymmetric stretching of CH, of the Span 80 (Figure

5.1).
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Figure 5.8: (a) FTIR spectra of native HNT and Span 80 loaded HNT. The
inset shows a representative TEM image of a Span 80 loaded HNT. (b)
Dynamic interfacial tension measurements for dodecane—water interface laden
with HMC (green squares), HMC/HNT (blue circles), and HMC/Span 80
loaded HNT (red triangles). The HMC, HNT and Span 80 loaded HNT
concentrations in the aqueous droplet were 0.05 wt%, 0.1wt% and 0.1 wt%
respectively. The inset shows optical micrograph of crude oil in saline water
emulsion prepared with span 80 loaded HNT (0.1 wt%) and HMC (0.05wt%).
Scale bar is 100um.
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Figure 5.8b presents dynamic interfacial tension measurements showing the
influence of the low molecular weight surfactant, Span 80 in lowering the interfacial
tension. The HMC/HNT/Span 80 system has inorganic tubular micelle architecture with
the water insoluble surfactant, Span 80, loaded onto the HNT core and the HMC
macromolecule in the external domain. Figure 5.8b reveals that the HMC and HNT show
negligible interfacial tension reduction ability. This observation is in agreement with
previous report that the HMC does not significantly lower the oil-water interfacial
tension.'” The synergistic effect of HMC and the clay nanotubes in enhancing emulsion
stability is also not due to a reduction in interfacial tension but by providing an
electrosteric barrier to droplet coalescence. However, the release of the small molecule
surfactant Span 80 from the HNT at the oil-water interface, results in a significant
reduction in interfacial tension. The unique nanotubular morphology of halloysite
facilitates the integrative application with the polymeric surfactant, HMC, and the low

molecular weight surfactant, Span 80 for effective oil emulsification.
5.4 Conclusions

Integrative electrostatic and hydrophobic effects drives the interfacial co-
adsorption of the cationic HMC biopolymer and the particulate HNT resulting in
improved emulsion stability to coalescence and oil emulsification into much smaller
droplets. The HMC biopolymer adsorbs on the negatively charged HNT by electrostatic
attraction and hydrophobic associations between the hydrophobic residues of HMC
chains. The anchoring of the HNT together at the oil-water interface and modification of
HNT wettability by the hydrophobically modified biopolymer HMC are key mechanisms

that increase the energy barrier required to detach the particles from the interface, leading
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to enhanced emulsion stability. The cationic HMC biopolymer adsorbs on the negatively
charged HNT by electrostatic attraction and cryo-SEM imaging revealed that the HMC
anchors its hydrophobic residues into oil droplets by the hydrophobic effect. Smaller
droplet sizes are obtained with increasing HMC concertation but the attachment of the
particulate HNT at the oil-water interface is crucial in providing sufficient steric
resistance to coalescence. The concepts advanced in this work can be exploited for
anchoring hydrocarbon degrading bacteria onto nutrient loaded HNT using the
simultaneous electrostatic attraction of the cationic HMC to the negatively charged HNT
and the hydrophobic interaction of HMC with the hydrophobic domains of bacterial cell
bilayer membranes.'*® This is significant in oil emulsification and nutrient enhanced
bioremediation processes'® at the oil-water interface. A multifunctional amphiphile
system consisting of Span 80 loaded HNT and high molecular weight HMC'” may find

applications in the herding, gelation'’ and mobilization®’ of surface oil layers.
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CHAPTER 6

FORMATION MECHANISM AND EMULSION STABILIZATION
CHARACTERISTICS OF HOLLOW PARTICLES SYNTHESIZED IN A

SURFACTANT AIDED AEROSOL PROCESS

6.1 Introduction

Hollow particles have attractive properties such as their low density and high

capacity for guest compounds facilitating applications such as sensor technologies,'*

142 24, 143 26, 32, 144

catalysis,'*" controlled release, materials synthesis. and oil spill
remediation.®® ®7 The hollow morphology of particles such as naturally occurring
halloysite aluminosilicate mineral has been exploited in the encapsulation and delivery of
surfactant to the oil water interface for oil spill remediation applications.so In addition to
the use of naturally occurring hollow materials, the rapid and scalable synthesis of
particles with a hollow morphology has huge scientific and technological significance.'®

Typically, the synthesis of such hollow particles requires building a desirable
material layer around a core, followed by removal of the core by dissolution or high
temperature calcination.2> 2+ 45 146 Consequently, these synthetic approaches involve
multistep operations and complex components, leading to difficulties in scale up to
commercially viable quantities.’® However, using a rapid and scalable surfactant-aided

aerosol process, we are able to synthesize hollow silica microspheres encapsulating

ferromagnetic iron oxide nanoparticles. This potentially eliminates the difficulties in
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scale up to commercially viable quantities often encountered in the synthesis of hollow
silica particles.

Our work described here deals with the introduction of a templating surfactant
such as the cationic surfactant, cetyl trimethylammonium bromide (CTAB), into a
solution containing a silica precursor such as tetraethylorthosilicate (TEOS) which leads
to the rapid formation of ordered mesoporous silica in an aerosol-based process.”” 7 In
our previous work®' we explored the possibility of incorporating iron oxide in
mesoporous silica particles. On doping increasing amounts of FeCl; into the precursor
solution, the silica particles gradually lost their ordered mesostructure leading to particles
with disordered structure. Surprisingly, further increase of the FeCl; loading resulted in a
significant morphological transformation to hollow silica spheres encapsulating iron
oxide nanoparticles. Hollow structured particles with a silica-carbon shell have also been
synthesized by the introduction of sucrose into the precursor solution as a carbon
source.*®

However, a translucent solution appearance is observed that upon mixing of FeCls
and CTAB in solution. This translucent appearance was not observed in the absence of
FeCl; Our hypothesis is that, the translucent solution appearance is a result of the
formation of colloidal aggregates by salt bridging between iron chloride and CTAB. We
envisage that this will disrupt the co-assembly of CTAB with silicate species by the
preferential partitioning of CTAB to the iron chloride salt. During the aerosol process,

this salt bridging effect locks the surfactant (CTAB) within the interior of the rapidly

forming silica shell as aerosol droplets pass through the heating zone. Subsequent
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calcination removes CTAB from the core of the spheres leading to the formation of
hollow silica spheres encapsulating iron oxide nanoparticle.

The objective here is to understand the colloidal nature of the solution that
produces hollow silica microspheres through the aerosol-based process. Furthermore, we
will explore if adding molar equivalents of other salts into the precursor solution will
bring about the structural transition from mesoporous to hollow silica particles. Light
scattering, NMR spectroscopy and conductometry techniques are used to elucidate how
salts influence the aggregation properties of the CTAB template in solution. Relevant to
potential applications as particulate oil spill dispersants, we demonstrate the interfacially
activity of hollow structured silica-carbon composite particles synthesized using the

scalable aerosol process.>

6.2 Experimental Procedures
6.2.1 Materials

Cetyl trimethylammonium bromide (CTAB), ferric chloride (FeCls), ferric nitrate
(FeNO3), chromium chloride (CrCl;), sucrose, isooctane and tetraethylorthosilicate
(TEOS) were purchased from Sigma-Aldrich. Deuterium oxide (99.9%) and ethanol-
d6 (CD;CD,0D, 99.9%) were purchased from Cambridge Isotope Laboratories. All

compounds were used as received.

6.2.2 Synthesis of Silica Particles
In a typical synthesis, 1.0 g of FeCl; was dissolved in 15 mL of ethanol with

stirring followed by the addition of 1.1 g of CTAB. 4.5 mL of TEOS was then added to
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the solution, followed by 1.8 mL of 0.1 M HCI solution. The resulting solution was aged
for 30 minutes under stirring. The salt concentration in the ethanol-water solvent was
0.22M and the concentration of H" was 0.1 M. Silica particles were then produced using
the aerosol apparatus which was described in detail in our previous work.*® In brief, the
precursor solution was atomized to form aerosol droplets, which was then sent through a
quartz tube placed in a furnace where preliminary solvent evaporation and silica
condensation occurred. The temperature of the heating zone was held at 400 °C, and the
entering gas pressure of N, was adjusted to yield a droplet residence time of about 15s
through the furnace.

The resulting particles were collected on a filter maintained at 80 °C. The as-
synthesized particles were calcined in air at 500 °C for 3 hours to remove the surfactant
and solvent. Similarly, this procedure was employed to synthesize silica particles from
solutions containing 0.22 M of Fe(NO3); and CrCl; respectively. Silica particles were
also synthesized without addition of salt. The quantity of ethanol, CTAB, TEOS and
0.1M HCI was same for all the experiments.

Silica-carbon particles were synthesized following the same procedure but with
the addition of 1 g sucrose into the precursor solution.*® The precursor solution was
atomized and sent through the furnace where preliminary solvent evaporation, sucrose
carbonization and silica condensation occurred. The particles were then pyrolyzed at 500
°C for 3 h under the flow of N, gas.*’

6.2.3 Particle characterization
The morphology of the particles was characterized using transmission electron

microscopy (FEI Tecnai G2 F30 Twin Transmission Electron Microscope operated at
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300 kV), and X-ray diffraction (XRD, Siemens, D 500, using Cu KR radiation at 1.54
A.). The porosity of the particles was measured by the nitrogen sorption technique at 77
K (Micromeritics, ASAP 2010).
6.2.4 Light Scattering Experiments

Static light scattering experiments were carried out at 25°C using the

Simultaneous Multiple Sample Light Scattering (SMSLS)'*®

instrument using a 35 mW
diode laser emitting vertically polarized light at a wavelength of 660 nm. Evolution of
light scattering intensity was monitored in real time for CTAB alone and mixtures of
CTAB with each salt. The first set of light scattering experiments was carried out with
same concentrations of CTAB and salts in ethanol/0.1M HCI used in synthesizing the
particles. The second set of experiments was carried out using same concentration of
CTAB but with increasing FeCl; concentrations of 0M, 0.06M, 0.13M, 0.17M and 0.22M
in the ethanol/0.1M HCI solvent.

6.2.5 'H NMR and Conductivity Measurements

'H NMR spectra were obtained with a Bruker 500 MHz NMR spectrometer
operating at 25°C. Solutions of CTAB and saits were prepared in ethanol-d6. 0.1M HCI
was prepared in DO and added to the surfactant solution. NMR experiments were carried
out at salt concentrations of 0.0247M. NMR experiment of CTAB in the acidified
ethanol-d6/D,0 served as the control experiment. About I ml of each solution was

transferred to a 5 mm NMR tube and chemical shifts were recorded on the & scale.

Conductivity was measured at 298K as a function of CTAB molality at fixed salt
and HCI content using a Fisher Scientific Traceable Bench Conductivity Meter. The

conductivity cell was calibrated with standard KCI solution. Stock solutions of CTAB
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and salts were prepared in ethanol and then desired mole fractions of surfactant were

prepared by mixing pre-calculated volumes of stock solutions.

6.2.6 Oil Emulsification using Silica-Carbon Particles

0.30wt% particle suspension was prepared by uniformly dispersing 0.0067g of the
particles in 2.25ml of water by ultrasonication (Cole-parmer 8890) for 2 minutes.
Emulsions were prepared at isooctane to water ratio of 2:3 by mixing the aqueous
dispersion of particles with 1.5ml of isooctane for 2 min using an IKA Ultra-Turrax T-18
homogenizer with a SION-5G dispersing element operating at 30000 rpm. Crude oil (BP-

MC 252) in seawater emulsion was also prepared using this procedure.

6.2.7 Emulsion Characterization

The emulsion was characterized by Optical Microscopy and Cryogenic
Scanning Electron Microscopy (Cryo-SEM) techniques. For optical imaging, a small
aliquot of the isooctane-in-water emulsion stabilized by the silica-carbon particles was
removed using a Pasteur pipet and diluted with water prior to imaging on a Leica DMI
REZ optical microscope. The images were analyzed using Image ProPlus v. 5.0 software

to obtain the droplet size distribution.

Cryo-SEM imaging was performed using a Hitachi S-4800 field emission
Scanning Electron Microscope operated at a voltage of 3 kV and a working distance of 9
mm. The emulsion sample was first plunged into liquid nitrogen, followed by fracturing
at —130 °C using a flat-edge cold knife and sublimation of the solvent at =95 °C for 5
min. The sample was sputtered with a gold—palladium composite at 10 mA for 88 s

before imaging. Interfacial tension measurements were made using the pendant drop
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method on a standard goniometer (Ramé-Hart, model 250) with analysis carried out using

DROPimage Advanced Software.

6.2.8 Contact Angle Measurement

Thin films were synthesized by spray deposition'*

of the precursor solution on a
silicon wafer for 10 minutes using the aerosol setup but without operating the furnace.
The silicon wafer was fixed on the filter setup by a double-sided tape. Formation of the
continuous thin film occurs via droplet coalescence (Aerosol assisted formation of
mesostructured thin films) on the silicon substrate. The film is allowed to dry for 24hours
before pyrolysis at 500 °C for 3 h under the flow of N; gas to produce the silica-carbon
composite film. The silica-carbon thin film was imaged on a FEI Tecnai G2 F30 Twin
Transmission Electron Microscope operated at 300 kV by scratching off the film on the
surface of the silicon wafer onto the TEM grid using a razor blade. The flat film was used
for contact angle measurement on a Rame-Hart contact angle goniometer. The thin-film
coated silicon wafer was immersed in isooctane contained in a rectangular cell. A drop of

water, about SuL, was then placed onto the film. The contact angle was measured at 25°C

through the aqueous phase at the isooctane, water and silica-carbon thin film interface.
6.3  Results and Discussion

6.3.1 Salt Effects on Silica Particle Morphology

The morphology of the calcined silica particles was examined using transmission
electron microscopy (TEM) and X-ray diffraction (XRD). Figure 6.1 shows TEM images
of silica particles synthesized with and without the addition of salts into the precursor

solutions. Figure 6.2 is the low angle XRD data for particles synthesized without addition
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of salt (curve a) and with addition of 0.22M CrCl; (curve b), Fe(NOs); (curve c) and
FeCl; (curve d) respectively. The inset to Figure 6.2 is the high angle XRD data for
particles synthesized with addition of salts.

Figure 6.1a — b are low and high resolution TEM images of mesoporous MCM
41-type, silica particle prepared without adding saits and is the control experiment to
clearly demonstrate the ability of CTAB to template silica particles with well-ordered
hexagonal pore mesostructure. Low angle XRD of the MCM 41-type, silica particle
prepared without adding salts (curve a in Figure 6.2) clearly shows a highly ordered
hexagonal structure through the presence of the (100), (110), and (200) peaks.3 1150 The
characteristic d-spacing for the (100) planes is 3.34 nm, and the material has a high
surface area of 1020 m*/g (Table 6.1).

Figure 6.1c - d, 6.1e — f and 6.1g — h are representative TEM images of particles
synthesized with the addition of 0.22M CrCls, Fe(NOs); and FeCls respectively. The
addition of CrCls resulted in particles that are closest to the ordered mesoporous silica
obtained without the addition of salt. However, the lower intensity in the low-angle XRD
(Figure 6.2) indicates it has a lower degree of order compared to the mesoporous silica.
Nanoparticles about 20nm in size are formed mainly on the surface of the silica particles.
High angle XRD confirms that the nanoparticles were chromium oxide (Cr,O3)
nanoparticles (inset to Figure 6.2, curve i). Moreover, it is clear that silica particles
synthesized with CrCl; show a more ordered mesostructure compared to particles made

with Fe(NOs); or FeCls.
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Figure 6.1: TEM images of particles synthesized with 1.1g of CTAB without
addition of salt (a, b) and with 0.22M of CrCl; (c, d), Fe(NO3)s (e, f), and FeCls (g,
h).
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With addition of Fe(NOs)s, silica microspheres having a fairly homogeneous
distribution of darker spots corresponding to a higher electron density, throughout the
particles. High-angle XRD (inset to Figure 6.2, curve ii). confirms that the formation of

131 in the in the

hematite, the most thermodynamically stable polymorph of iron oxide
silica particle. However, Figure 6.1d shows that the addition of FeCl; to the precursor
solution results in the structural transition from mesoporous to hollow silica spheres
encapsulating iron oxide nanoparticle. High angle XRD (inset to Figure 6.2, curve iii)

reveals that the encapsulated nanoparticle is hematite. Unlike with FeCls, hollow particles

are not produced with molar equivalents of either Fe(NO3); or CrCl3 (Figure 6.1c — 1f)

In general, the (100) XRD peaks are broadened and have reduced intensities upon
the addition of salts (Figure 6.2) showing the loss of crystalline order. In addition, BET
area measurements shows that the surface area of the particles decreases with the degree
of deviation from ordered mesoporous silica (Table 6.1). The TEM images, XRD and
BET data all indicate that the addition of salts results in varying degree of deviation from
the well-ordered mesoporous silica. The addition of salt clearly decreases the structured-
order of the hexagonal channels'*? in the silica particles, and implies a disruption of the
co-assembly of silicate and surfactant species. However, it is only with FeCl; that there is
a unique transition to hollow microspheres produced only with FeCl;. More importantly,
we can infer that the structural transition from mesoporous to hollow silica microspheres
in the surfactant-aided aerosol process is not achieved by Fe** or CI" ion independently,

but by the combination of both ions in FeCl; Moreover, the addition of CrCl; produces

significant deposition of the resulting chromium oxide on the particle surface while the
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iron salts produces iron oxides that are largely retained on the inside of the silica

particles.
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Figure 6.2: Low-angle XRD of (i) silica particles synthesized without salt (a), and
with 0.22M of CrCl; (b), Fe(NOs); (¢), and FeCls (d) respectively. The inset shows the
high-angle XRD of showing metal oxide peaks for silica particles synthesized with
CrCl; (i), Fe(NO3); (ii), and FeCla(iii).

Table 6.1: Surface areas of particles synthesized with and without addition of salts

Silica Particles BET surface area (mz/g)
Without salt 1020
With CrCl; 644

With Fe(NOs)3 40
With FeCl; 20
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6.3.2 Colloidal Assembly in Precursor Solution

Light scattering, NMR and conductivity measurement techniques were carried out
to further understand the effect of salt addition on the aggregation behavior of CTAB
species in solution. Figure 6.3a shows the time evolution of the normalized scattered
intensity for mixtures of CTAB with salts in the acidified ethanol/water solvent. Raw
light scattering intensity data were normalized for each system by dividing with the
intensity at zero time. As can be seen, the extent of CTAB aggregation is significantly
greater in the presence of FeCls likely due to the formation of colloidal aggregates. The
plot shows that the scattering intensity increases rapidly initially and then plateaus with
time. Results of the control experiments are shown in Figure 6.3b where scattering
intensities of solutions with CTAB alone, or FeCl; alone are compared to the system with
both CTAB and FeCls. In both controls, there is no evidence of aggregate formation in
solution. Therefore, the observed evolution of light scattering intensity with time appears

to be the result of the interaction of FeCl; and CTAB in solution.

In addition, there appears to be a correlation between the extent of aggregation
observed for a salt-CTAB system in the light scattering experiment and the deviation
from the ordered mesoporous structure of the resulting silica particles it templates. The
strong aggregation effect on the addition of FeCls, implies that the concentration of free
CTAB will likely not be high enough to drive their co-assembly with silicate,
significantly preventing the formation of mesoporous silica. Figure 6.4 shows the
evolution of light scattering intensity with increasing levels of FeCl; Increasing FeCl,
concentration enhances the degree of light scattering due to the increased formation of

colloidal aggregates.
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Figure 6.3: (a) Evolution of normalized light scattering intensity with time for CTAB
and CrCl; (green curve), CTAB and Fe(NO3); (blue curve) and CTAB and FeClj; (red
curve) in ethanol/0.1IM HCI solvent at 0.22M salt concentration. The enhanced
scattering seen for FeCls is the result of the formation of colloidal aggregates. (b)
Evolution of normalized light scattering intensity with time for CTAB (blue curve),

FeCl; (green curve) and CTAB and FeCl; (red curve) in ethanol/0.1M HCI solvent.
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Figure 6.4: Evolution of normalized light scattering intensity with time for CTAB
with OM(a), 0.06M (b), 0.13M (c), 0.17M (d) and 0.22M (e) FeCl; in ethanol/0.1M
HCI solvent. Raw scattering intensity data were normalized for each system by

dividing with the intensity at zero time.

The 'H NMR spectra of CTAB and CTAB-salt systems in deuterated ethanol-
water solvent at 25°C are shown in Figure 6.5a. The NMR experiment was carried out at
a lower salt concentration due to the paramagnetic nature of the salt ions. CTAB proton
assignments are indicated on the control NMR experiment for CTAB (spectra I). Figure
6.5a shows that addition of salts results in an upfield shift of CTAB proton signals,
indicating that the protons are shielded on addition of salts. The surfactant signals in the
NMR spectra are also broadened. Typically, addition of inorganic salts to surfactant
solutions promotes surfactant aggregation by reducing the electrostatic repulsion among
the surfactant headgroups. This changes the microenvironment of surfactant protons

causing chemical shifts of proton signals.
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Figure 6.5: (a) 'H NMR spectra of CTAB (I), CTAB and CrCl; (II), CTAB and
Fe(NO3);3 (III), CTAB and FeCl3(IV) in CD3;CD,0D/0.1M HCl in D;O solvent. (b)
Plots of conductivity as a function of CTAB concentration. Plot a is the control
experiment for CTAB in ethanol. Plot b is without addition of salt in the
ethanol/0.1M HCI solvent while plot ¢, d and e are at fixed salt concentration of
0.22M for CrCls, Fe(NOs); and FeCl; and respectively.
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However, we observe that the signals are downfield with the chloride salts
relative to the nitrate salt. This suggests that the salt anions play a key role in the
interaction of the cationic surfactant, CTAB and cationic ferric or chromic species. The
anion mediated S"X'T" route has been proposed for the interaction of a cationic surfactant
S*, intermediate anion X, and cationic inorganic species I" in solution.*” '** The NMR
spectra with iron salts are broader compared to the chromium salt. This suggests the iron
salts are in closer proximity to CTAB compared to the chromium salt and may explain
why addition of iron salts produced iron oxides that were largely retained on the inside of
the particles. With CrCl; on the other hand, there is significant formation of the resulting

chromium oxide on the surface of the silica particles.

Moreover, surfactant aggregation will generate species that are much larger than
surfactant monomers. These aggregates should diffuse more slowly through solution and
so become less efficient charge carriers. Therefore, conductivity measurements as a
function of CTAB concentration at fixed salt concentrations are expected to show how
the salts affect the aggregation behavior of CTAB."™ Figure 6.5b shows plots of
conductivity as a function of surfactant concentration while Table 6.2 summarizes the
critical micelle concentration (CMC) obtained from each plot. From Figure 6.5b and
Table 6.2, the CMC of CTAB in ethanol is 0.24M and this value agrees with the reported
value determined by steady-state fluorescence measurements.'>> This CMC of CTAB in
ethanol is about 266 times greater than the CMC in water.'>> The dielectric constant of
ionic surfactant systems is lower in ethanol, as a result, the electrostatic repulsion among
the ionic surfactant head groups would increase.'*® The relationship between the CMC of

a surfactant and the dielectric constant of the solvent is expressed in the equation:'’



128

logCMC =K, /Z; |log———— ]N + constant (6.1)

2000702 [AG( CH,)
2.3RT

where (Kg/Z;) is the slope of the plot of CMC versus total concentration C;, in equivalents
per liter, of the counterions of charge Z; in the solution, o is the charge density on the
micelle surface, &; is the dielectric constant of the solvent, K; is the effective coefficient
of the electrical energy of micellization, R is gas constant, T is temperature, AG(-CH;-) is
the free energy change involved in the transfer of a methylene unit in the hydrophobic
group from the aqueous solution to the interior of the micelle, and N is the total number
of carbon atoms in the hydrophobic group. The dielectric constant of water is 78.39 while
that of ethanol is 24.55.'% Consequently, the decrease in the dielectric constant of the
solvent medium will increase the CMC of the surfactant.'> '*® Furthermore, the
hydrophobic interaction between hydrophobic groups of surfactants is reduced. These
two effects decrease the potential for micellization in ethanol resulting in a higher CMC
for the surfactant.'®® As expected with higher water content, the CMC of CTAB in the

acidified ethanol/water solvent reduces to 0.21M.

Table 6.2: Critical Micelle Concentration (CMC) obtained from conductivity plots

Plot Component(s) Solvent CMC(M)

A CTAB Ethanol 0.24

B CTAB 0.21

C CTAB/CrCl, 0.11

Ethanol/ 0.1M HCI

CTAB/Fe(NO,) 0.107

D 33

E CTAB/FeCl, 0.09
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However, addition of inorganic salts to ionic surfactant solutions further promotes
surfactant aggregation, causing a change in the CMC of the surfactant. The decrease in
CMC is due mainly to the decrease in the thickness of the ionic atmosphere surrounding
the ionic head groups in the presence of additional electrolyte. This reduces the
electrostatic repulsion among surfactant head groups in the micelle. In essence, salt ions
acts as a bridge'>’ between nearest-neighbor surfactant head groups. Conductivity
measurements were carried out to compare the bridging effect of each salt on the
aggregation of CTAB. It can be seen that at the same molar concentration, the salts
enhance the aggregation of CTAB, but to different extents. For the same cation Fe’*, the
effect of anions on the CMC follows the order ClI"> NOj". This clearly follows the ion-
surfactant binding strength in the Hofmeister series.'”® The stronger binding CI” counter-
ion will be more efficient at promoting surfactant aggregation.”> However, for the same
anion CI', the effect of cations is in the order Fe’* > Cr**. This suggests that although the
anions play a key role, the interaction of salts with CTAB is not a simple anion exchange
reaction. The high hydration of certain structure-making ions, which includes Fe**, has
been considered to cause further reduction in surfactant hydration, promoting micelle

. R
formation at lower surfactant concentrations'®® '®!

The aerosol-based process that produces the ordered mesoporous silica starts with
a precursor solution with initial surfactant concentration of 0.18M which is less than
0.21M, the CMC of CTAB in the acidified ethanol/water solvent. However, the addition
of salts drives the assembly of the templating surfactant, CTAB from the pre-micellar to
the micellar region (Figure 6.5b, Table 6.2) leading to changes in morphology of the

resulting silica particles. In agreement with light scattering and NMR results, the
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conductivity data indicates additive effects of the anion and cation in each salt on the
aggregation of surfactant species in solution. Addition of FeCl; strongly enhances the
aggregation of the templating surfactant CTAB, disrupting its co-assembly with silicate
species. Salt bridging between iron chloride and CTAB leads to the formation of colloidal
aggregates. CTAB is preferentially adsorbed onto ferric colloids and coagulates the
colloids to form larger clusters. This essentially locks the surfactant (CTAB) within the
interior of the rapidly forming silica shell during the passage of the aerosol droplets
through the heating zone of the tube furnace (Figure 6.6). The silica shell is formed by
preferred silicate condensation on the gas—liquid interface of the aerosol droplet, with the
core rich in iron and CTAB species. Calcination removes CTAB in the core of the
spheres28 leading to the formation of hollow silica spheres encapsulating iron oxide
nanoparticle. Thus, the surfactant loses its ability to template mesoporous silica. It is clear
from our results that the morphology of silica particles synthesized in the aerosol-based

process depends on the condition of the precursor solution.

Iron oxide nanoparticle

Calcination

— —_—
Surface silica
condensation

Hollow silica microsphere

Silicate

Iron chloride-CTAB coagulate

Figure 6.6: Colloidal aggregation and droplet transformation through aerosol process
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6.3.3 Emulsion Stabilization Characteristics of Silica-Carbon Particles

The introduction of sucrose into the precursor solution leads to the formation of
hollow structured silica-carbon particles on pyrolysis in an inert atmosphere.*° In a recent
work, we advanced that the carbonization procedure of hydrophilic particles is an
effective technique for modifying particle wettability for optimal emulsion

stabilization.'”

Here, the oil emulsification ability of the silica-carbon particles is
investigated. Figure 6.7a shows the photograph of an isooctane-in-water emulsion
stabilized by the silica-carbon composite particles and the control experiment with silica
particles without carbon. The silica particles in the control experiment were prepared by
calcination to remove the carbon and are unable to stabilize the emulsion.’® The silica
particles rapidly partition to the water phase after homogenization. The interfacial activity
of the silica-carbon particles derives from the combination of hydrophobic carbon and

hydrophilic silica moieties.'” TEOS is the precursor for the hydrophilic silica while

sucrose is the hydrophobic carbon source.”

Figure 6.7b shows optical micrographs of the emulsion stabilized by the silica-
carbon particles. The stability of the emulsion was studied by analyzing a number of
optical micrographs to obtain the droplet size distribution over 4 weeks (Figure 6.7c).
Figure 6.7¢ shows the droplet size distribution after 48 hours of emulsion preparation and
after 4 weeks. The average droplet size obtained were 137 um after 48 hours and 179 um
after 4 weeks. The size distribution after one month indicates the stability of the
emulsion. It is noteworthy that this effective silica-carbon particulate emulsifier can be

produced in commercially viable quantities using the rapid and scalable aerosol process.
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The emulsion phase was imaged with Cryo-SEM to reveal the structure of the
silica-carbon particle assembly at the oil water interface (Figure 6.8). The particles form a
closely-packed assembly at the oil-water interface. Cryo-SEM imaging clearly reveals the

interfacial activity of particles across the whole range of sizes obtained in the aerosol-

process.
d
emulsion
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Silica Particles Silica-Carbon
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Figure 6.7: (a) Photograph showing emulsion stabilization ability of silica-carbon
particles and inability of particles with silica alone to stabilize emulsions. (b) Optical
microscopy image of isooctane-in-water emulsions stabilized by the silica-carbon
particles. (¢) Droplet size analysis showing emulsion stability with time.
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Figure 6.8: Cryo-SEM images of isooctane-in-water emulsion stabilized by silica-
carbon. Panels (a) to (d) shows the interfacial adsorption of the particles from the
aqueous side of the interface while panels (e) to (h) show the particles imaged from
the inner surface of a fractured isooctane droplet.
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The free energy change of detachment from the oil water interface for a small
colloidal particle (AG) is given by:
AG = nr?y,,, (1 — cosh)? (6.2)

where r is the radius of the particle adsorbed at the interface, Yow is the interfaceial

tension between the oil and the water phases, and 8 is the contact angle of the particle at
the oil water interface.?? The interfacial tension of the isooctane—water interface was
measured using the pendant drop method. A 20uL water droplet was suspended in
isooctane with a measured interfacial tension of 50 mN/m in agreement with previously
reported values.'®? For a water droplet of the same volume containing 0.3wt% silica-
carbon particles, the measured interfacial tension was 49 mN/m. The interfacial
adsorption of the particles did not lead to a significant change in the interfacial tension.
Figure 6.9a-c shows the three-phase contact angle on a silica-carbon film prepared
by spray deposition of the precursor solution followed by pyrolysis in an inert
atmosphere. In the presence of isooctane, the contact angle of water on the silica-carbon
thin film surface was measured to be 74°. Figure 6.9d shows the energy of attachment at
the oil-water interface for a hollow particle and solid particle containing equal amount of
solid material. For instance, a 200nm radius solid particle has the same amount of solid
material as a hollow particle with external radius of 342nm and internal radius of about
274nm. For the hollow silica carbon particle here, the three phase contact angle is
measured to be 74°. From Figure 6.9d and equation 6.2, the energy required to detach the
hollow particle is calculated to be 2.5 % 10® kT compared to 8.6 x 10° kT for the solid
particle. This stability of the emulsion (Figure 6.7) is a result of the high energy of

attachment of the hollow silica-carbon particles are held at the interface which is several
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orders of magnitude higher than the kinetic energy of collision between droplets. Thus,

the adsorption of the particles provides steric hindrance to droplet coalescence.
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Figure 6.9: (a) Photograph showing contact angle of water drop on silica carbon
film in an external isooctane phase. (b) SEM image of silica-carbon film (c)
TEM image of silica carbon film (d) Free energy of particle detachment from the
oil-water interface as a function of contact angle for a solid spherical particle
(blue curve) and hollow spherical particle (red curve). All particles have the
same amount of solid material and the oil-water interfacial tension is 49 mN/m.



136
6.4 Conclusions

The mechanisms governing the morphology of silica particles synthesized by the
aerosol-based process has been elucidated by characterizing the interaction of salts and
surfactant species in the precursor solution. Results of NMR spectroscopy, conductivity
measurements, and light scattering experiments show that CTAB strongly interacts with
positively charged ferric species from FeCl; by an anion mediated S*XT" route under
acidic conditions. Consequently, the CTAB is preferentially adsorbed onto ferric colloids
and coagulates the colloids to form larger clusters. During the aerosol process, the silica
shell is first formed due to the preferred silicate condensation on the gas—liquid interface
of the aerosol droplet. Subsequent drying concentrated the ferric clusters inside the silica
shell and resulted in a silica shell/ferric core particle. Amphiphilic silica-carbon particles
can be prepared using a rapid and scalable aerosol-based process. The silica-carbon
particles form emulsions of mutually immiscible phases that are stable over extended
periods of time due to the integration of hydrophobic carbon into the hydrophilic silica
particle. The concepts advanced here can be employed in the synthesis of hollow with
through pores in the shell for encapsulation and release of materials such as nutrients and
surfactant in oil spill treatment. Particles with ferromagnetic cores provide added
incentives in the magnetic mobilization of oil spills and in synthesizing commercial

quantities of supported metal oxide catalysts.
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CHAPTER 7

NANOSTRUCTURED AMPHIPHILE MESOPHASES AS BUOYANT GEL

DISPERSANTS
7.1 Introduction

Amphiphilic molecules spontaneously self-assemble into a range of nanoscale
aggregates such as micelles, reverse micelles, fibrils, wormlike micelles, and vesicles.'®
163. 164 At high concentrations, surfactant and lipids form liquid crystalline mesophases
which can be arrays of cylinders (hexagonal or nematic), stacks of bilayers (lamellar,
smectic, liposome) or a complex three dimensional network of interconnected structures
(bicontinuous, tricontinuous).'® The optimal aggregate formed in systems containing

amphiphiles corresponds to the conditions of minimum free energy of self-assembly.'® '*

Surfactant assembly at the interface of multiphase systems is also exploited in the
treatment of marine oil spills, where surfactant formulations known as dispersants are
applied to lower the oil-water interfacial tension and facilitate oil dispersion into oil-in-
water macroemulsions for subsequent biodegradation.'63’ '65 Typical dispersant systems
are liquid formulations of surfactant such as DOSS (dioctyl sulfosuccinate sodium salt),
Tween 80 (polyoxyethylene (20) sorbitan monooleate) and Span 80 (sorbitan
monooleate) in organic solvents, typically propylene glycol and petroleum distillates.®
The synergy of surfactant components in dispersants facilitates the formation of very

stable emulsions that are not readily obtained with a single surfactant.®
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The DOSS component has been reported to help in stabilizing the oil-water

interface formed during the breakup of dispersant treated oil,'%

while Tween 80 and Span
80 allow the attainment and retention of low interfacial tensions.®® ' In a recent
collaborative work, a liquid formulation of two food grade amphiphiles, lecithin and
Tween 80, was utilized for the stabilization of oil-in-water emulsions.®? Lecithin or
Tween 80 alone is ineffective in stabilizing crude oil-in-saline water emulsions, but oil
emulsification with blends of lecithin and Tween 80 resulted in improved emulsion
stability.** The synergistic mechanisms proposed for blends of Lecithin and Tween 80
include (i) a closer surfactant packing at the oil-water interface; (ii) fortification of the
interfacial film by lecithin and (iii) steric resistance to droplet coalescence provided by
the large headgroup of Tween 80. Nyankson et al. fractionated lecithin into the
zwitterionic, phosphatidylcholine (PC) and anionic, phosphatidylinositol (PI) fractions
and observed that the phosphatidyicholine fraction disperses oil more effectively
compared to the native phosphatidylinositol fraction.'® The integration of such

environmentally friendly and non-toxic phospholipids into dispersants can improve the

net environmental benefit of dispersant use in oil spill treatment.

A key challenge to the effective use of dispersants in the treatment of oil spills is
that existing liquid dispersants suffer from spray drift and gets washed off by ocean
currents, especially when applied onto heavy or weathered oils.'"® Nedwed and
coworkers have advanced the development of gel-like dispersants to overcome the
current limitations of existing liquid dispersants.'68 Key beneficial characteristics of gel
type dispersants over traditional liquid dispersants include (a) close adherence to

weathered oils without being washed off (b) buoyancy for extended periods allowing
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more contact with oil (c) high surfactant concentrations (d) reduced solvent levels and (e)

possibility of the gels providing some degree of visible feedback to oil spill responders. '®®

A gel mesophase consisting of the zwitterionic phospholipid, Il-a-
phosphatidylcholine (PC) and an anionic surfactant, DOSS, has previously been prepared
in our laboratory for templated materials synthesis.'®” ' ' The addition of water to a
solution of the PC and DOSS at a molar ratio of 1:2 in organic solvents such as paraffin
leads to a transition from a microemulsion to a bicontinuous gel state that can incorporate
very high water content.'® The gel structure evolves from an inverse hexagonal
mesophase consisting of randomly oriented cylinders at lower water content to a lamellar

phase at high water content through an intermediate coexistence phase.'% 172173

Our objective in this work is to exploit the spontaneous self-assembly of the
widely available double-tailed phospholipid PC and surfactant components of Corexit
dispersants such as DOSS and Tween 80 into a buoyant, gel mesophase for potential
application as gel dispersants. The chemical structures of the amphiphiles are presented
in Figure 7.1. In this work, the gel mesophases are prepared with equimolar amounts of
PC and DOSS to maximize the use of the innocuous PC phospholipid. We demonstrate
that significant amounts of the non-ionic surfactant, Tween 80, can be incorporated into
the gel system leading to a transition in gel structure and significant enhancement in oil
emulsification characteristics. The structural transition was characterized by Small Angle
Neutron Scattering (SANS), 3P Nuclear Magnetic Resonance (NMR) Spectroscopy and
Cryogenic Scanning Electron Microscopy (cryo-SEM). We demonstrate that the self-
assembly of amphiphilic molecules into gel mesophases can be exploited in the design of

effective dispersant systems for the treatment of oil spills.
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Figure 7.1: Molecular structures of amphiphiles (PC, DOSS and Tween 80) used in
the synthesis of crystalline gel mesophases.

7.2 Experimental Procedures
7.2.1 Materials

Dioctyl sulfosuccinate sodium salt (DOSS, 98% purity), polyoxyethylene (20)
sorbitan monooleate (Tween 80), deuterium dimethyl sulfoxide (DMSO-d6, 99.9%) and
hexadecane were purchased from Sigma Aldrich. L-a-Phosphatidylcholine (95%)
extracted from soybeans was purchased from Avanti Polar Lipids, Inc. Deuterium oxide
(D,0, 99.9%) was obtained from Cambridge Isotopes Laboratory. Deionized (DI) water,
produced from an Elga water purification system (Medica DV25), with resistivity of 18.2

MQ cm was used in all experiments. 0.6 M sodium chloride (Certified ACS grade, Fisher
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Scientific) solution in deionized water was used as a substitute for seawater. Louisiana
sweet crude oil with a viscosity of 0.01 Pa s and specific gravity 0.85 at 15 °C was
obtained from British Petroleum’s Macondo prospect (SOB-20100617032)." Ali

chemicals were used as received.
7.2.2 Synthesis of Surfactant Gel Mesophases

In the preparation of the surfactant mesophases the PC to DOSS molar ratio was
first varied from 0 to 1 with the total surfactant concentration fixed at 1.26M in
hexadecane. The appropriate mass of each surfactant used in preparing the samples are
summarized in Table 7.1. The surfactant components were dispersed into 5ml of
hexadecane by intermittent sonication in a water bath and magnetic stirring at 50°C until
completely homogeneous solutions were obtained. Water was then gradually added into
the system in 0.5 mL increments. The surfactant mesophase was mixed on a vortex mixer
((Thermolyne Maxi Mix II) after each addition of water until the mixture became
homogeneous. As listed in Table 7.1, a gel mesophase forms above a threshold molar

ratio of PC to DOSS of 2:5.

In this work, we focus on the system prepared with equimolar PC to DOSS
content to maximize the use of the food grade phospholipid, PC. For the equimolar PC
and DOSS micellar solution in hexadecane, the addition of 2.5ml of water marks the
onset of gelation. Increasing Tween 80 amounts of 0.625g, 1.25g, 2.5g, 3.0g and 3.75¢g
were then incorporated into the gel mesophase prepared with PC and DOSS. Tween 80
(Sigma Aldrich) was added dropwise into the PC-DOSS gel mesophase in 0.25g

increments followed by vortex mixing until the mixture became homogeneous. The gel
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system flows on tilting the vial at Tween 80 loadings greater than 3.75g indicating a

breakdown of the gel system.

Table 7.1: Sample compositions prepared at varying PC to DOSS ratio

Mass of Surfactant Concentration in Gel .
Molar ratio of Surfactant (g) hexadecane (M) F(‘;;:%':)n
PC to DOSS o
PC | DOSS PC DOSS DOSS
0.00 0.00 | 2.80 0.00 1.26 1.26 No
0.14 0.60 | 245 0.16 1.10 1.26 No
0.20 0.80 | 2.33 0.21 1.05 1.26 No
0.33 1.19 | 2.10 0.32 0.95 1.26 No
0.40 1.36 | 2.00 0.36 0.90 1.26 Yes
0.50 1.59 1.87 0.42 0.84 1.26 Yes
0.60 1.79 1.75 0.47 0.79 1.26 Yes
0.67 1.91 1.68 0.50 0.76 1.26 Yes
0.80 2.12 1.56 0.56 0.70 1.26 Yes
1.00 2.39 1.40 0.63 0.63 1.26 Yes

7.2.3 SANS Data Collection and Reduction

Small Angle Neutron Scattering (SANS) characterization of gel microstructure

was carried out at the extended-Q range small-angle neutron scattering (EQ-SANS)

instrument of the Spallation Neutron Source at Oak Ridge National Laboratory. The gel
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samples were prepared with D,O (2.5ml) as the aqueous phase to provide contrast for the
aqueous domains. The samples were loaded into 2mm path-length quartz cells (Hellma,
Germany) and the SANS measurements were made at 25 °C. The scattering angle () is

related to the neutron wavelength (A) and scattering vector (q) by the equation:'”*
4n
q= Tsin (—) (7.1)

The time-of-flight EQ-SANS instrument was operated in 30 Hz mode with a minimum
neutron wavelength, A, of 2.5 A in the first neutron band and a second neutron band
starting at 9.4 A. This provided an effective g-range of ~0.0035-0.45 A™'. The sample-

to-detector distance was 4 m.

Standard SANS data reduction procedures were implemented in MantidPlot. The
data was corrected for instrument dark current (cosmic radiation and electronic noise),
detector sensitivity, background, incident beam normalization and sample transmission.
A calibrated standard, Porasil B, was used to convert the data into absolute intensity units
(1/cm). Reduced data were azimuthally averaged using MantidPlot to produce profiles of

scattering intensity, /(g) as a function of the scattering vector, g.
7.2.4 Cryo-Field Emission Scanning Electron Microscopy Imaging

Cryo-SEM imaging was performed using a Hitachi S-4800 field emission
Scanning Electron Microscope operated at a voltage of 3 kV and a working distance of 9
mm. The samples were transferred into rivets mounted onto the cryo-SEM sample holder.
The samples were then plunged into slushed liquid nitrogen to freeze the sample. This

was followed by fracturing at —130 °C using a flat-edge cold knife and sublimation of the
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solvent at =95 °C for 5 min. The temperature was lowered back to -130°C and the sample

was then sputtered with a gold—palladium composite at 10 mA for 88 s before imaging.
7.2.5 3P Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were acquired using a Bruker 500 MHz NMR spectrometer
operating at 25°C. The samples were held in coaxial NMR tubes. In a typical experiment,
about 500uL of the gels were first transferred into an 8cm long, Smm diameter NMR
tube. The samples were transferred with the aid of a Iml syringe fitted with a 15cm long
needle with 2mm outer diameter and 1.5mm internal diameter. A 2.5mm diameter NMR
tube containing DMSO lock agent was inserted into the Smm NMR tube containing the
gel samples. The samples were sealed and the NMR spectra were acquired after a 5 min

equilibration time.
7.2.6 Rheological Measurements

Rheological properties of the gels were measured at room temperature on a TA
instruments AR-2000 rheometer. The cone and plate geometry, with a cone angle of 1°
and diameter 40 mm, was used. A solvent trap was used to mitigate solvent loss from the
sample. The shear rate was varied from 0.0001 to 1s™ in the steady stress measurement.
The same trend was observed in the steady state rheological response of the gels for
separate sample loadings, but the actual values of measured variables showed a large
standard deviation of up to 50% in the viscosity values at low shear rates. The storage
and loss moduli were measured by small amplitude oscillatory tests over an angular

frequency range of 0.1-100 rad/s at 0.5% constant strain.
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7.2.7 Oil Emulsification and Stability Characterization

The surfactant gel mesophase system was mixed with crude oil by vortex mixing
and sonication. The mixture was then added to a 20ml vial containing saline water. The
system was vortex mixed (Thermolyne Maxi Mix II, 37W) for Iminute at 3000 rpm.
Emulsions were imaged on a Leica DMI REZ optical microscope and the images were
analyzed to obtain the droplet sizes. Turbidity of emulsions was measured as a function
of time to characterize the stability of the oil dispersion into the aqueous phase.'”” In the
turbidimetric experiments the oil to water volume ratio was 0.003. An aliquot of the
emulsion (~1.5 mL) was quickly transferred to a quartz cuvette (path length = 10 mm).
The percentage light transmittance through the emulsion was then measured as a function
of time using a UV—-vis Spectrophotometer (Shimadzu UV-1700) at a wavelength of 400

nm.'” ' The UV Probe software (version 2.32) was used for data analysis.

7.3 Results and Discussion

7.3.1 Structural Analysis and Characterization of Gel Mesophases

Figure 7.2 shows the photograph of gels consisting of equimolar amounts of PC
(2.39g) and DOSS (1.4g) with varying amounts of Tween 80. It is noteworthy that
significant amounts of Tween 80 (up to 3.75g) can be successfully incorporated into the
equimolar PC-DOSS gel mesophase. At these concentrations, the gel mesophases do not
flow upon inverting the vial. The photograph reveals a visually observable swelling in the

gel volume with increasing Tween 80 content as indicated by the dashed line in Figure

7.2.
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Figure 7.2: Photograph of gels prepared with equimolar amounts of PC (2.39g) and
DOSS (1.4g) and varying amounts of Tween 80. The Tween 80 loadings are 0Og,
0.625g, 1.25g, 2.5g and 3.75g respectively.

To understand the influence of Tween 80 loading on the characteristics of the gel
systems; the PC, DOSS, and solvent levels were kept constant for all the gel systems
reported in this work. The structure of the gels were characterized by a complementary
combination of the analysis and modelling of SANS data, NMR spectroscopy as well as
direct microscopic visualization by Cryo-SEM. SANS probes nanometer length scale
structures and we exploit the significant difference in the neutron scattering properties of
hydrogen and deuterium to provide scattering contrast for elucidating the structural

features of the surfactant gel mesophase.'™

Figure 7.3a shows the scattering curves of the gels with varying Tween 80
content. The plots of scattering intensity, 1(q), versus scattering vector (q) for all the gel
systems show the presence of at least one strong peak indicative of a periodic structure.'®
Overall the q position of the structure peak is higher for the gel prepared with PC and
DOSS alone compared to all the gel systems containing Tween 80, corresponding to an

increased periodicity (d-spacing) on addition of Tween 80. The maximum of the strong
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structure peak shifts from 0.081A™" to lower q values of 0.072A™" and 0.069A™' on

addition of 0.625g and 1.250g of Tween 80 to the gel mesophase respectively.
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Figure 7.3: (a) SANS data on a linear scale for gel systems containing varying
amounts of Tween 80 analyzed at 25°C and (b) Model fits of the scattering data for
the surfactant gel mesophases plotted on a log-log scale. The solid lines in Figure 7.3b
are the model fits while the symbols are the experimental scattering data points at
25°C from Figure 7.3a. The parameters for each fit in Figure 7.3b are listed in Table
7.2. All gels were prepared with 1.4g DOSS and PC (2.39g) to give equimolar
amounts of DOSS and PC in hexadecane.
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The q position of the scattering peak is inversely related to the experimentally
observed d-spacing (d) by g=2n/d.'” Thus, the peak shifts to lower q values on addition
0f 0.625g and 1.250g of Tween 80 into the gel system corresponds to an increase in the
characteristic repeat distance of about 10A and 13A respectively between aqueous
domains. This observed “swelling” effect in the aqueous domain size at constant D,O
content may be due to the partitioning of the water soluble surfactant, Tween 80, with
large headgroups between the bulk aqueous domains and the amphiphilic layer separating

the aqueous and organic domains.

At a higher Tween 80 loading of 2.5g, the structure peak shifts back to a higher q
value of 0.074A™". Further increase of the Tween 80 content of the gel mesophase to 3.0g
and 3.75g shifts the peak position to even higher values of 0.076A" and 0.078A"!
respectively. The reversal of the initial trend in which the structure peak shifts to low q
values at the smaller Tween 80 loadings of 0.625 and 1.25g, suggests a significant
transition in the gel structure at high Tween 80 content. The hypothesis of a structure
transition with increasing Tween 80 content of the gel mesophase is corroborated by a
progressive decrease in the intensity and decay characteristics of the scattering curves in
the low q regime (< 0.02A™"). The decrease in the scattering intensity is indicative of

177

changes in the interparticle structure factor, S(Q) *’ while the significant change in the

low q decay may correspond to a transition in the overall structure of the gel systems.'””

178,179

To obtain quantitative structural information and understand of the influence of
Tween 80 content on gel structure, the SANS data were fit by a sum of the power law and

Teubner-Strey (TS) model functions using the sum model macro implemented in Igor
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Pro.'®" The power law model function accounts for the decay in scattering intensity in the
low g regime (< 0.02A™") and the TS model function models the strong structure peak
obtained in microemulsion-based systems.'®! Figure 7.3b shows that the SANS data is
well fit by the summed model for all the gel systems. We note that the summed model is
an approximation of the scattering spectra. However, the summation of the model
functions allows the extraction of detailed structural information from the scattering
profiles and this approach has been used to characterize gel-based microemulsion

2
systems.m’ 18

In applying the TS model, the scattering intensity of a structured two-phase
system is calculated as the Fourier transform of the correlation function, y(7), in the

form'®!

d 2nr
= — e Tlsin{—
y(r) oy sm( P ) (7.2)

characterized by the periodic repeat distance (d) that is damped as a function of a
correlation length (&) . In equation 7.2, r is a real space distance. The scattering intensity
I(q) of the two-phase system is then expressed in terms of the characteristic length scales

of periodicity (d) and correlation length (¢) by the equation; ' 182

I(q) =

8r [¢(1 = ¢>)(Ap)2cz} 73

¢ laz +c1q% + cq*

where ¢ is the scattering vector, ¢ is the volume fraction of the deuterated component; Ap

is the scattering contrast and a3, ¢;, ¢> are model coefficients.

The periodicity relates to the mean repeat distance between alternating water and

oil domains. The correlation length is the length scale over which periodicity remains and
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is a measure of the long range order in a system or the dispersion in the periodicity. An
amphiphilicity factor (f,), calculated from the TS model coefficients, provides a
quantitative measure of the strength of the surfactant components to impart order on a
system where f, values close to 1 correspond to a disordered system and f, close to -1
indicates a highly ordered lamellar morphology.'®® The periodic repeat distance (d),
correlation length (&) and amphiphilicity factor (f;) are related to the TS model

coefficients by:'®'

=@ (@) s
R @) oo

51

J4a,c,

fa = (7.6)

The power law model describes the scattering intensity simply in terms of a decay

exponent (m) and a coefficient (A) by:

I(q) =Aq™™ (7.7)

Initial input parameters for the summed model were obtained by fitting the low q regime
(< 0.02A™") and the q range around the structure peak (0.055A™" - 0.140 A™") separately by
the power law and TS model functions respectively. The obtained values from the initial
fits served as good estimates of the input parameters for the summed model, facilitating
the fast and accurate model fitting of the SANS data (Figure 7.3b). Table 7.2 lists the fit
parameters obtained for the SANS data. The model fits shows a low q power-law

behavior with exponents (m) of 1.708, 1.020, 0.810 for gels containing 0g, 0.625g and
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1.25g of Tween 80 respectively. At high Tween 80 loadings of 3.0g and 3.75g, the
magnitude of the low q slope plateaus to smaller values of 0.210 and 0.188 respectively

on a log-log scale.

Table 7.2: Fit parameters for the SANS data of the surfactant gel mesophases

Low q Power | Low q Power [Correlation
Tween 80 Periodicity Amphiphilicity|
Law Law Length
in Gel (g) d (A) Factor (f)
Exponent (m) [Coefficient (4) £(A)
0 -1.708 0.076 78.029 91.553 -0.964
0.625 -1.020 0.621 87.593 62.000 -0.904
1.25 -0.810 1.193 88.537 93.710 -0.956
2.5 -0.410 3.362 84.400 170.983 -0.988
3.0 -0.210 6.700 82.051 192.675 -0.991
3.75 -0.188 7.300 80.871 212.148 -0.993

The low q region below the interaction peak can be considered as the Porod
region of larger length scale structures or quasi periodically ordered domains in the gel
mesophase. The slope is influenced by the structure factor, S (g), of the assemblies within

the domain. The small-q limit of the structure factor is given by:'®
S(q =0) = pkgTkr (7.8)

where k7 is the isothermal compressibility, k3T is the temperature in energy units and p is
molecule number density. The progressive decrease of the low q slope suggests that the

size of the quasi periodic domains increases until beyond the length scale of SANS
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measurement and the compressibility between assemblies is severely decreased. The
repulsive interactions between the large headgroups of Tween 80 on adjacent surfactant
layers may contribute to the decreased compressibility. These effects can alter the
spontaneous curvature of the surfactant film leading to structural changes in the gel

system.

The periodicity is higher for the systems containing Tween 80 compared to the
gel system with PC and DOSS alone (Table 7.2) in agreement with the peak shift to
lower q values. At Tween 80 loadings of 2.5g and above, the SANS data fitting reveals a
significant increase in the correlation length of the gel mesophase. The correlation length
at Tween 80 loading of 3.75g is 212.148A, more than double the correlation length of
91.553A for the gel without Tween 80. The addition of Tween 80 significantly increases
the length scale over which the quasi periodical order of the gel microstructure is
retained. The sharpening of the structure peak with addition of Tween 80 (Figure 7.3a
and 3b) also indicates a more well-defined repeat distance compared to the gel with PC
and DOSS alone. The closeness of the amphiphilicity factors to -1 show that Tween 80,

PC and DOSS act synergistically to impose a high degree of order on the gel mesophase.

3P NMR provides a specific probe of the structure and molecular interactions in
the mixed amphiphile mesophase as the gel system contains only a single phosphorus
atom from the PC (Figure 7.1).'” The 3P nucleus has an electron shell that is not
spherically symmetric.'™ Thus, the *'P chemical shift is a tensor and depends on the
orientation of the phosphorus group with respect to the external magnetic field."” In the

3Ip NMR, the restricted motion of the phosphorus containing PC molecules in viscous
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anisotropic assembly results in chemical shift anisotropy that reveals the phase

characteristics and local environment of the >'P nucleus.'”

The value of the chemical shift anisotropy (Ac) from the superposition of

chemical shifts in various orientations relative to the magnetic field is given by:'” '

Ao = 011 — (022 + 033)/2 =0y — 0, 7.9

where o1, 622, and o33 are chemical shifts along three principal directions with oy
defined as the unique axis. The chemical shift o), corresponds to the chemical shift when
the magnetic field is parallel to the unique axis (o)) while the average of 62, and o33 is

defined as the chemical shift when the unique axis is perpendicular to the magnetic field

7
(Gl).l 3,185

The NMR spectra for the PC-DOSS lecithin gel without Tween 80 in Figure 7.4
exhibits an upfield peak (c.) at -11.72ppm and a long downfield tail (oy) at ~ 12.00ppm,
a typical signature of a lipid lamellar structure.'”® The NMR spectrum exhibits a weak
shoulder at about -1.0ppm indicative of some surfactant in an isotropic phase. Using
equation 7.9, the >'P chemical shift anisotropy of the lamellar phase is calculated to be ~
23.72ppm. The gels with Tween 80 content of 1.25g and 3.75g also show the upfield
peak and long downfield tail characteristics, indicative of a lamellar phase
morphology.173 The upfield peaks are sharper for the gels with Tween 80. The weak
isotropic peak disappears on the addition of Tween 80, indicating that the gel system
transitions into a more ordered lamellar phase. The upfield peak (c.) has a chemical shift
of -11.72ppm, -11.53ppm and -11.05ppm at Tween 80 loadings of Og, 1.25g and 3.75g

respectively. The progressive shift of the peak (c.) downfield with increasing Tween 80
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content suggests that the addition Tween 80 deshields the phosphorus nucleus and alters

the local environment around the PC phospholipid.

3.75g Tween 80

1.26g Tween 80

0g Tween 80

Figure 7.4: 3P NMR spectra of PC-DOSS-Tween 80 gel systems measured at 25
°C. The mass of Tween 80 in the gels are Og, 1.25g and 3.75¢g.

Cryo-SEM imaging allows a direct microscopic visualization of the gel
microstructure (Figure 7.5). Figure 7.5a — 7.5b shows the lamellar phase morphology of
the gel prepared with PC and DOSS alone. The overall lamellar microstructure is still
observed in the gel system incorporating 1.25g of Tween 80 (Figure 7.5¢, 7.5d). The
lamellar phase shows some undulation on addition of 1.25g of Tween 80 compared to the
relatively straight edged, lamellar morphology without Tween 80. The quasi periodic
lamellar structures are about 100 - 200nm in diameter and span length scales of up to
2um (Figure 7.5a — 7.5d). At a repeat distance of 78.029A for the gel with PC and DOSS
(Table 7.2), the number of unit cells across a 100 - 200nm quasi periodic domain is
calculated to range from about 12 to 24. Cryo-SEM of the gel incorporating a higher

Tween 80 loading of 3.75g shows discrete spherical structures (Figure 7.5¢ — 7.5h) in
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agreement with the structural transition observed in the SANS data analysis and alteration
of the local environment of the 31P nucleus in the NMR. The spherical domains range
from about 1pm - S5pm. Cryo-SEM imaging reveals that the transition is likely due to the
rolling of long, flexible and closely-packed lamellar assemblies into onion-like

multilamellar structures at high Tween 80 loading (Figure 7.5e, 7.5f).

SumyF .
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Figure 7.5: Representative cryo-scanning electron microscopy images of PC-DOSS
gel mesophase with increasing Tween 80 loadings of 0g (a,b), 1.25g (c,d) and 3.75g
(e-h). All gels were prepared with 1.4g DOSS and PC (2.39g) to give equimolar
amounts of DOSS and PC in hexadecane. The lamellar and onion-like multilamellar
structures are indicated by the blue and red arrows in Figures 7.5a — 7.5d and Figures
7.5e — 7.5h respectively.
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The microstructural transition on addition of Tween 80 may be rationalized in
molecular terms as a consequence of the change in the average packing parameter'® of the
surfactant mixture. The equilibrium structure of surfactant aggregates and the
spontaneous interfacial curvature is described in terms of a molecular packing parameter
(P=v/al) where v is the volume occupied by the surfactant tails, a is the effective
headgroup cross-sectional area and / is the maximum effective tail length.'® DOSS has a
surfactant packing parameter (P) of 1.1, spontaneously adopting a concave curvature
towards water resulting in the formation of spherical reversed micelles above the cmc.'®
The phospholipid, PC has a packing parameter of 0.6 and tends to form assemblies such
as wormlike reverse micelles in non-polar solvents with interfaces of minimal
curvatures.'*® The packing parameter of Tween 80 is about 0.07'*" due to the relatively
large headgroup and short tail features. Surfactant with packing parameters < 0.33

favorably form aggregates such as micelles with spherical curvatures.'$* '¥7

Mixtures of amphiphilic molecules with different packing parameters may be
described in terms of a mean packing parameter (P, =Xn;P;) where n; and P; are the
mole fraction and packing parameter of the individual surfactant in the mixture
respectively.'® '8 The gel prepared with equimolar concentrations of PC (2.39g) and
DOSS (1.40g) has a calculated P,y of 0.85. On incorporation of increasing amounts of
Tween 80; 0.625g, 1.25g, 2.5g and 3.75g; the P, values are calculated to be 0.80, 0.75,
0.67, and 0.61 respectively. The incorporation of Tween 80 into the PC/DOSS surfactant
mesophase alters the mean geometric packing characteristics of the mixed amphiphile
aggregates and consequently the spontaneous curvature of the surfactant film. However,

the equilibrium structure of the mesophases obtained at high surfactant concentration is
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determined by the thermodynamics of surfactant self-assembly into aggregates as well as

the interaggregate forces.'®

Figure 7.6 shows the rheology of the gels in steady state shear flow. The gel
systems show a non-Newtonian, shear-thinning response at all Tween 80 loadings. The
shears stress versus shear rate curves show a stress plateau at low shear rates (0.001 and
0.01s™"). This rheological response is attributable to an early shift in the flow mechanism
of the complex gel systems at low shear rates, with domains that may align and/or break
down at very high shear rates.'® The viscoelastic response of the gel system to dynamic
oscillations is presented in Figure 7.7. The dynamic oscillatory measurements
show frequency-independent moduli that do not cross over in the frequency range
scanned. The elastic modulus (G') is greater than the viscous modulus (G") over the

frequency range.

(a) 1 ¥ 10° (b) 1o T ¥ 10
Gel with 0g Tween 80 Gel with 0.625g Tween 80
10 100 100 100
w e w
& o 0w g 10 10!
> | ~-@= Viscosity I3 2 —o— Viscosity
K] | =te= Shear Stress | & K] —4~ Shear Stress
1
g 05 8 1 100
2 g £
> o
10 10' 10! 10"
v L V| L 1n. 10. Tﬂ'
104 109 10° 10 10 10+ 104 10 LS 100
Shear Rate (s™1) Shear Rate (s™1)
(c) 10" gy T T T 10 (d) 10° gr T T T 10
Gel with 2.5g Tween 80 Gel with 3.75g Tween 80
10t 1 0 10°
o . g )
g 10 r s 10 o g 10 109
2 =ie= Viscosity B 3 > ——— Viscosity
a ~s— Shear Stress o @ ] —4— Shear Stress
8 1w o, 100 5 S wfp —— 100
a [ o ] a r
> “ocd @ > haaass
o W_ w0 10" r"“.“,’"’_ 10
10 ! : - 10* 100 Lt L L 10°
10+ 109 102 10 100 104 10° 102 10 100
Shear Rate (s'1) Shear Rate (s'1)

Figure 7.6: Steady flow viscosity and shear stress as a function of shear rate for gels
with increasing Tween 80 content at 25 °C.
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Figure 7.7: Storage (G’), loss moduli (G”) and complex viscosity as a function of angular
frequency at T = 25 °C. The angular frequency range was 0.1-100 rad/s and the strain was
kept constant at 0.5%.



159
7.3.2 Emulsion Stabilization Characteristics of Surfactant Gel Components

Motivated by the beneficial characteristics of gel dispersants in the treatment of
oil spills, we characterize the oil emulsification characteristics of the surfactant gel
mesophases for potential applications in oil spill remediation. We first characterized the
oil emulsification ability of the PC-DOSS gel mesophase at a 1:1 molar ratio. Figure 7.8a
shows that the crude-oil-in saline water emulsion prepared with the PC-DOSS
amphiphile mixture is unstable and the oil phase completely resurfaces within 10
minutes. Incorporation of increasing amounts of Tween 80 into the DOSS-PC gel system

results in a significant enhancement in emulsion stability over time (Figure 7.8a).

Turbidimetric measurements as a function of time provides a reasonable
quantitative measure of the stability of the dispersed phase in emulsions systems.'’ Figure
7.8b presents the turbidity of emulsions stabilized by surfactant components of the gels at
dispersant to oil mass ratios (DOR) of 1:20 and 1:100. The transmittance is highest in the
oil-water system without dispersant (green curve), indicating that the dispersed oil rapidly
rises to the surface. The rapid creaming and formation of the clear oil layer is driven by
spontaneous tendency of the system to minimize the interfacial area between the
hydrophobic oil phase and the water. The PC-DOSS-Tween 80 surfactant system at a
DOR of 1:100 (red curve with open circles) is more efficient at stabilizing oil-in-water
emulsions than the PC-DOSS system at DOR 1:20 (blue curve with filled squares). This
suggests that the enhancement in oil emulsification in not just a sole function of
surfactant concentration but is dependent on synergistic interactions of the surfactant

components.'® ' The emulsion prepared with the PC-DOSS-Tween 80 surfactant
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mixture shows a significantly improved stability at a DOR of 1:20 (Figure 7.8b red curve

with filled circles).
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Figure 7.8: (a) Stability of crude oil-in-saline water emulsions prepared with
PC/DOSS/Tween 80 gel mesophase with increasing Tween 80 content. Gel to oil
mass ratio is 1:20 and oil to saline water ratio is 1:100. The gels were prepared with
equimolar amounts of PC (2.39g) and DOSS (1.4g). (b) Turbidity of crude oil-in-
saline water emulsions as a function of time and dispersant to oil mass ratio (DOR).
The DOSS/PC/Tween 80 gel dispersant has a Tween 80 content of 3.75g.
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Figure 7.9a shows a representative optical microscopy image of crude oil-in-
saline water emulsion prepared with the gel dispersant. The oil is dispersed into droplets
with average diameter of about 7um. Figure 7.9b shows the mechanism of oil dispersion
by the gel system. Crude oil is first applied to the water surface followed by the addition
of the gel. Mixing energy was applied using a magnetic stirrer to facilitate breakdown of
the gel and the emulsification of the surface oil layer. The side-view photograph in Figure
7.9b (v) shows that the gel is positively buoyant on water. The gel anchors to the surface
oil layer, breaks down on input of mixing energy and facilitates oil dispersion into
droplets that are suspended in the water column. The buoyancy of the gel can
significantly enhance the encounter rates of the dispersant with the 0il.'® Although
phospholipid based gels may be prepared with a range of organic solvents several of

which are biocompatible,l%’ ol

the gels with hexadecane are solidified at cold
temperatures below the phase transition temperature of hexadecane ( 18°C).!*? The solid

nature of the gel dispersants in cold environment such as in arctic spills may further

improve the oil-dispersant contact and prevent dispersant wastage.



162

(a)

(b)

Buoyant gel
anchors to oil

| _Dispersed
oil

Figure 7.9: (a) Optical microscopy image of crude oil-in-saline water emulsion
prepared with gel mesophases containing PC, DOSS and Tween 80. Tween 80 content
in the gel is 3.75g. (b) Buoyancy and oil dispersion mechanism of PC/DOSS/Tween
80 gel. (i) Oil is added to water surface (ii) Dispersant gel is added to oil layer (iii) the
system is mixed gently with a stirrer (iv) The oil is dispersed on input of sufficient
mixing energy (v) Side-view of photograph in iii (f) Side-view of photograph in iv.
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7.4 Conclusions

A surfactant gel system containing surfactant components of Corexit dispersants
(DOSS, Tween 80) and a widely available double-tailed phospholipid, PC as zwitterionic
surfactant has been developed for oil spill dispersion into small droplets. Above a
threshold molar ratio of the environmentally friendly PC phospholipid to the DOSS of
2:5, a surfactant gel mesophase is formed on addition of appropriate amounts of water to
the micellar solution of PC and DOSS. Significant Tween 80 amounts of up to 3.75g are
successfully incorporated into the equimolar PC-DOSS gel mesophase. SANS analysis of
the surfactant gel mesophase with equimolar amounts of PC and DOSS revealed a
complex gel microstructure consisting of nanostructured aqueous and organic domains.
The structural order of the gel mesophases produces very clear neutron scattering peaks.
The scattering data was well fit by a sum of the power law and Teubner-Strey model
functions. Increasing loading of Tween 80 leads to a structural transition from a gel
system consisting of lamellar to spherical, onion-like multilamellar structures
accompanied by a significant increase in the correlation length of the gel microstructure.
Cryo-SEM imaging allowed the direct visualization of the rolling of the long, flexible and
well-aligned lamellar structures into spherical muitilamellar structures. The amphiphile
mixture in the gel mesophase effectively disperses oil into small droplets that are stable
for extended periods, leading to potential applications as a buoyant dispersant for oil spill
remediation. The introduction Tween 80 into the gel mesophase significantly imparts the
emulsion stabilization effectiveness of the gel. Aspects of continuing work include
elucidating the synergistic emulsification mechanisms of the surfactant components,

formulating gel dispersant systems with a range of non-ionic surfactant with varying
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hydrophilic-lipophilic balance or molecular structures. The dispersion effectiveness of the
gel dispersants on oils spanning a wide range of viscosities will be characterized using
the baffled flask test. Spatial compartmentalization of nanoparticles in the gel mesophase
or encapsulation of the gels within the tubular void volume of interfacially-adherent clay
nanotubes can provide a unique approach to design mixed gel and particle emulsifier
systems.?® °* ' This work may be extended to new approaches in the design of
nanostructured surfactant gel systems for the templated synthesis of functional
nanocomposites that span large length scales, by combining materials synthesis in both

the aqueous and organic domains.
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CHAPTER 8

EMULSION STABILIZATION MECHANISMS AND EFFECTIVENESS OF

BUOYANT GEL DISPERSANTS IN OIL SPILL TREATMENT
8.1 Introduction

The dispersion of crude oil spills into tiny droplets that mix vertically and
horizontally in the water column is often employed in the treatment of oil spills."®* The
application of dispersants may reduce the possibility of shoreline impact, lessen the
impact on marine life, increase oxygen transport to indigenous marine organisms and
increase the available oil-water interfacial area for biodegradation.” ® 7 Dispersants have
been applied to treat major oil spills including Torrey Canyon, Santa Barbara Blowout,

Ixtoc I blowout, Exxon Valdez and the Deepwater Horizon Blowout.'

The active surfactant components of dispersants diffuse through the bulk oil phase
and preferentially adsorb at the oil-water interface to stabilize oil-in-seawater
macroemulsions.® ** Existing dispersant systems are liquid solutions of surfactant such as
dioctyl sulfosuccinate sodium salt (DOSS) and polyoxyethylene (20) sorbitan monooleate
(Tween 80) in hydrocarbon solvents.> ** 80 The existing liquid dispersants are easily
washed away by ocean current especially when applied to heavy or weathered oils and
suffer from spray drift during aerial application.'® Any dispersant not contacted with the
spill oil is essentially wasted resulting in the application of large volume of dispersants in

oil spill treatment. This consequently leads to the simultaneous introduction of large
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volumes of hydrocarbon solvents into the marine ecosystem, generating issues regarding

12, 43,

the potential toxicological impacts of existing dispersants. 13 Developing

environmentally benign dispersant systems and efficiently targeting the dispersant to spill

oils has huge economic and environmental significance.”” %> 1% 168

Recently, we have advanced the potential application of a surfactant gel system
consisting of the environmentally benign phospholipid, I-a-phosphatidylcholine (PC);
anionic surfactant, DOSS; and nonionic surfactant, Tween 80, as a buoyant gel dispersant
for the treatment of petroleum hydrocarbon spills. The gel is formed on addition of water
and Tween 80 to a solution of PC and DOSS in a paraffin solvent such as hexadecane.
Small Angle Neutron Scattering (SANS), Cryogenic Scanning Electron Microscopy (cryo
SEM) and Nuclear Magnetic Resonance (NMR) techniques were used to characterize the
structural transition of the gel from lamellar to spherical, onion-like multilamellar
structures on addition of Tween 80. The large headgroups and small tail features of
Tween 80 is proposed to modulate the spontaneous curvature'® of the interface between
the aqueous and organic domains of the gel resulting in the structural transition. The
progressive incorporation of Tween 80 into the gel dispersant formulation significantly

improves emulsion stability over extended time periods.

In this work, we elucidate the underlying mechanisms driving the emulsion
stabilization characteristics of the gel dispersant. The dispersion effectiveness of the gel

is also characterized using the standard baffled flask test'”*

for varying oil phase viscosity
and environmental temperature conditions. Small Angle Neutron Scattering (SANS)
analysis and modelling provides quantitative structural features of the gel dispersant as a

function of temperature conditions. We demonstrate that under varying temperature
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conditions, the gel retains its structural integrity and positively buoyant characteristics on
water, breaks down on contact with oil and release surfactant components that stabilize

the crude oil-in-saline water macroemulsions.

8.2  Experimental Procedures

8.2.1 Materials

The phospholipid, I-a-phosphatidylcholine (95%, extracted from soybeans) was
purchased from Avanti Polar Lipids. Dioctyl sulfosuccinate sodium salt (DOSS, 98%),
polyoxyethylene (20) sorbitan monooleate (Tween 80), dichloromethane (>99.8%) and
hexadecane were purchased from Sigma Aldrich. Deionized (DI) water with resistivity of
18.2 MQcm was produced using an Elga Medica DV25 Reverse Osmosis Water
Purification System. A 0.6 M sodium chloride (Certified ACS grade, Fisher Scientific)
solution in deionized water was used as a surrogate for seawater. Properties of the crude

oils are listed in Table 8.1.'7 %1% All chemicals were used as received.

Table 8.1: Crude oil Properties at 15°C

Crude oil .Abs?lute Densigy .Kine.matic
Viscosity (cP) _ (g/em”) Viscosity (¢St)
Louisiana sweet 10 0.856 11.682
Anadarko 10 0.906 11.038
Harmony 3588 0.942 3808.917
IFO 380 10490 0.966 10859.213

8.2.2 Preparation of Gel Dispersant

The gel mesophases were prepared according to a previously reported procedure.
The amphiphiles, PC (2.39g) and DOSS (1.4g), were dispersed in 5ml of hexadecane by

intermittent sonication in a water bath and magnetic stirring at 50°C until a completely
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homogeneous solution was obtained. Water was then added in 0.5 mL increments. The
system was vortex mixed ((Thermolyne Maxi Mix II) after each addition of water until
the mixture became homogeneous. At these compositions the system transitions from a
microemulsion to a bicontinuous gel state at water content of 2.5mil. Tween 80 (Sigma
Aldrich) was then added in 0.25g increments to the PC-DOSS gel mesophase followed by
vortex mixing until the mixture became homogeneous. Gels were prepared with varying
Tween 80 loadings of 0.625g, 1.25g, 2.5¢g, 3.0g and 3.75g. The synthesis procedure is
illustrated schematically in Figure 8.1. The mass and volume fractions of the gels at the

different Tween 80 loadings are presented in Table 8.2.

Table 8.2: Gel Sample Compositions *

Mass of Tween
ingel @ | o D R AR

0 0.374 | 0.247 | 0.380 | 0.213 | 0.310 | 0.477

0.625 0.410 | 0.232 | 0.358 | 0.236 | 0.255 | 0.510

1.25 0.442 | 0.219 | 0338 | 0.279 | 0.240 | 0.481

2.5 0.498 | 0.198 | 0.305 | 0.352 | 0.216 | 0.432

3 0.517 | 0.190 | 0.293 | 0.378 | 0.207 | 0.415

3.75 0.543 | 0.180 | 0.277 | 0.412 | 0.196 | 0.392

® All gels were prepared with 2.39g of I-a-phosphatidyicholine (PC), 1.40g of dioctyl
sulfosuccinate sodium salt (DOSS), 5 mL of hexadecane and 2.5ml of water. as, aw
and o, represent the weight fractions of the three amphiphiles, aqueous phase and oil
phase respectively. Assuming a total effective density of 2.2g/ml for the PC and
DOSS; ¢s, ¢ and ¢, denote the corresponding volume fractions of the amphiphiles,
aqueous phase and the oil phase respectively.
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Figure 8.1: (a) Preparation of crystalline gel mesophases (b) photograph of the
starting surfactant solution and (c) photograph of gel mesophase on addition of

water
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8.2.3 Emulsion Preparation and Optical Microscopy Imaging

The gel dispersant was uniformly mixed with the crude oil phase by vortex
mixing and sonication. The mixture was then added to saline water in a 20ml scintillation
vial. The system was vortex mixed at 3000 rpm (Thermolyne Maxi Mix II, 37W) for
I minute. The emulsions were imaged on a Leica DMI REZ optical microscope. The

optical microscopy images were analyzed to obtain the droplet size distribution.
8.2.4 Interfacial Tension Measurements

Interfacial tensions were measured by the spinning drop and pendant drop
techniques to span the range of crude oil-saline water interfacial tensions. For low
interfacial tensions (< 2mN/m) of the dispersant-oil mixtures, the interfacial tension was
measured using the spinning drop technique (Grace Instruments model M6500
tensiometer). The tensiometer uses a rotating capillary of 2 mm inner diameter with total
volume of 0.292 cm®. The capillary was first filled with saline water and 0.001 cm® of the
surfactant-oil mixtures were then injected using a micro syringe to create a small oil drop
in the external saline water phase. The capillary tube was sealed and then rotated at a
velocity in the range of 5000—6000 rpm. The capillary tube temperature was maintained

at 25 °C by a cold water circulation around the tube.

Interfacial tensions were calculated using the Vonnegut’s formula:'”

_ Apw?R?

Z (8.1)

14

where y (mN m™) is the crude oil-saline water interfacial tension, Ap (g cm™) is the
density difference between the drop and the surrounding fluid, o (rad s7') is the angular

velocity, and R (cm) is the drop radius measured using an optical microscope fitted with a
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digital output. The Vonnegut’s formula is valid within 0.1% accuracy when the length of
the oil drop exceeds four times its diameter.'” Systems with high interfacial tensions that
do not satisfy this condition were measured by the pendant drop method using a standard
goniometer (ramé-hart Model 250) and the analysis was carried out using the

DROPimage Advanced Software.
8.2.5 Characterization of Dispersant Effectiveness

Crude oil dispersion effectiveness of the gel was characterized using a baffled
flask that generates breaking waves similar to that obtained on open ocean waters.”> %> 1%
The dispersion effectiveness experiments were carried out with the gel system prepared
with 2.39g of PC, 1.40G of DOSS and 3.75g of Tween 80. The organic and aqueous gel
domains were 5ml of hexadecane and 2.5ml of water respectively. 100 pl of the gel
dispersant and crude oil mixture at varying dispersant to oil mass ratios (DOR) was added
to 120 ml of synthetic sea water in a baffled flask. The system was then agitated on a
shaker (VWR advanced digital shaker, Model 3500) at 210 rpm for 10 minutes. After a
settling time of 10 minutes, a 30 ml sample of the oil dispersion in the bulk aqueous
phase was collected. The dispersed oil was then extracted with DCM and quantified with

Ultraviolet—visible spectroscopy at 0.5nm intervals over the wavelength range of 360 -

400 nm.”
8.2.6 Small Angle Neutron Scattering (SANS) Experiments

The influence of temperature conditions on the gel microstructure was
characterized by Small Angle Neutron Scattering (SANS). SANS measurements were

carried out at the extended-Q range small-angle neutron scattering (EQ-SANS)
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instrument of Oak Ridge National Laboratory’s Spallation Neutron Source. The gel
samples were prepared with D,O (2.5ml) as the aqueous phase to provide neutron
scattering contrast. The samples were loaded into 2mm path-length quartz cells (Hellma,
Germany). SANS measurements were made in 10 °C increments between 15 °C and
55°C to span a range of environmental temperature conditions. The EQ SANS instrument
is equipped with a water bath for maintaining temperature.

The scattering vector (q) is related to the neutron wavelength (A) and scattering

angle (0) by:'74
4T /0
q = —sin <—2-) (8.2)

The SANS instrument was operated in 30 Hz frame-skipping mode with the first neutron
band having a minimum neutron wavelength (A) of 2.5 A and a second neutron band
starting at 9.4 A. This provided an effective q-range of ~0.0035-0.45 A", Sample to

detector distance was 4 m.

SANS data was reduced using the MantidPlot data analysis framework. The
SANS data was corrected for detector sensitivity, background, instrument dark current
(cosmic radiation and electronic noise), incident beam normalization and sample
transmission. A calibrated Porasil B standard was used to convert the raw SANS data into
absolute intensity units (1/cm). Reduced data were azimuthally averaged in MantidPlot to

give the intensity, 7 (q) versus scattering vector (g) profiles.
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8.3 Results and Discussion
8.3.1 Emulsion Stabilization Mechanism of Gel System

The stability of emulsions prepared with surfactant depends on the characteristics
of the stabilizing surfactant film at the oil-water interface.'® Figure 8.2 shows optical
microscopy images of crude oil-in saline water emulsions prepared with the PC-DOSS
gel without Tween 80 (Figure 8.2a — 8.2d) and gel with 3.75g of Tween 80 (Figure 8.2e —
8.2f). Both systems were prepared at same dispersant to oil mass ratio (DOR) of 1:20.
Optical microscopy images of the emulsion prepared with the PC-DOSS gel system
reveals that the interfacial amphiphilic film is unable to provide required resistance to
droplet coalescence over relatively short times (Figure 8.2a — 8.2d). Figure 8.2¢ — 8.2f
reveals the significant influence of introducing Tween 80 into the gel on the resistance of
the surfactant film at the crude oil-saline water interface to droplet coalescence. On
addition of Tween 80 to PC and DOSS components, the surfactant film becomes effective

in stabilizing the emulsion with the spherical shape and size of the droplets kept intact.

Figure 8.3a shows optical microscopy images of crude oil-saline water emulsions
prepared with gels having increasing Tween 80 content. All emulsions were prepared at
constant DOR of 1:20. Smaller droplet sizes are obtained with increasing Tween 80
content of the gel mesophase, with average droplet sizes of 41.04pm and 9.20um at
Tween 80 gel content of 0.625g and 3.75g respectively. In addition, about 99% of the
droplets are in the 0-25um range for the gel with 3.75g of Tween 80 compared to 49%
for the gel system with 0.625g of Tween 80 (Figure 8.3b). The droplets transition for
irregular shapes and droplets with flat interface curvatures to spherical droplets at high

Tween 80 content of the amphiphilic gel system.
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Figure 8.2: (a-d) Instability of the interfacial surfactant film to droplet coalescence for
O/W emulsions prepared using surfactant gel containing PC and DOSS alone; (e-f)
Influence of Tween 80 addition into surfactant gel system on the resistance of the
surfactant film against droplet coalescence. Gel dispersant to oil mass ratio is 1:20 and
oil to saline water ratio is 1:50.
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Figure 8.3: Optical microscopy images and droplet size distributions of crude oil-in-
saline water emulsions prepared with gel mesophases containing PC, DOSS and
increasing amounts of Tween 80. Optical microscopy images were taken immediately
after emulsion preparation. In Panel a, the Tween 80 content of the gel dispersants
were 0.625g (i), 1.25g (ii), 2.5¢g (iii) and 3.75g (iv). Gel dispersant to oil mass ratio is
1:20 and oil to saline water ratio is 1:50.
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Neglecting energy losses as heat through viscous dissipation or during mixing, the
work input required (W) to disperse a liquid of volume V with drops of radius R in an

immiscible liquid is:'®*

W=y*r (8.3)

where v is the interfacial tension.'”” From equation 8.3, the effectiveness of oil
emulsification is strongly dependent oil-water interfacial tension. The reduction of the
crude-oil saline water interfacial tension (IFT) by the gel systems were measured to
characterize the role of the surfactant components in lowering the interracial excess free

energy generated on oil emulsification.

The IFT curves in Figure 8.4 show that increasing Tween 80 loading leads to a
progressive decrease in crude oil-saline water interfacial tension at all the dispersant to
oil ratios. The impact of incorporating Tween 80 on interfacial tension (IFT) reduction is
more pronounced at the lower DORs (1:100 and 1:50), yielding more than two orders of
magnitude reduction in the IFT. At Tween 80 loading of 3.75g, the total surfactant
concentration in the gel mesophase is calculated to be 54.3% (Table 8.2). The significant
reduction in IFT at small DOR’s is a beneficial characteristic of the concentrated
surfactant gel system. Although the dispersant to oil ratio is an important parameter, the
IFT measurements reveal that the synergistic interactions of the surfactant components

plays the major role in reducing the interfacial tension and enhancing oil emulsification.
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Figure 8.4: Crude oil-saline water interfacial tension measured by the pendant drop
and spinning drop techniques

For two systems 1 and 2 with constant work input and liquid volumes,

n_r

el (8.4)

The emulsion stabilized by the gel with 1.25g Tween 80 has an average droplet size of
22.27um with a measured interfacial tension of 0.077mN/m. Using equation 8.4, the

decrease of interfacial tension to 0.027mN/m for the system stabilized by the gel with
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3.75g Tween 80 translates to a theoretical average droplet size decrease to 7.81pum, close

to the experimentally obtained average droplet size of 9.20um.

The interfacial surfactant film adsorbs at the liquid-liquid interface to (i) reduce
the interfacial tension and the thermodynamic instability of the system arising from the
increase in the liquid-liquid interfacial area and (ii) provide a barrier to stabilize the
dispersed droplets against coalescence.'”” The reduction in interfacial tension facilitates
oil emulsification into tiny droplets with minimal wave energy input, as in oil spill
remediation applications. The formation and stabilization of a large oil-water interfacial
area makes the oil droplets readily available food sources for naturally occurring

microorganisms.'*®

8.3.2 Gel Structure and Dispersion Characteristics at Varying Temperature

Conditions

In practical oil spill treatment applications, the dispersant’s effectiveness depends
on several factors including the oil phase properties, dispersant to oil ratio (DOR) and
environmental conditions such as temperature.”” '** It is noteworthy that the gels prepared
with hexadecane as the organic solvent are in a partially solidified gel state at cold
temperatures below the phase transition temperature of hexadecane (1 8°C) and in a liquid
crystalline gel state above 18°C. We characterize the influence of temperature on the gel
dispersant by microstructural analysis with SANS, visual observation of buoyancy
characteristics and dispersion effectiveness using the standard baffled flask test. All the

experiments are carried out with the gel system prepared with 3.75g of Tween 80.
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Figure 8.5a shows the scattering curves of the gel dispersant with varying
temperature. The scattering intensity, 1(q), versus scattering vector (q) profiles for at the
various temperatures show the presence of at least one strong peak indicating the
retention of the periodic gel structure.'® The SANS data is well fit by the equation:

1(q) = Aq™™ + —
@) a & |ax +c1q°% + cq*

8m[¢(1 — ¢)(AP)202] 8.5)

where ¢ is the correlation length, g is the scattering vector, ¢ is the volume fraction of the
deuterated component, Ap is the scattering contrast and 4, m, a, c;, c; are model

coefficients.

The first tem in equation 8.5 is a power law that accounts for the low g scattering
and the second term is the Teubner Strey model'®' that accounts for the structure peak.
The power law and Teubner-Strey (TS) model functions are combined using the sum
model macro implemented in Igor Pro.'"® The low q regime (< 0.02A™") and the q range
around the structure peak (0.055A™" - 0.140 A™") were first fit separately and the obtained
parameters were used as the initial input parameters for the summed model. This
approach facilitates the fast and accurate model fitting of the SANS curves at various

temperatures.

The correlation length (&) which is a measure of long range order in the gel

microstructure is related to the model coefficients; a, ¢, ¢z, by:m

EE @) e
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Figure 8.5: (a) Model fits of SANS data on a log-log scale for gel system containing
1.4g of DOSS, 2.39g of PC and 3.75g of Tween 80 at different temperatures. The
plot at 15°C is in absolute values but successive plots are scaled by an order of
magnitude for clarity. The gel was prepared with hexadecane (Sml) as the organic
domain and water (2.5ml) as the aqueous domain. The solid lines in Figure 8.5a are
the model fits while the symbols are the experimental scattering data points. The
complete parameters for each fit are listed in Table 8.3. (b) Plots of periodicity,
correlation length and amphiphilicity factor of the gel dispersant as a function of

temperature.
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The periodic repeat distance (d) between alternating aqueous and organic domains in the

gel is obtained from the model coefficients according to the equation:'®'

d=2m E C—:‘)m - (46—612)]_1/2 (8.7)

A quantitative measure of the strength of the surfactant and phospholipid components to

impart order on the gel system is expressed in terms of the amphiphilicity factor ()%

— G

where f, values of 1 and -1 correspond to disordered and highly ordered lamellar systems
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respectively.”™ All the SANS model fit parameters of the gel system are listed in Table

8.3.

Table 8.3: SANS model fit parameters for gel dispersant

Temperature | Low q Low q Periodicity | Correlation | Amphiphilicity
(C) Power Power d(A) Length Factor (f;)
Law Law ¢A)
Exponent | Coefficient
(m) )
15 0.15 8.10 80.99 211.49 -0.99
25 0.19 7.30 80.87 212.15 -0.99
35 0.12 13.00 79.78 214.01 -0.99
45 0.05 40.28 78.73 227.77 -0.99
55 0.06 24.00 77.94 206.88 -0.99

® The gel system contains1.4g of DOSS, 2.39g of PC and 3.75g of Tween 80. The gel
was prepared with hexadecane (5ml) as the organic domain and water (2.5ml) as the
aqueous domain.
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From the model fit parameters, the structural integrity of the gel dispersant is
retained at the different temperatures (Table 8.3 and Figure 8.5b). However, there is a
slight but progressive decrease of about 3.05 A in the periodicity (d) with increasing
temperature, from 80.99A at 15°C to 77.94A at 55°C. The amphiphilicity factor is
retained at -0.99, indicative that amphiphiles act synergistically to impose a high level of
order on the gel system under different temperature conditions. Figure 8.6 reveals that the
gel retains positively buoyant characteristics on saline water under different temperature
conditions which is a desirable characteristic for improved probability of the gel
dispersant contact with spill oils compared to the easily washed away liquid

dispersants. 168

Oil/Gel Dispersant on Oil/Gel Dispersant
water (top vigvy) on wate( (»side view)

B

Dispersed Oil

5°C

18°C

25°C

35°C

Figure 8.6: Buoyancy and oil emulsification mechanism of gel dispersant under
varying temperature conditions. Organic domains of the gel are solidified below the
phase transition temperature of hexadecane (18°C). Yellow arrows indicate a partially
solidified (frozen) dispersant in cold environment (< 18°C) while red arrows indicate
the liquid crystalline dispersant in warmer environment (>18"C).
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Figure 8.7 shows the crude oil dispersion effectiveness of the gel as a function of
temperature (red bars). The control experiments (blue bars) were carried out without
application of the gel dispersant. Insets to Figure 8.7 shows representative photograph of
the dispersion experiment without and with application of the gel dispersant. Without the

application of the gel dispersant, the oil is not readily dispersed into the water column.

I No dispersant
B With gel dispersant
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Figure 8.7: Dispersion effectiveness of gel dispersant at varying temperature
conditions. The oil phase is the Louisiana Sweet Crude. The temperature conditions
were simulated in a MicroClimate Environmental Chamber (Cincinnati Sub-zero).

Insets are representative photographs of oil dispersion experiment without with gel
dispersant application.
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Neglecting contributions from the configurational entropy of the oil droplets, the

free energy change on emulsification is given by:'?
AGe™Hsion = GAA (8.9)

where o is the interfacial tension and AA is the increase in interfacial area. Oil dispersion
involves the creation of a significantly higher interfacial area between the oil and water
phases. The spontaneous breakdown of the emulsions back to the separate parent bulk
phases is therefore thermodynamically favorable necessitating the addition of
emulsifying agents as stabilizers. The amphiphile components of the gel dispersant serve
to lower the oil-water interfacial tension thereby stabilizing the oil droplets in the water
column. The gel dispersant is structurally stable, remains buoyant and effectively

disperses oil over a range of environmentally obtainable temperature conditions.
8.3.3 Influence of Oil Phase Properties on Gel Dispersant Effectiveness

The influence of oil phase viscosity on the dispersion effectiveness of the gel was
characterized using the standard baffled flask test (Figure 8.8). Without the addition of
dispersant, about 23% of the light Anadarko oil is suspended in the water by natural
dispersion. This may indicate the presence of native surface active components in the
crude oil. Natural dispersion has negligible effect in dispersing the heavier Harmony and
IFO 380 oils. On application of the gel dispersant, there is a rapid increase in the
dispersion of the light Anadarko oil with increasing DOR. The dispersion effectiveness
also increases with the DOR for the heavier Harmony and IFO 380 oils. However, the

increase in dispersion effectiveness is less rapid compared to the light Anadarko oil. This
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indicates that the heavier oils are less amenable to dispersion into the water column and

require higher amounts of the gel dispersant compared to the lighter Anadarko oil.
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Figure 8.8: (a) Dispersion effectiveness of gel dispersant on oils of varying
viscosities. (b) Crude oil- saline water interfacial tension measurements at varying gel
to oil mass ratios. Interfacial tensions were measured by the pendant drop and
spinning drop methods.
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The dispersion effectiveness appears correlated with the reduction in the crude
oil-saline water interfacial tension by the gel dispersant (Figure 8.8b). The gel dispersant
is able to lower the interfacial tension for all crude oils. The IFT for the lighter Anadarko
oil is about an order of magnitude smaller than for the heavier harmony and IFO 380 oils.
For instance at DOR of 1:50, the interfacial tensions are ~ 0.018mN/m, 0.098mN/m and
0.182mN/m for Anadarko, Harmony and IFO 380 crude oils respectively. It is
noteworthy that although there is no significant reduction in the interfacial tension for the
heavier oils beyond a dispersant to oil ratio of 1:100 (Figure 8.8b), the dispersion
effectiveness significantly increases with the DOR (Figure 8.8a). This indicates that the
physicochemical mechanism of interfacial tension reduction is not the sole mechanism
for oil dispersion. Low molecular amphiphiles such as surfactant and lipid molecules
stabilize emulsions by physicochemical and mechanical mechanisms.'® The ability of the
surfactant components to provide a barrier to droplet coalescence by imparting
viscoelastic properties on the oil-water interface may also play a key role in emulsion
stabilization."> The results here underscore the influence of oil phase type on the

effectiveness of the gel dispersant system.
8.4 Conclusions

The gel mesophase consisting of the phospholipid, I-a-phosphatidylcholine, dioctyl
sulfosuccinate sodium salt and polyoxyethylene (20) sorbitan monooleate (Tween 80) is
an effective gel dispersant for oil spill remediation. The introduction Tween 80 into the
gel mesophase significantly imparts the interfacial tension reduction efficiency of the
surfactant components of the gel to the 102 mN/m range. The incorporation of increasing

Tween 80 loadings into the gel system leads to a progressive decrease in crude oil-saline
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water interfacial tension at varying dispersant to oil ratios. Over a range of temperature
conditions, the dispersant retains its gel characteristics, remains buoyant on water and
effectively releases amphiphilic molecules that synergistically stabilize oil droplets. The
gel disperses oils of varying viscosities. The dispersion of heavy oils increases with
dispersant to oil ratio while lighter oils are effectively dispersed at low dispersant to oil
ratios. A unique future direction to the gel dispersant system developed here is the spatial
compartmentalization of particles, such as clay nanotubes,so’ 97.129 into the nanostructured
domains of the gel dispersant for mixed particle-surfactant stabilization of the crude oil-
in-water emulsions. The amphiphile system in hexadecane may also be encapsulated in
the tubular clay nanotubes for phase selective dispersant delivery to spill oils.
Incorporation of water into the crude oil spills often forms water-in-oil emulsions, known

6,199

as oil mousse. The gel-like characteristic of this dispersant may allow applications in

the dispersion of oil mousses. These are aspects of our continuing work.
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CHAPTER 9
CONCLUSIONS AND FUTURE DIRECTIONS

9.1 Conclusions

This dissertation has exploited the fundamental colloidal and interfacial
phenomena of hollow particles, surfactant and polymers in designing synergistic systems

for the effective treatment of oil spills.

Chapter 2 describes how naturally occurring halloysite clay nanotubes are
effective in stabilizing oil-in-water emulsions and can serve as interfacially-active
vehicles for delivering oil spill treating agents. Halloysite nanotubes adsorb at the oil-
water interface and stabilize oil-in-water emulsions that are stable for months. Cryo-
scanning electron microscopy (Cryo-SEM) imaging of the oil-in-water emuisions show
that these nanotubes assemble in a side-on orientation at the oil-water interface and form
networks on the interface through end-to-end linkages. For application in the treatment of
marine oil spills, halloysite nanotubes were successfully loaded with surfactants and
utilized as an interfacially-active vehicle for the delivery of surfactant cargo. The
adsorption of surfactant molecules at the interface serves to lower the interfacial tension
while the adsorption of particles provides a steric barrier to drop coalescence. Pendant
drop tensiometry was used to characterize the dynamic reduction in interfacial tension
resulting from the release of dioctyl sulfosuccinate sodium salt (DOSS) from halloysite
nanotubes. At appropriate surfactant compositions and loadings in halloysite nanotubes,

the crude oil-saline water interfacial tension is effectively lowered to levels appropriate
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for the dispersion of oil. This work indicates a novel concept of integrating particle
stabilization of emulsions together with the release of chemical surfactants from the
particles for the development of an alternative, cheaper and environmentally-benign

technology for oil spill remediation.

Chapter 3 presents the synergy of the unique nanotubular morphology and
interfacial activity of halloysite with the magnetic properties of iron oxide nanoparticles
for potential applications in oil spill dispersion, magnetic mobilization and detection
using magnetic fields. Magnetically responsive oil-in-water emulsions are effectively
stabilized by a halloysite nanotube supported superparamagnetic iron oxide nanoparticle
system. The attachment of the magnetically functionalized halloysite nanotubes at the oil-
water interface imparts magnetic responsiveness to the emulsion and provides a steric
barrier to droplet coalescence leading to emulsions that are stabilized for extended
periods. Interfacial structure characterization by cryogenic scanning electron microscopy
reveals that the nanotubes attach at the oil-water interface in a side on-orientation. The
tubular structure of the nanotubes is exploited for the encapsulation and release of
surfactant species that are typical of oil spill dispersants such as dioctyl sulfosuccinate
sodium salt and polyoxyethylene (20) sorbitan monooleate. The magnetically responsive
halloysite nanotubes anchor to the oil-water interface stabilizing the interface and
releasing the surfactants resulting in reduction in the oil-water interfacial tension. The
synergistic adsorption of the nanotubes and the released surfactants at the oil-water

interface results in oil emulsification into very small droplets (less than 20pm).

With a focus on halloysite in Chapter 4, the carbonization of hydrophilic particle

surfaces is shown to be an effective route for tuning particle wettability in the preparation
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of particle-stabilized emulsions. The wettability of naturally occurring halloysite clay
nanotubes (HNT) is successfully tuned by the selective carbonization of the negatively
charged external HNT surface. The positively charge chitosan biopolymer binds to the
negatively charged external HNT surface by electrostatic attraction and hydrogen
bonding, yielding carbonized halloysite nanotubes (CHNT) on pyrolysis in an inert
atmosphere. Relative to the native HNT, the oil emulsification ability of the CHNT at
intermediate levels of carbonization is significantly enhanced due to the
thermodynamically more favorable attachment of the particles at the oil-water interface.
Cryogenic Scanning Electron Microscopy (Cryo-SEM) imaging reveals that networks of
CHNT attach to the oil-water interface with the particles in a side on-orientation. The
concepts advanced here can be extended to other inorganic solids and carbon sources for
the optimal design of particle-stabilized emulsions.

In chapter 5, the interaction of the cationic chitosan biopolymer with halloysite is
extended to a surface active derivative of chitosan, hydrophobically modified chitosan
(HMC) for synergistic emulsion stabilization with the HNT. The integration of cationic
and hydrophobic functionalities into the surface active biopolymer, hydrophobically
modified chitosan (HMC), facilitates synergistic emulsion stabilization with negatively
charged halloysite clay nanotubes (HNT). The HMC biopolymer adsorbs on the
negatively charged HNT by electrostatic attraction and anchors its hydrophobic residues
into oil droplets by the hydrophobic effect. Emulsions with smaller droplet sizes and
significantly improved interfacial resistance to droplet coalescence are obtained on
synergistic emulsion stabilization by the HNT and HMC compared to the individual

emulsifiers alone. Adsorption of the cationic HMC onto the negatively charged HNT
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modifies the surface wettability of the nanotubes and cryo-SEM imaging reveals that the
HMC locks the nanotubes together at the oil-water interface, creating a large barrier to
coalescence. The emulsion stability is significantly enhanced for conditions in which the
aqueous HNT dispersion is stabilized by the HMC rather than conditions where the
negatively charged HNT is strongly flocculated by the cationic HMC. The electrostatic
interactions of HMC and HNT, hydrophobic interaction between HMC chains, and the
hydrophobic associations of HMC with the oil phase are proposed as key mechanisms
driving the synergistic emulsion stabilization. The nanotubular morphology of halloysite
is further exploited for the design of a mixed emulsifier system with inorganic micellar
architecture having a Span 80 loaded HNT core stabilized in an aqueous HMC medium.
In practical applications such as in oil spill dispersion, the HMC and HNT serves to
strengthen the interfacial layer while release of the hydrophobic Span 80 surfactant from
the HNT is crucial in lowering the interfacial tension to minimize the thermodynamic

work of emulsification.

Chapter 6 presents a rapid and scalable aerosol approach for synthesizing hollow-
structured particles by exploiting surfactant assembly and preferential partitioning
between different species in solution. The introduction of a templating surfactant such as
cetyl trimethyl ammonium bromide into a solution containing a silica precursor leads to
the rapid formation of ordered mesoporous silica through an aerosol-based process. The
addition of FeCl; into this precursor solution of CTAB leads to the rapid synthesis of
submicrometer hollow silica particles encapsulating ferromagnetic iron oxide. However
the addition of molar equivalents of other saits, Fe(NO3); and CrCl; into the precursor

solution did not bring about the same change in morphology. The colloidal nature of the
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solution that produces hollow particles through the aerosol-based process is characterized
using transmission electron microscopy, light scattering, conductivity measurement and
NMR spectroscopy techniques. The structural transition from mesoporous to hollow
silica microspheres, results from the disruption of the co-assembly of silicate and CTAB
by FeCl;. Adding FeCls into the precursor solution, results in the formation of colloidal
aggregates with CTAB by salt bridging mechanism. Amphiphilic hollow silica-carbon
particles are prepared using aerosol process by introducing a carbon source, sucrose, into
the precursor solution. The combination of hydrophilic silica and hydrophobic carbon
makes the particles partially wettable by oil and water stabilizing emulsions of the
mutually immiscible phases over extended periods of time. This scalable aerosol based
concept is significant in the scalable synthesis of hollow particles in commercially viable

quantities for practical applications such as in oil spill dispersion.

Chapter 7 and 8 presents the synthesis of a nanostructured mesophase from the
self-assembly of l-a-phosphatidylcholine (PC), dioctyl sulfosuccinate sodium salt
(DOSS) and polyoxyethylene (20) sorbitan monooleate (Tween 80) as a buoyant and
effective gel dispersant for oil spill remediation. The ordered mesophases were formed on
addition of water and Tween 80 to an equimolar micellar solution of DOSS and PC in a
paraffin solvent. Small Angle Neutron Scattering (SANS) analysis revealed the transition
in gel microstructure with increasing Tween 80 content characterized by progressive
decrease in low-q scattering intensity and power law decay characteristics, sharpened
scattering maxima, amphiphilicity factors of about -0.99 and a significant increase in
correlation length. Cryo-Scanning Electron Microscopy imaging allowed direct

visualization of the structural transition with increasing Tween 80 content. The active
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surfactant component of the gel dispersant effectively lowers the crude oil-saline water
interfacial tension to the 102 mN/m range, appropriate for the dispersion of oil spills. The
interfacial tension reduction facilitates the creation of new oil-water interfacial area
producing crude oil-in- saline water emulsions with an average droplet size of about
7.81um that are stable for extended periods. The gel is positively buoyant on water,
breaks down on contact with oil and releases surfactant components that stabilize the oil-
water interface. The efficacy and potential applications of the gel system in oi spill
remediation is corroborated by dispersion effectiveness testing using the standard baffled

flask method.
9.2 Future Directions

i.  The interactions of oil degrading bacteria such as Alcanivorax Borkumenis with
halloysite nanotubes may be characterized to understand the role of halloysite on
bacterial adhesion, biofilm formation and biodegradation at the oil-water
interface.

ii.  Synergistic application of Span 80, halloysite and high molecular weight HMC
for the herding, gelation and recovery of surface oil layers. As described in
chapters 2, 3 and 5 the surfactant, Span 80 can be loaded onto the HNT. The HNT
may also be functionalized by carbonization or with magnetic iron oxide
nanoparticles for the sorption and magnetic mobilization of oil spills. The
surfactant herding and magnetic mobilization concepts are described in Appendix

B.
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Formulation of a dispersant system composed of particles and the buoyant
surfactant gels. The particles may be incorporated into the gel structure (Figure
9.1) and the gels may be encapsulated within the tubular voids of halloysite.
Preliminary experiments reveal that the gels retain their buoyancy on

incorporation of particles.

Figure 9.1: Gel incorporating carbon particles

Application of the nanostructured gel mesophases in templated materials
synthesis at varying temperatures. The aqueous domains of the DOSS-PC gel may
also be rigidified by addition of gelatin (Appendix C) for robust synthesis of
nanostructured functional or composite materials. SANS analysis reveals that the
gel structure varies with temperature, amphiphile molar ratio and solvents
(Appendix D).

Halloysite-Carbon Nanotube-Titania (HCNT) composite can be synthesized for
interfacial photocatalytic remediation of oil-contaminated water systems. The
HCNT composite can be synthesized by in-situ growth of carbon nanotubes

(CNT) from the iron oxide catalysts attached to halloysite (Figure 9.2), followed
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by deposition of Titania nanoparticles. The wettability of the ‘conanotubes’ may

be tuned by varying the grafting density of CNT’s with growth time.

alloysite
ydrophilic)

Carbon Nanotube
(Hydrophobic)

ymous ujw g

ymwmous uiw ot

Figure 9.2: Transmission Electron Microscopy (TEM) image of carbon nanotubes
grown from iron oxide nanoparticle catalyst supported on halloysite. Ethylene is used
as carbon source.
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APPENDIX A:

'H NMR CHARACTERIZATION OF HYDROPHOBICALLY MODIFIED
CHITOSAN

Hydrophobically modified | \l
‘ chitosan (HMQ) |

chitosan b \J\__JL_

@ 9 8 1 & 5 & 8§ 2 3 0 ppm

Figure Al. '"H NMR spectra of native chitosan and hydrophobically modified chitosan
(HMC). Alkyl groups are attached to the chitosan backbone in the HMC
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APPENDIX B:

SYNERGISM OF FUNCTIONALIZED CLAY NANOTUBES AND WATER
INSOLUBLE SURFACTANT IN THE HERDING AND MAGNETIC
MOBILIZATION OF SURFACE OIL LAYERS

As described in Chapter 3, the attachment of the magnetically functionalized
halloysite (M-HNT) to the surface of oil droplets makes the droplets magnetically
responsive. Here, we advance the concept of the attachment of the particles at the curved
interface of small oil droplets to the large scale interface of surfactant herded surface oil
layers. We demonstrate that the synergistic application of a lipophilic nonionic surfactant,
Span 80, surfactant and the magnetically functionalized halloysite nanotubes (MHNT) to
surface oil layers allows the oil to be magnetically mobilized as a compact mass.

Figure B1 illustrates that the sequential application of Span 80 and M-HNT leads
to the formation of a thickened and magnetically-responsive surface oil layer. First crude
oil (~0.15 mL) was added to the surface of saline water. The oil spreads into a thin film
on the surface of water (Figure B1, Panel a). The spreading of oil on water is typically
described in terms of a spreading coefficient (S) which is related to the air-water surface
tension (y4y), air-oil surface tension (y,,) and the oil-water interfacial tension (y,,) by the
expression:

S=y

HW- yao— yOW

(B.1)
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Application of the nonionic surfactant,
Span 80, around the slick produces surface
tension gradient that thickens the slick by
Marangoni flows (thickness ~ 1.5mm)

Thin slick of crude oil floating over
saline water (thickness ~ 30 pm)

a b
Application .
of Span 80
'd
Addition of magnetic clay
particles (MAGHNT) to
thickened oil layer
d Application ©
v of magnetic =4
field e
L s o
- f
——— ] |
Magnet

On addition of MAGHNT, the surface oil layer becomes responsive to the externally

applied field of a 7mT bar magnet.

Figure B1:

e | Yao

Surfactant Yao

Experiment illustrating the synergistic roles of Span 80 and M-HNT in the

chemical herding and magnetic mobilization of thickened surface oil layers (a-d).

Panel e shows force balance analysis of the spread of an oil lens on water (i) and a
surfactant thickened oil layer (ii).

The spreading phenomena can be explained through simple force balance

concepts presented schematically in Figure B1, Panel e. A force balance for an oil lens on

water gives:

Ve = ¥0a€0801 +7,,,€056; (B.2)
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where 6, and 6 are contact angles as defined in Figure B1, Panel e. For typical surface
tension values of y,, = 72mN/m, y,,, = 23mN/m, and y,, = 29mN/m; the air-water surface
tension is greater than the sum of the oil-water and air-oil surface tensions even for zero
contact angles. This implies that there will be a net force driving the spread of the oil into
a thin film since: .

Yoy = V0a€0801 + 7,056, (B.3)

The lipophilic surfactant, Span 80, was then quickly applied along the edges of
the Petri dish. The volume ratio of Span 80 to crude oil used was about 0.02. The
introduction of the water insoluble surfactant to the air-water interface reduces the air-
water surface tension leading to a retraction of the oil layer (Figure B1, Panel b). The
lowering of the air-water surface tension (y4,) leads to an imbalance in the components of
the three surface tensions with:

Yo < V546080, 17,,,€050, (B.4)

The surfactant generates surface tension gradients resulting in surface convective
flow and thickening of the oil layer by the Marangoni effect. The surfactant alters the
balance of surface tension forces in equation B.4, ultimately generating a negative
spreading pressure that contracts the surface oil layer (Figure B1, Panel e). Based on the
volume of oil added, the thin oil slick of about 30.0 um thickness spread over a circular
cross-sectional area of about 50.3cm’ is thickened to about a 1.50mm thick oil layer
spread over an area of about 1.02cm?. M-HNT powder (15mg) was then carefully applied
to the thickened oil phase (Figure B1, Panel d). Figure Bl, Panel d shows that the
addition of the magnetic clay particles to the oil layer imparts magnetic responsiveness to

the applied magnetic field from a 7mT bar magnet.
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APPENDIX C:

INCORPORATION OF GELATIN IN AQUEOUS DOMAINS OF A
NANOSTRUCTURED GEL MESOPHASE

The structural effects of incorporating gelatin in to the aqueous domains of a
reverse hexagonal gel mesophase consisting of l-a-phosphatidylcholine (PC) and dioctyl
sulfosuccinate sodium salt (DOSS) at a molar ratio of 1:2 is characterized by small angle
neutron scattering (SANS). The SANS procedure is as described in Chapters 7 and 8. The
SANS data is presented in Figure C1 and Table C1. The systems are hexagonal when the

ratio of the higher order (qno) to structure peak (qm) positions is = V3 (Table C1).

Intensity (cm™1)
Intensity (cm1)

Intensity (cm")

Intensity (cm")

0.02 004 0.08 0.08 0.10 0.12 0.14 0.02 0.04 0.06 0.08 0.10 0.12 0.14
alA™ q(At)

Figure C1: SANS data on a linear scale for PC-DOSS gel systems with increasing
gelatin loading in the aqueous phase analyzed at 25°C, 35°C, 45°C and 55 °C.
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Table C1: Peak positions as a function of gelatin loading in the aqueous phase and

temperature
Temperature Gelatin Primary | Higher q Ratio
‘o) (Wt% in D;0) | Reflection | Reflection | (qn/gm)
gm A7) | @A

25 0 0.037 0.065 1.749
5 0.039 0.067 1.705
10 0.039 0.072 1.823
20 0.039 0.074 1.881
30 0.042 0.076 1.833
35 0 0.044 0.079 1.789
5 0.042 0.076 1.836
10 0.042 0.074 1.781
20 0.039 0.074 1.881
30 0.042 0.074 1.777
45 0 0.044 0.079 1.789
5 0.044 0.074 1.684
10 0.042 0.072 1.722

20 0.039

30 0.039
55 0 0.046 0.079 1.699
5 0.044 0.076 1.736

10 0.042

20 0.037

30 0.039
65 0 0.046 0.079 1.699
5 0.046 0.079 1.699

10 0.044

20 0.037

30 0.039
25R 0 0.037 0.062 1.687
5 0.039 0.072 1.823
10 0.039 0.069 1.764
20 0.039 0.069 1.764
30 0.042 0.074 1.777
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APPENDIX D:

SMALL ANGLE NEUTRON SCATTERING STUDY OF STRUCTURAL

TRANSITIONS WITH GEL COMPOSITION AND TEMPERATURE
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Figure D1: SANS data on a linear scale for gel systems with varying PC-DOSS
molar ratio analyzed at 25°C, 35°C, 45°C , 55°C and 65 °C. The aqueous phase is
D,0 (6.902ml) and organic phase is isooctane (Sml). The mass of PC and DOSS at
the molar ratios 0.5, 0.67 and 1.0 are as presented in Table 7.1 (Chapter 7).
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Figure D2: SANS data on a linear scale for gel systems with varying PC-DOSS
molar ratio analyzed at 25°C, 35°C, 45°C , 55°C and 65 °C. The aqueous phase is
D,0 (6.902ml) and organic phase is hexadecane (Sml). The mass of PC and DOSS
at the molar ratios 0.5, 0.67 and 1.0 are as presented in Table 7.1 (Chapter 7).



204

Table D1: Gel Structure as a function of Composition and Temperature

PC to o . W
DOSS reamc ater Temperature
Solvent | Content 0 q q q. |49,/a, |Structure
Molar (5ml) (ml) (O m s ° °m
Ratio
25 0.047 0.080 | 1.710 | Hexagonal
35 0.047 0.080 | 1.710 { Hexagonal
0.5 Isooctane 6.902 —
55 0.047 | 0.067 | 0.085 | 1.926 | Coexisting
25R 0.047 0.080 | 1.710 | Hexagonal
1 Isooctane 6.902 25 0.035 0.071 | 2.044 | Lamellar
25 0.050 0.101 | 2.044 | Lamellar
35 0.050 0.101 | 2.044 | Lamellar
0.5 | Hexadecane | 6.902
55 0.050 0.101 | 2.044 | Lamellar
25R 0.050 0.101 | 2.044 | Lamellar
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