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Abstract
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Modified chitosan nanoparticles at liquid-liquid interface for applications in oil-spill
treatment
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Oil-spills continue to be a serious threat to the environment and the climate change is expected
to increase oil related industry and transportation in Arctic regions due to the melting of the ice
cover. Nanoparticles prepared from renewable, biodegradable and non-toxic biopolymers
could provide feasible alternative to traditionally used molecular dispersants which are toxic.
Chitosan is a renewable, biodegradable and non-toxic polysaccharide derived from the shells
of crustacean, for example. A biodegradable and non-toxic chitosan derivative carboxymethyl
chitosan was synthesized and used to prepare nanoparticles with and without cross-linking
using CaClz. The CaCl> cross-linked nanoparticles were fairly stable in increased NaCl
concentration and could be made stable in varying pH (7-9) by adjusting the pH during the
preparation of the nanoparticles. The nanoparticles could adsorb into the oil-water interface
and stabilize emulsions. The non-cross-linked nanoparticles were formed by adjusting pH close
to the pl value of carboxymethyl chitosan. The nanoparticles could form gel-like emulsions
with oil, and the emulsification was reversible by pH adjustment due to the dissolution of the
particles. Additional hydrophobic modification increased the emulsification ability of the
nanoparticles. Also, vanillin grafted chitosan particles were synthesized and studied for oil
emulsification. The particles aggregated upon mixing with oil and encapsulated small droplets
with in the aggregates effectively separating the oil from the aqueous phase.

Keywords: Chitosan, carboxymethyl chitosan, nanoparticle, liquid-liquid interface, emulsions,
oil
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pl = isoelectric point
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1 Introduction

1.1 Oil-spills

Oil-spill refers to environmental pollution due to liquid petroleum hydrocarbons released into
the environment. The term may include both marine and land oil-spills but this work discusses
only marine oil spills, and therefore, here the term oil-spill refers to only marine oil-spills,
unless otherwise noted.

Crude oil is a complex mixture of hydrocarbons of varying molecular weights and structures,
such as alkanes, cycloalkanes and aromatic compounds [1, 2, 3]. The crude oil also contains
other organic compounds with nitrogen, oxygen, and sulfur elements, and small amounts of
metals [3, 4, 5]. Due to the complex composition of the crude oil and the complexity and
diversity of the marine ecosystems, all the effects of oil-spills to environment, humans, and
animals are not known [6, 4]. The oil is not limited to just crude oil, it can be also other oily
substances or refined petroleum products, such as diesel and gasoline [3].

In case of an oil-spill, the oil at the surface of the water can spread to a very large area as a thin
oil slick. As the oil spreads the surface area of the oil increases and the evaporation of the
volatile fraction increases. The volatile fraction of the oil is usually the least dense, and the
evaporation increases the total density of the oil, due to the evaporation of the lower density
fraction. Also, some fraction of the oil is water-soluble and dissolves into the water body. As
the overall density of the oil increases, the heavier and denser fractions of the oil sink to the
bottom of the sea or lake where it can damage the eco-system not to mention that the removal
of such oil is extremely difficult. [1]

Oil-spills can have immediate environmental and economic impact [7]. In 2010, the Deepwater
Horizon oil-spill in the Gulf of Mexico released several hundred tons of crude oil into the
environment. [6, 3] The accident is considered as one of the largest oil-spills in history [8, 3]
resulting in significant damage to the biodiversity and environment. The oil-spill caused also
air pollution in the coastal area due to the evaporated components of the crude oil [6]. But in
general, the size of the oil-spill does not correlate well with the environmental impact. A small
oil-spill can have a large impact on the biodiversity if the ecosystem is sensitive in the area of
occurrence. For example, arctic region has sensitive ecosystems, and harsh weather conditions
and remote locations can limit the available oil-spill treatment methods [9, 10]. The shipping
of oil products is likely to increase in the arctic region, due to the climate change and the
melting of the ice cover. Increased oil related industrial activity in the area is going to increase
the risk of an oil-spill. Therefore, there is a need for fast and effective oil-spill treatment
methods.

1.2 Oil-spill treatment

In case of an oil-spill, a suitable treatment method needs to be chosen. Different methods have
their strengths and weaknesses [3], and the suitability depends on the weather conditions,
location, and size of the oil-spill, for example. Rapid oil-spill treatment methods are needed to
prevent the oil from spreading and damaging the environment. Different kind of treatment
methods have been reported in literature and different authors use slightly different
categorizations, but the oil-spill treatment methods can be categorized generally as biological,
physical, in-situ burning, and chemical. [3, 11, 12] The main differences are in the separation
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of physical and chemical methods. Strictly speaking, the only method usually involving
chemical reactions is in-situ burning of oil i.e. oil is transformed into mainly CO.. All other
methods are physical in sense that they mechanically remove the oil from the environment
using mechanical devices or they change the physical state of the oil through, for example,
dissolution of chemical agents or adsorption of oil. Here, the chemical methods include all the
methods involving addition of materials or chemical agents into the environment and physical
methods include all the mechanical methods that aim to remove the oil from the environment.

The first option is to let the native micro-organisms biodegrade the oil. This option may be
suitable only for small scale oil-spills since the biodegradation is slow and can take years [3,
13, 14] especially in cold climate [15, 16] but biodegradation does occur even in the Arctic [9].
The biodegradation can be enhanced by addition of biological agents or nutrients into the oil-

spill [3].

Physical methods include variety of booms and skimmers that are used to mechanically contain
and remove the oil [3, 4]. Recently, there has been variety of different kind of specially wettable
materials reported in literature that can either let the oil pass through it and keep the water out
or let the water pass through and keep the oil out [17, 18, 19]. These kind of materials could be
used for skimming of the oil from the water surface [20]. Mechanical methods are slow and
require suitable weather conditions to be effective. Also, after the oil is gathered into a thick
slick using mechanical devices it can be burned on site. [3, 4] The burning of oil can reduce
the amount of oil in the marine environment but the oil slick needs to be sufficiently thick for
the burning to be effective. Also, the burning causes air pollution, such as sooth and CO.. [3,
21]

Chemical methods include all the methods that involve addition of chemical agents into the
oil-spill. The chemical agents can have different effects on the oil, such as immobilization or
dispersion [3]. The oil can be immobilized with suitable materials, such as sorbents or gelators.
Both sorbents and gelators have been classified as solidifiers, although there is no widely
accepted definition for a solidifier [11]. The mechanisms of sorption and gelation are also very
different. In sorption, the oil is attached to the solid sorbent through sorption, and the sorbent
can be removed from the water [22, 3, 23]. Variety of inorganic [24], synthetic organic [25],
and natural materials [26] have been studied for oil sorption in oil-spill treatment. Recently,
increasing attention has been given to aerogels as sorbents for oil-spill treatment [27, 28, 29,
23]. Aerogels are gels where the liquid portion of the gel has been replaced by air resulting in
highly porous solid material with high specific surface area and low density. These attributes
are ideal to be utilized as oil sorbents due to their high potential sorption capacity and good
buoyancy properties [27]. Although, the high cost of the preparation limits their practical use.
Gelators turn the oil into a semi-solid allowing more easy removal from water [30, 11]. Gelators
can be divided into polymeric gelators (PG) and low-molecular-weight gelators (LMWG) [11,
31]. Gelation using PGs is achieved through the formation of covalent or non-covalent cross-
linking by long-chain polymers [32]. On the other hand, LMWGs self-assemble into cross-
linked fibers to form a gel network [33]. In the past, gelators (solidifiers) have not been used
extensively due to the large amount of gelator needed to gelate the oil [3, 34] and dispersants
are relatively more effective [3]. Recently, increasing attention have been focused on sugar
based phase-selective LMWGs as green chemicals that form gels only with oil and are
insoluble in water [35, 36, 37].

The oil can be dispersed with surfactants [38, 39, 3], polymers [40, 41], or particles [42, 43,
44]. These species can attach to the oil-water-interface and stabilize oil-in-water emulsions.
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The formation of stable oil droplets breaks down the oil slick and the oil droplets are dispersed
and diluted into the water body to enhance the biodegradation. Surfactants are in equilibrium
between adsorbed and desorbed species [45, 46]. Therefore, the surfactants may desorb from
the oil-water interface as the droplets are diluted into the water body resulting in the
destabilization of the droplets and subsequent coalescence. This can be hindered by addition of
water soluble polymers with hydrophobic side-chains [40]. These kind of polymers can attach
to the oil-water interface and stay adsorbed since at least some of the side-chains are always
adsorbed into the interface. Particles can also adsorb at the oil-water interface and stabilize oil-
in-water emulsions [42], and similarly disperse the oil into the water body. The adsorption of
particles is usually stronger than surfactant molecules and can be regarded as “irreversible”
resulting in more stable emulsions.

1.3 Particle adsorption to liquid-liquid interface

1.3.1 Spherical particles

The solid particle needs to be partially wetted by water and oil for it to be possible to adsorb at
the oil-water interface. A very hydrophilic particle would not be able to adsorb at the interface
since it would be completely wetted and dispersed in aqueous phase. Similarly, a very
hydrophobic particle would not be able to adsorb since it would be completely wet by oil. The
adsorption is determined by the interfacial tension between the immiscible liquids (y12), and
the interfacial tensions between the liquid phases and the solid phase (y1s and y2s). The contact
angles (61, 62) between the liquid phases and the solid surface depend on the interfacial tensions
between the three phases according to Young’s equation (1). [47]

- - +
cos 61 — Y1s—Y2s — Y1stY2s cos 62 , 92 =1-— 61 (1)
Y12 Y12

As a particle adsorbs at the liquid-liquid interface, it changes the free energy of the system
since the balance of interfacial energies is changed (Figure 1.). The particle reduces the
interfacial area between the two immiscible liquids, and the solid particle surface comes in
contact with both of the liquid phases. The adsorption free energy (Gads) is thus the sum of the
interfacial energies between the solid phase and two liquid phases, and the interfacial energy
associated with the displaced area between the two liquid phases. [48] Therefore, Gags for a
particle adsorbed on the interface depends on the area of the liquid-liquid interface displaced
by the adsorb particle (A12), and the contact area of the solid phase with the two liquid phases
(A1s and Azs) in addition to the interfacial tensions between the three phases according to
Equation (2).
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Figure 1. Particle at liquid-liquid interface. Contact angles of the particle (61 and 0,), liquid-liquid
interfacial tension (y12), liquid-solid interfacial tensions (y1s and y2s), liquid-liquid surface area (A1),
and the liquid-solid surface areas (Ais and Ays) are presented.

Gads = Y12812 + Y1sAis + Vashzs )

For a spherical, perfectly smooth, and rigid particle with homogeneous wettability the equation
(2) takes the form of equation (3). The energy required to remove the particle from the interface
depends on the interfacial tension between the liquids (y12), the size of the particle (radius r),
and the contact angle (612 = 61 or 65). [49]

Gags = 1TI'2\(12(1 - |C05(912)|)2 3)

The equation states that adsorption energy is at maximum when the contact angle is 90° i.e. the
particle is equally wetted by oil and aqueous phases since at this position in the interface the
particle displaces the maximum amount of the interfacial area between the two liquids. Also,
for the same reason, the adsorption energy increases as the size of the particle increases.
Similarly, at contact angle close to 0° or 180°, the particle barely touches the interface and the
adsorption energy is negligible. [48] The value of Gags is plotted using equation (3) for a particle
with diameter 100, 50, and 10 nm in Figure 2.

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000

0 . P o
0 30 60 90 120 150 180

Contact angle (°)

G, (KT)

Figure 2. Free energy of adsorption of a spherical particle at the liquid-liquid interface (y12 = 50
mN/m) at 298 K. Diameter of the particle from top to bottom: 100, 50, 10 nm.

14



Although, the adsorption energy is higher with large particles, it is already very high with very
small particles. For example, even for a spherical particle with diameter of 100 nm, at oil-water
interface (y12 = 50 mN/m) with contact angle of 90°, the energy is approximately 10° KT at 298
K i.e. several orders of magnitude larger than thermal energy. The adsorption energy decreases
rapidly as the contact angle is decreased, but even at 30°, the energy is still 10-10% kT with
particle radius of 10-100 nm, respectively. Therefore, the particles are “irreversibly” adsorbed
at the oil-water interface since the amount of energy required to remove the particle from the
surface is many orders of magnitude larger than the thermal energy and random fluctuations
are not sufficient to remove the particle from the interface in most cases. In contrast, traditional
surfactants are reversibly adsorbed at the liquid-liquid interface and in rapid dynamic
equilibrium between adsorbed and desorbed species [45, 46]. The particles do not lower the
interfacial tension like traditional surfactant molecules [47, 45, 49]. There have been some
controversy about the interfacial tension reduction in the literature, but the reduction in
interfacial tension can be explained by soluble residues i.e. impure samples [49].

1.3.2 Non-spherical particles

Generally, the non-spherical i.e. anisotropic particles adapt the orientation at the liquid-liquid
interface that maximizes the displaced area at the interface [50]. For example, long cylinder
shaped particles prefer a horizontal orientation at the interface. This general rule applies also
to other shapes, such as ellipsoids, dumbbells (two particles fused together), and complex-
shaped particles. [48] For particles with geometries other than sphere, the equation of
adsorption energy can be derived from equation (2). For example, energy to remove a
cylindrical particle is presented in Equation (4).

2o
Gags = 2rLyq, [sin 0 —06cosB (1 + E) + W] 4
Where r is the radius of the cylinder, L is the length of the cylinder, 0 is the contact angle of
the cylinder, and y12 is the interfacial tension at liquid-liquid interface [42].

Anisotropic particles usually distort the interface around the particle from its planar state due
to the particle shape, except perfectly smooth spherical particles, capsule shaped particles, or
perfectly flat particles. The distortion of the interface can also be induced by surface roughness
or chemical heterogeneity. Capillary interactions are induced by the overlapping of the
distortions created by two or more anisotropic particles to reduce the total energy of the system
(Figure 3.). Identical deformations of the interface attract and opposite deformations repel. This
is analogous to positive and negative electric charges except in this case similar “charges”
attract and opposite “charges” repel. The capillary interactions have relatively long range and
their strength is comparable to or greater than non-covalent interactions such as van der Waals
and dipole-dipole interactions. The strength of the capillary interactions depends on the size of
the particle. The capillary interactions are comparable to kT when the particle is approximately
1-10 nm in diameter, but as the size of the particle is increased to 1000 nm the capillary
interactions are in the order of 108 kT. The curvature of the interface also affects the capillary
interactions, such as on the droplet surface. On a curved interface, perfectly smooth and
spherical particles distort the interface due to the curvature of the interface and exhibit capillary
interactions. For anisotropic particles, the curvature affects the assembly of the particle in the
interface. [48]
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Figure 3. Capillary distortions generating attraction and repulsion between particles.

1.4 Charged particles at liquid-liquid interface

Often, colloidal particles are dispersed in aqueous phase due to surface charge induced by
dissociating functional, such as carboxyl groups, at the particle surface. At the fluid-fluid
interface, the surface groups may be neutralized depending on the dielectric constant of the
non-aqueous phase (Figure 4.). If the non-aqueous phase is non-polar fluid, such as air with
dielectric constant ~ 1, the functional groups in contact with air are neutralized. If the non-
aqueous phase is an oil, it is not clear whether the charges are neutralized or not, if the dielectric
constant of the oil is low = 2. But for oils with high dielectric constant = 5 the surface charges
can be stable at the particle surface in contact with the oil. Interactions between micrometer
sized particles at the interface are direct, such as electric, magnetic, or elastic, which are present
also in the bulk phase but the interactions behave differently at the interface. Indirect capillary
interactions can be induced by the direct interactions in addition to the anisotropic shape of the
particle. The direct interactions generate forces to the particles that deform the liquid-liquid
interface inducing the capillary interactions. Charged colloidal particles induce deformation on
the interface causing attractive electrocapillary interactions. Nanometer sized particles are
expected to behave mostly similar to micrometersized particles but very small particle may be
affected by the thermal fluctuations of the interface. [51]

Fluid withlowe =1

Interface

+ +

Water @ + + @

Figure 4. Charged particle in a fluid-water interface with partially neutralized surface groups.

1.5 Soft particles at liquid-liquid interface

The adsorption of particles, both perfectly soft (liquid droplets) and perfectly rigid, is
determined by the interfacial tensions between the three phases, v12, y1s, y2s. Soft particles can
spread at the liquid-liquid interface to displace more of the interfacial area than a similar
volume rigid spherical particle (Figure 5.). The spreading of the particle is characterized by
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contact radius (a) with the interface, and its ratio to the original radius (r) of the particle. The
ratio a/r depends only on the ratios of the interfacial tensions y1s/y12 and y2s/y12. Both rigid and
soft particles adsorb similarly to the interface when the value of y1s/y12 or y2s/y12 are high, since
large interfacial tension between the particle and either of the liquid phases (compared to the
liquid-liquid interfacial tension) keeps the soft particles approximately spherical. The
difference between soft and rigid particles arises when yis/y12 and y2s/y12 are small i.e. the
liquid-liquid interfacial tension is high compared to the solid-liquid interfacial tensions. In this
case, the soft particle can spread due to liquid-liquid interfacial tension and the deformed
particle displaces more of the liquid-liquid interfacial area than a similar rigid particle. The
adsorption energy of a soft particle adsorbing into the interface from the water is the same as a
similar rigid particle, if the value of yas/y12 is high. As the value of y2s/y12 decreases, the
adsorption energy of soft particles increases compared to rigid particles, due to the spreading
of the soft particle. And when y1s/y12 + y2s/y12 < 1, the interfacial tensions are favoring total
spreading of the soft particle and its adsorption energy is orders of magnitude larger than a
rigid particle. There is a critical point at y2s/y12 = 0 and y1s/y12 = 1, where perfectly soft particles
are at the edge between perfectly spreading and desorbing, and even a small change in the
interfacial tension can cause the change. For example, since gel particles are swollen by the
solvent, their surface properties can be also dominated by the solvent. Therefore, the interfacial
tension between the gel particle and the solvent phase is small (y2s/y12 =~ 0) and the interfacial
tensions between the gel particle and the other liquid would be close to the liquid-liquid
interfacial tension (yis/y12 = 1). Gel particles could be designed so that a small changes in
temperature or pH (resulting in the change of interfacial tensions) could change the particle
behavior from spreading to desorbing i.e. between extremely high adsorption energy and zero
adsorption energy. Depending on the particles size and mechanical properties, the particle can
behave as perfectly soft, perfectly rigid, or semi-soft. Semi-soft particles properties are
intermediate between two extremes. If the liquid-liquid interfacial tension is not too large, then
larger particles behave as rigid and smaller particles behave as perfectly soft (liquid droplets).
[52]

Liquid 1 Yis
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Figure 5. Deformed soft particle in comparison to a rigid particles at the liquid-liquid interface.
Contact radius with the interface = a, original radius =r.

1.6 Janus particles at liquid-liquid interface

1.6.1 Spherical Janus particles

Janus particles are colloidal particles with both hydrophilic and hydrophobic regions i.e.
regions with opposing wettability. In general, the equilibrium position of a colloidal particle at
the liquid-liquid interface is determined by the minimization of the interfacial energy between
solid and liquid phases, and between the two liquid phases. For chemically symmetric and
spherical Janus particles with equal areas of hydrophobicity and hydrophilicity, the energies
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are both minimized at contact angle 90° in the liquid-liquid interface, and when the interface
follows the Janus boundary between hydrophobic and hydrophilic regions, so that the
hydrophobic region is in the oil phase and the hydrophilic region is in the aqueous phase. In
contrast, homogenous spherical particles show varying contact angles depending on their
surface properties, since the interfacial energies are inversely proportional i.e. for example,
minimization of interfacial energy between solid and liquid phases maximizes the interfacial
energy between the two liquid phases, and therefore, the equilibrium position is found by
minimizing the sum of the two energy components. For spherical chemically symmetric and
moderately asymmetric Janus particles, the equilibrium position at liquid-liquid interface is
generally such that the interface follows the Janus boundary (Figure 6.). The Janus boundary
does not need to be at the center of the particle but it needs to be within a certain range from
center called Janus regime. Highly chemically asymmetric Janus particles can behave as
homogenous particles, if the ratios of the two opposite wettability are either very large or very
small, then the equilibrium position is the same as for similar homogenous particle. Janus
particles can be also trapped in a non-equilibrium orientation due surface roughness. The
adsorption energy of a chemically symmetrical Janus particle can be approximately three times
as much as the adsorption energy of a similar homogenous particle. The adsorption energy of
a spherical Janus particle decreases as the chemical symmetry decreases. [50]

oil Hydrophobic

Interface A

Janus regime
Water

Janus boundary

Hydrophilic

Figure 6. Janus particle at the liquid-liquid interface showing the hydrophilic and hydrophobic sides
with Janus boundary and Janus regime.

1.6.2 Non-spherical Janus particles

Non-spherical homogenous particles with large aspect ratio (such as cylinders or ellipsoids)
tend to adopt a horizontal orientation at the liquid-liquid interface to displace a maximum
amount of the interfacial surface. But if one half of, for example, a cylinder particle is
hydrophilic and the other half is hydrophobic, the geometric and chemical properties drive the
particles orientation to opposite directions and the interplay between these properties determine
the orientation of the particle (Figure 7.). In general, Janus ellipsoids, cylinders and dumb-bells
(two opposite wettability particles fused together) adopt a vertical orientation if the wettability
between the two regions is large or if the aspect ratio is close 1 i.e. the geometry is close to
spherical. The Janus particle may adopt tilted orientation where the particle is not vertically
nor horizontally located at the interface, if the wettability difference is low or the aspect ratio
is high. [50]
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Figure 7. Janus cylinders at different orientations in the liquid-liquid interface.
1.7 Emulsions stabilized by particles

1.7.1 Size, shape, and concentration

Emulsions stabilized by particles are also called Pickering emulsions. They are named after
Pickering who described the phenomena in 1907 [53]. Liquid-liquid emulsion with droplet size
between 1-100 um (macroemulsions) are thermodynamically unstable, but their degradation
may be so slow that they can be considered kinetically stable, or metastable [45]. The particles
ability to stabilize emulsions depends on the particle size and shape, size distribution, particle
concentration, particles wettability, particle-particle interactions, and on the oil and aqueous
phase properties. The particles stabilize emulsions due to the steric barrier formed at the liquid-
liquid interface. [45, 46, 54] The size of the particles that can be utilized to stabilize emulsions
ranges from nanometers to micrometers. Experimentally, stable emulsions have been observed
with particle size 5 nm to 52 um [49]. The size of the particle needs to be orders of magnitude
smaller than the droplet, and usually smaller particles form more stable emulsions due to closer
packing of the particles at the liquid-liquid interface. [45, 46] Wide particle size distribution
usually decreases the emulsion stability due to unorganized adsorption on the interface [46].
Increasing the particle concentration usually decreases the droplets size and results in more
stable emulsions [54]. Generally, non-spherical particles with high aspect ratio can stabilize
emulsion at lower concentrations than similar spherical particles. [55] In some cases non-
spherical particles can stabilize emulsion that spherical particles are unable to stabilize. [49]
This is due to the higher surface area displaced at the interface resulting in larger free energy
of adsorption for a disc-shaped particle compared to spherical particle of the same volume. [55,
46] Also, anisotropic particles induce greater curvature of the liquid-liquid interface that results
in attractive capillary forces between particles at the interface. [49, 55] Capillary pressure is
the result of the curvature of the liquid-liquid interface in between the solid particles at the
interface. [45, 49] Long fiber-shaped particles can also induce greater steric barrier against
coalescence due to entanglement of the fibers. The surface roughness of the particle can
increase or decrease the emulsion stability. Some surface roughness can increase the capillary
forces between particles and increase the emulsion stability. [46] But excessive roughness can
decrease the emulsion stability due to heterogeneous wetting of the particles [46, 55].

1.7.2 Wettability

The contact angle dictates weather the oil-in-water emulsion (O/W) or water-in-oil emulsion
(W/O) is more favorable assuming the oil/water volume ratio is equal to 1 [54]. If the contact
angle on the aqueous phase side is < 90°, the particle is more wetted by the aqueous phase and
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O/W is more favorable. And similarly, if the contact angle is > 90°, the particle is more wetted
by the oil phase and W/O is more favorable. If the contact angle is very close to 90°, than no
favorable emulsion type exists and the type of the emulsion depends on other factors such as
solution and particle properties, and concentration of the particles. Very low (= 0°) or very high
(= 180°) contact angles do not result in stable emulsions [45] as predicted by the equation of
adsorption free energy. Experimentally, stable emulsions have been observed with contact
angles between 20° to 120° [49]. The equation also states that the energy maximum is achieved
at contact angle 90°, but the equation does not count for capillary pressures, and therefore the
maximum stability of the emulsion is achieved when the particle is slightly more wetted by the
continuous phase. [47, 49] Either O/W or W/O emulsions can be prepared by changing the
oil/water volume ratio without altering the particle wettability. In a system consisting of
particles, water, and oil, the type of emulsion can be changed by increasing, for example, the
oil fraction. Initially, when the oil fraction is low, O/W emulsion is formed, but when the
fraction of oil is gradually increased and reaches a critical oil/water volume ratio, phase
inversion occurs and the system transitions into W/O emulsion. The exact value of the critical
oil/water volume ratio depends on the particle wettability. As the hydrophilicity of the particle
is increased, the value of critical oil/water ratio increases. This is since hydrophilic particles
are more wetted by aqueous phase and prefer the formation of O/W emulsions. Similarly,
hydrophobic particles are more wetted by the oil phase and prefer the formation of W/O
emulsions, and the value of critical oil/water ratio is decreased. If the particle is well wetted by
both oil and aqueous phase and it can be dispersed in either one of the phases, the value of
critical oil/water volume ratio depends on in which phase the particles were dispersed before
emulsification. If the particle was first dispersed in water phase, the value of critical oil/water
volume ratio is high i.e. more oil than water. And if the particle was first dispersed in oil phase
the value of critical oil/water volume ratio is low i.e. more water than oil. This could be
explained by the different contact angles the particles adopt depending on from which phase
the particle is adsorbed to the interface, which is attributed to the hysteresis of the contact angle
caused by surface roughness. The contact angle is more likely to be smaller at side of the
original phase i.e. particle is more wetted by the phase where it was originally dispersed.
Therefore, the particles appear more hydrophilic if they were dispersed in aqueous phase prior
to emulsification, and they appear more hydrophobic if they were dispersed in oil phase prior
to emulsification. [54]

1.7.3 Particle-particle interactions

Since the particles are very strongly attached to the interface, the particles are more likely to
move along the interface rather than to desorb into the bulk phase. Therefore, particle-particle
interaction such as electrostatic repulsion, dipole-dipole repulsion, and van der Waals
attractions, in addition to capillary forces are important for the structuring of the particles at
the interface and the stability of the emulsion. [45] Coalescence of two bare droplets requires
for the draining and thinning of the film between droplets. As the thinning progresses, a hole
in the film is formed and due to its expansion the film becomes eventually unstable and
coalescence takes place. If the droplets are covered with particles, they need to be dislocated
for coalescence to take place. The particle are more likely to move along the interface rather
than desorb due to the high adsorption energy, and therefore, particle-particle interactions may
become the limiting factor in the emulsion stability. [45] The idealized arrangement of the
particles at the interface is a closely packed single monolayer. This kind of ideal monolayer is
not often observed due to various reasons, but the limiting factor may be the availability of
dispersed particles to adsorb at the newly formed liquid-liquid interface during the
emulsification process. Also, independent of particle concentration, the dispersed particles may
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be in weakly-aggregated in the bulk continuous phase and are therefore unable to arrange as a
closely packed monolayer. This leads to incompletely covered droplets and non-ideal
arrangements of the particles at the interface. [55] Particles may have been partially-flocculated
or coagulated in the bulk-phase prior to adsorption forming clusters of particles at the interface.
The particles can also form chain like flocculations at the interface due to attractive capillary
forces. [45] Therefore, instead of forming a monolayer, the particles are structured in the
continuous phase forming a disordered multilayer of particles due to attractive particle-particle
interactions [49, 55]. The multilayer exhibits gel-like structure and enhances significantly the
emulsions stability against coalescence. [55] Particles can also form stable droplet flocs by
bridging between droplets. This can be formed through multilayer adsorption, or if the particle
concentration is low, and droplets are only partially covered with particle, in the way that the
particle adsorbed at one droplet can interact with the bare surface of another droplet bridging
the two droplets by a single monolayer. [45]

1.7.4 Qil and aqueous phase properties

Colloidal particles dispersed in the aqueous phase are usually charged and affected by the
electrolyte concentration of the aqueous phase. Increased electrolyte concentration reduces
their surface potential and leads to coagulation of particles into flocs. As the electrolyte
concentration is increased, the particles become less charged due to screening of the surface
charge and therefore more hydrophobic. The increased hydrophobicity of the particle results in
weakly flocculated particles, which increases the emulsion stability. If the electrolyte
concentration is increased further, the particles are completely flocculated, which decreases the
emulsion stability. [54] Particles appear more hydrophobic at the liquid-liquid interface when
the oil phase is polar, such as ester or alcohol. This results in W/O emulsion being more
favorable. And when the oil phase is non-polar such as alkene, the particles appear more
hydrophilic, resulting in O/W emulsion being more favorable [46, 54]. The rheological
properties of the interface and continuous phase also contribute to the emulsion stability.
Increased viscosity can increase the emulsion stability, due to hindering the draining and
thinning of the film between droplets. [46]

1.8 Chitin, chitosan, and other selected polysaccharides

1.8.1 Polysaccharides

Polysaccharides among with proteins and nucleic acids are biopolymers produced by living
organisms. Polysaccharides consist of monosaccharides that are bonded by glycosidic linkages
such as starch, cellulose, chitin/chitosan, and alginate. Since all these polymers are produced
by living organisms, they are renewable and biodegradable. [49] In polymeric form
polysaccharides are hydrophilic and some of them, such as, starch, chitosan, and alginate, can
be dissolved in aqueous solutions. Although, polysaccharides show very little interfacial
activity in polymeric form due to the lack of hydrophobic moieties [56, 57, 58], in particle form
polysaccharides can stabilize emulsions by adsorbing at the liquid-liquid interface [59, 60, 61].
Polysaccharide particles have found use in pharmaceutical [62, 63], food [64, 59, 65], and
environmental applications [44, 43] due to their desirable properties such as, cheapness,
biocompatibility, non-toxicity, and sustainability [66].
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1.8.2 Chitin and Chitosan

Chitin consists of linear B(1,4)-linked N-acetyl-D-glucoseamine units (Figure 8.). Hydrogen
bonding between adjacent monomers stabilize the linear conformation. Hydrogen bonding and
van der Waals interactions between polymer chains stabilize the structure and make chitin
partially crystalline. Chitin is found in fungi, and in the shells of crustacean and insects, for
example. Its structure gives toughness to the shells of the crustacean and insects. Chitosan can
be produced from chitin by deacetylation. This is commercially done in hot concentrated
aqueous NaOH solution. Therefore, chitosan consists of B(1,4)-linked D-glucoseamine units.
The degree of deacetylation (DD) can vary between 0-100%. Usually, when DD > 50% the
polymer is called chitosan and when DD < 50% it’s called chitin. Although, DD of 0 or 100%
is practically difficult to achieve, and therefore, to be exact, both chitin and chitosan are
copolymers consisting of randomly distributed p(1,4)-linked N-acetyl-D-glucoseamine and
B(1,4)-linked D-glucoseamine units. Chitin is insoluble to common solvents, while chitosan is
soluble to dilute aqueous acid solutions due to the protonation of the free primary amino groups
exposed by deacetylation. The pKa value of the amino groups is 6.5, approximately. Recently
[67], novel aqueous systems have been developed to dissolve both chitin and chitosan. By
varying the LiOH and KOH ratio in LiOH/KOH/urea aqueous solution, chitin and chitosan
with DD values between 5 to 94% can be dissolved using freezing/thawing method.
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Figure 8. Structures of chitosan and chitin showing the deacetylated glucoseamine unit (chitosan) and
acetylated glucoseamine unit (chitin).

1.8.3 Cellulose

Cellulose consists of linear B(1,4)-linked D-glucose units (Figure 9.). The structure is very
similar to chitin and chitosan, except that the amide or amine group, respectively, is replaced
by a hydroxyl group. The hydrogen bonding between adjacent glucose units stabilizes the linear
configuration of the polymer chain. The interaction between polymer chains due to van der
Waals forces and hydrogen bonding makes cellulose relatively stable and partially crystalline.
The structure of cellulose provides stiffness to trees, plants, and algae, for example. [68] Native
cellulose is insoluble in common solvents.
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Figure 9. Structure of cellulose showing two adjacent linearly (1,4)-linked D-glucose units.
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1.8.4 Starch

Starch is a mixture of two polysaccharides, amylose and amylopectin. Amylose consists of
linear a(1,4)-linked D-glucose units and it’s slightly o(1,6)-branched constituting
approximately 18-33% of starch. Amylopectin also consists of linear o(1,4)-linked D-glucose
units but it’s highly a(1,6)-branched and it constitutes approximately 72-82% of starch (Figure
10.). The exact composition depends on the source of the starch. [69] Starch can be extracted
from variety of sources. Industrially the most important source is maize, and other sources
being potato and wheat, for example. [70] Starch is soluble in hot water.
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Figure 10. Structure of starch showing the linearly a(1,4)-linked D-glucose units and a(1,6)-
branching.

1.8.5 Alginate

Alginate is a linear copolymer of [(1,4)-linked D-mannuronic (M) and a(1,4)-linked L-
guluronic (G) acids with pKa values 3.38 and 3.65, respectively (Figure 11.). [71] The physical
properties of alginate depend on the distribution of M and G monomers and on the molecular
weight. [72] Three different segments are present in the alginate: M-M, G-G, and alternating
M-G segments. Sodium alginate (salt form of alginate) containing more G monomers is more
soluble in water than sodium alginate containing more M monomers. Alginates can be
produced from algae or bacteria but the commercially available alginates are prepared mainly
from brown algae by using alkaline extraction. [73]
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Figure 11. Structure of alginate showing the G-G and M-M segments.

1.9 Synthesis of polysaccharide nanoparticles by selected methods

1.9.1 Self-assembly methods

Amphiphilic polysaccharides can form small size micelles or aggregates in aqueous solutions,
which can be exploited to produce nano and micro scale particles. The polysaccharides needs
to be water-soluble and contain hydrophobic moieties, and as the polysaccharides are dissolved
in water, aggregation occurs due to the interaction between the hydrophobic moieties.

23



Depending on the hydrophobic and hydrophilic functional groups, the properties of the
particles can be adjusted. [71] The technique can be utilized to make monodisperse particles in
mild conditions, but it may require heavy modification of the polysaccharides to introduce
suitable hydrophobic and hydrophilic functional groups.

1.9.2 lonic gelation of polyelectrolyte

Polyelectrolytes can be aggregated by oppositely charged multivalent ions or molecules in to
small particles. The polyelectrolyte is cross-linked due to the interaction between multivalent
ions and the charged functional groups in the polyelectrolyte. For example, chitosan is a
positively charged polysaccharide due to the primary amino groups and alginate is a negatively
charged polysaccharide due to the carboxylic groups. These polysaccharide solutions can be
aggregated into small particles by addition of sodium tripolyphosphate (TPP) solution or
calcium chloride solution, respectively. lonic gelation is a simple, convenient, controllable, and
aqueous phase process for nanoparticle preparation without organic solvents or toxic
chemicals. [71]

1.9.3 Complex coacervation method

Similar to ionic gelation, two oppositely charged polyelectrolytes can be used to produce small
particles. For example, chitosan and alginate solutions can be mixed to form aggregates due to
the oppositely charged functional groups in chitosan and alginate. The method is simple
aqueous phase process with mild conditions. [71] The particle size may be difficult to control
and also the agglomeration of particles might be difficult to prevent. Additionally, the particles
show limited stability depending on the used biopolymers. [66]

1.9.4 Desolvation/precipitation method

Polysaccharide particles can be formed by first dissolving the polymer into an aqueous solution
followed by desolvation of the polymer. The desolvation can occur due to charge changes in
the polysaccharide or by addition of an anti-solvent making the polysaccharide insoluble in the
aqueous phase. [71] For example, the desolvation can be done by adjusting the pH until the
functional groups in the polyelectrolyte are neutralized and it is no longer charged and soluble
in the aqueous phase. Addition of an anti-solvent, such as an organic solvent, requires that it is
miscible over the concentration range at which it will be used. The desolvation is induced by
the interactions between solvent, solute and anti-solvent. The solute-solute interactions
overcome the other interactions and entropy of mixing at some solvent/anti-solvent ratio, and
the solute precipitates. The particles need to have sufficient particle-particle repulsion to avoid
aggregation. [66] The stages of desolvation/precipitation method are: supersaturation,
nucleation, particle growth, coagulation [74]. The desolvation/precipitation method is
attractive due to its simplicity, cheapness, and scalability [75]. It is also widely used industrially
to produce particles for pharmaceutical applications. [66]

1.9.5 Emulsification method

Polysaccharides are dissolved in water and an emulsion is formed with an immiscible phase,
which can be an oil (W/O emulsion) or another aqueous phase (W/W emulsion), for example
aqueous protein solution and aqueous polysaccharide solution. After the emulsification the
polysaccharide is gelled inside the droplets to form small particles. More complex particle
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structures can be prepared by employing W/W/O or W/O/W emulsions. The prepared particles
need to be separated from the oil phase by centrifugation, filtering, and/or washing. [66] Due
to the more complex reaction conditions and the use of large amounts of organic solvents, the
emulsification method has some drawbacks compared to aqueous phase methods. The
conventional emulsification method has been further developed by employing microfluidic
devises or membranes to prepare small droplet W/O emulsions. [71]

1.9.6 Isolation of nanocrystals

Many of the polysaccharides are semi-crystalline and the crystalline phase can be extracted
from the amorphous phase by variety of methods to yield nanocrystals. For example, cellulose
[61], chitin [76, 77], and starch [59] nanocrystals have been prepared using acid hydrolysis and
the resulted nanocrystals have been employed to stabilize emulsion. In acid hydrolysis,
typically either HCI or H2SO4 aqueous solutions are used with the solid polysaccharide
dispersed in the solution. The reaction is allowed to proceed for hours or days depending on
the raw material, polysaccharide, and reaction parameters, such as acid concentration, acid
type, and temperature [70, 78]. The amorphous phase is hydrolyzed into soluble species and
dissolved while the solid crystalline phase is left intact. Nanocrystals and nanofibers of a-chitin
and cellulose can be also isolated by 2,2,6,6-tetramethyl-piperidinyl-1-oxyl (TEMPO)-
oxidation. The chitin or cellulose is dispersed in alkaline (pH 10) aqueous solution containing
TEMPO and NaBr, and the oxidation is initiated by addition of NaOCI as co-oxidant. During
the oxidation, the amorphous phase is dissolved. Some of the hydroxyl groups in a-chitin
crystals are transformed into carboxyl groups, which induce negative electric repulsion
between nanocrystals inhibiting their agglomeration. Chitin is not deacetylated during
TEMPO-oxidation. Another way to prepare chitin nanofibers is partial deacetylation of chitin
followed by mechanical disintegration into nanofibers. This method produces nanofibers with
positive surface charge due to deacetylation and formation of free amino groups, in contrast to
the negatively charged nanofibers produced by the TEMPO-oxidation.

1.10 Chitosan nanoparticles

1.10.1 Synthesis of chitosan nanoparticles

Native chitosan nanoparticles can be prepared by desolvation without cross-linking agents by
simply adjusting the pH close to the pKa value (= 6.5) of the amino groups [79, 80].
Ultrasonication may be used to assist the dispersing of the chitosan particles into the solution
[81, 82]. The amino groups can be also exploited to synthesize nanoparticles using ionic or
covalent cross-linking. lonic cross-linking with tripolyphosphate (TPP) has received a lot of
attention in the literature due to its applications in drug delivery systems [83, 84] and the
different parameters affecting the formation and properties of the nanoparticles has been
thoroughly explored [85, 86, 87]. The synthesis is simple, first the chitosan is dissolved in
dilute aqueous acid solution. Acetic acid is widely used in literature to dissolve chitosan. And
second, the TPP solution is added into the chitosan solution while stirring. The negatively
charged multivalent polyphosphate anion attracts the positively charged amino groups in
chitosan and cross-links the polymer chains to form particles. For the formation of
nanoparticles, the maximum concentrations of TPP and chitosan are 1.0 mg/ml and 1.5 mg/ml,
respectively. Generally, the particle size increases as a function of the concentration of either
TPP or chitosan. Also, as the mass ratio of chitosan to TPP decreases, the size of the particles
also decreases due to the increased cross-linking density. The effect of pH was also studied
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from 3.6 to 5.5, and it was concluded that the optimal chitosan to TPP mass ratio decreased
with decreasing pH, mainly due to the changes in the protonation degree of the amino groups
in chitosan. The particle size decreased with increasing temperature from 10-60 °C which was
attributed to the decrease in the viscosity of the chitosan solution. Increased stirring speed was
found to decrease the particle size distribution between 200 to 800 rpm but higher stirring speed
caused also small amount of aggregation of the particle. [85] Due to the simplicity of the
synthesis, it has been studied for scale-up [88, 89, 90] using different kind of static mixers to
produce the nanoparticles continuously. An example of covalent cross-linking of chitosan is
using glutaraldehyde as the cross-linking agent. The aldehyde groups in glutaraldehyde react
readily with the primary amino groups of chitosan producing an imine. Emulsification method
usually employed to prepare glutaraldehyde cross-linked chitosan particles. A water-in-oil
emulsion is prepared using the aqueous chitosan solution and glutaraldehyde is added into the
emulsion [91].

1.10.2 Chitosan nanoparticles at liquid-liquid interface

Native chitosan nanoparticles were prepared by adjusting the pH to 6.5-6.9 [79, 82, 81] and
oil-in-water emulsions stabilized by the prepared particles were studied. The particle could
form stable emulsion by adsorbing into the liquid-liquid interface with at least liquid paraffin,
n-hexane, toluene, dichloromethane, [79] corn oil, [82] palm oil, [81] and medium chain
triglycerides [80] which have varying properties, such as dielectric constants and viscosities.
Liu et al. [79] demonstrated reversible emulsification of liquid paraffin by exploiting the
reversible formation of the particle by pH adjustment. The emulsion could be formed by mixing
the aqueous particle dispersion with oil and then demulsified by adding HCI to dissolve the
particles. The particles could be reformed by adjusting the pH back to 6.7 and the emulsion
could be reproduced. The recycling could be done at least 5 times. Mwangi et al. [80] studied
the effect of chitosan concentration, ionic strength, pH, and temperature on the stability of
medium chain triglycerides emulsions stabilized by chitosan particles. The droplets diameter
was inversely proportional to the chitosan concentration indicating that increasing the amount
of particles decreases the droplet diameter due to the more available particles to adsorb into the
interface. The influence of NaCl concentration was studied between 0-500 mM and
coalescence and creaming stability were improved on all NaCl concentrations. This was
attributed to the decreased repulsions between adsorbed and non-adsorbed particles and
resulting enhancement of the interfacial film. The increase of pH to 7-8 increased the stability
of the emulsions due to the aggregation of the particle around the droplets resulting in
strengthening of the interfacial film. When the pH was decreased from 6 to 3, an increase in
the droplet diameter was observed due to the partial dissolution of the particles, and in pH 2
demulsification occurred. The effect of temperature (30-90 °C) was studied with 30 min
heating time. The emulsions were stable up to 50 °C after which droplet size increased
significantly, which was attributed to increased Brownian motion of the particles.

Chitosan nanoparticles cross-linked with TPP were applied to stabilize medium chain
triglyceride in water emulsion and the stability of the emulsions were studied as a function of
time, pH, and ionic strength. The higher chitosan concentration increased the emulsion stability
during the storage time. In low concentration samples the droplet size increased while higher
concentration samples remained almost unchanged. The effect of pH was not significant
between pH values 2-7. The droplets sizes remained nearly constant at pH 2-4 but slight
increase in pH 5-7 was observed. This was attributed to the low charge at the surface of the
droplets resulting in only weak repulsion. [92] Alternatively, this could be explained by the
degradation of the particles due to the deprotonation of the amino groups at near neutral pH.
The effect of salinity (NaCl or CaCl.) was also studied at concentrations 0-200 mM in pH 3,
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6, and 7. The addition of salt into the emulsions did not change the emulsions significantly but
a slight increase in droplet size was observed [92].

1.11 Carboxymethyl chitosan

1.11.1 Properties of carboxymethyl chitosan

The applications of chitosan are limited by its solubility in only acidic aqueous solutions.
Chitosan can be made soluble in neutral and alkaline aqueous solutions by introducing
carboxylic groups into chitosan. Due to the presence of both amino and carboxylic groups, the
solubility of the carboxymethyl chitosan differs from the native chitosan. The pKa of the
carboxylic groups is approximately 4 and since there is also amino groups present in the
polymer back-bonce, there is an isoelectric point at approximately pH 5. The isoelectric point
results in insolubility of the polymer at around pH 5 due to the strong attraction between
oppositely charged amino and carboxylic groups. The carboxymethyl chitosan is soluble at pH
<3 and >7, approximately. The exact pH range of insolubility depends on the reaction
conditions, such as temperature. [93] Carboxyl modified chitosan is a widely studied chitosan
derivative due to its simple preparation, non-toxicity, and biodegradability [94].

1.11.2 Synthesis by reductive alkylation using aldehydes

The primary amino group in chitosan is reacted with glyoxylic acid to form an imine. The imine
is reduced to give N-Carboxymethyl chitosan by using a reducing agent, such as NaBHa or
NaCNBHs. The reaction can be done in homogenous conditions due to the solubility of
chitosan in dilute acidic aqueous solutions. The reaction is selective to amino groups leaving
hydroxyl groups unreacted. Although, disubstituted N,N-Carboxymethyl chitosan is also
formed due to the high reactivity of glyoxylic acid. The substitution degree of N-
Carboxymethyl chitosan can be controlled by varying the relative amounts of reagents and
reaction conditions. Reductive alkylation requires fairly expensive reagents such as, glyoxylic
acid, NaBH4, and NaCNBHs making it an expensive process to prepare carboxymethyl
chitosan. [95, 96]

1.11.3 Synthesis by direct alkylation using monochloroacetic acid

The hydroxyl and/or amino groups of chitosan are reacted with monochloroacetic acid in
heterogeneous conditions in a mixture of water, isopropanol, and NaOH. By varying the
reaction conditions, N-carboxymethyl, N,O-carboxymethyl, or O-carboxymethyl chitosan can
be prepared. Highly alkaline conditions and low temperature (approximately 50% NaOH)
favors the formation of O-carboxymethyl chitosan. Lower alkalinity and higher temperature
also allows the reaction of amino groups and results in N,O-carboxymethyl chitosan.
Deacetylation and depolymerization of the native chitosan also occurs during the reaction due
to very high NaOH concentrations. [93, 97]

1.12 Carboxymethyl chitosan nanoparticles

Carboxymethyl chitosan nanoparticles can be synthesized with similar strategy as chitosan
nanoparticles. Due to the presence of carboxylic groups, it is possible to use positive
multivalent ions to ionically cross-link the polymer chains. For example, calcium ions can be
used for this purpose [98, 99, 94]. The negatively charged carboxylic groups at pH >7 can
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interact with the positively charged Ca?* ions and cross-link the polymer chains to form
particles. This has certain advantages that the native chitosan nanoparticles cross-linked with
TPP do not have, such as the ability to prepare nanoparticles at neutral and alkaline pH. The
native chitosan nanoparticles aggregate at neutral or higher pH due to the deprotonation of the
amino groups and subsequent degradation of the nanoparticles due to lack of cross-linking. In
the literature, the calcium cross-linked carboxymethyl chitosan nanoparticles are mainly
studied for encapsulation and controlled-release of substances [100, 101, 99, 102, 103, 98]

Shi et al. [98] determined the effect of carboxymethyl chitosan and CaCl> concentration, and
carboxymethyl chitosan molecular weight and substitution degree, to the formation of
carboxymethyl chitosan nanoparticles. The particle size and size distribution increased as the
concentration of either carboxymethyl chitosan or CaCl, was increased. Increasing molecular
weight of the carboxymethyl chitosan decreased the amount of calcium ions required to form
nanoparticles. This was attributed to the conformational changes of longer chain
carboxymethyl chitosan during the coordination to calcium ions. Also, increased substitution
degree decreased the amount of required calcium ions, which was attributed to the increased
negative charge density in the highly substituted carboxymethyl chitosan. [98] Although,
alternatively both of these trends can be explained by the increased cross-linking between
polymer chains, which leads to the formation of insoluble aggregates i.e. nanoparticles. Longer
polymer chains requires less calcium ions to cross-link the same weight of the carboxymethyl
chitosan. In addition, the solubility of polymers usually decreases as the molecular weight
increases, which could contribute to the aggregation of the longer chain carboxymethyl
chitosan. Higher substitution degree also increases the cross-linking between polymer chains
due to the increased probability of inter chain cross-linking rather than intra chain cross-
linking. Shi et al. [98] also reported that increased molecular weight increased the size of the
nanoparticles due to entanglement of the longer polymer chains, and the increase in substitution
degree decreased the size slightly due to more compact conformation of the polymer chains.
The effect of pH was not studied by Shi et al. or any other author in the literature. Also,
carboxymethyl chitosan nanoparticles have not been studied for their emulsification properties.
Although, it has been noted recently that they could have potential in the field of Pickering
emulsions [104].
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2 Research objectives

The objective of this research work was to develop chitosan-based nanoparticles for possible
use in oil-spill treatment. The particles should adsorb into the liquid-liquid interface and
stabilize oil-in-water emulsions. The emulsification of oil could prevent the oil from spreading
on the water surface and also increase the surface area of the oil and make it more available to
the natural biodegradation. For effective adsorption into the liquid-liquid interface, the particles
need to be well dispersed in the aqueous phase. Therefore, colloidal particles (1-1000 nm)
would be most suitable for this purpose. Both the adsorption free energy and the size of the
stabilized droplet increases with the increase of particle size. Therefore, to maximize the
emulsion stability, the particle size should not be very small (= 1 nm) but not very large (=
1000 nm) since the droplet size is generally inversely proportional to the emulsions stability.
Most of the water in nature is sea water with pH of approximately 8 and the salinity of up to
3.5m-%. The chitosan was modified to form stable colloidal particles in pH > 7, since native
chitosan is insoluble and neutral at pH > 6.5. Since carboxymethyl chitosan nanoparticles have
not been studied previously as emulsifiers and they are capable of forming stable nanoparticles
in pH > 7, the research is concentrated on carboxymethyl chitosan nanoparticles and their
properties.

The objectives of the study are:

Develop chitosan-based nanoparticle that are stable in pH > 7 (Paper | &II).

Study the emulsification properties of the developed particles (Papers | & 111)

Study reversibility of the emulsification (Paper I11).

Study the effect of further modification of the particles to the emulsification properties (Papers
& 1v).

3 Materials and methods

3.1 Synthesis of chitosan derivatives and their nanoparticles

3.1.1 Carboxymethyl chitosan

The carboxymethyl chitosan was synthesized using chloroacetic acid in alkaline reaction
medium due to the simple reaction conditions and cheap reactants. Typically, solid chitosan (1
g) was mixed with NaOH (1.35 g), water (6 ml), and 2-propanol (24 ml). The mixture was
stirred at 50 °C for 1 hour, after which chloroacetic acid (1.5 g) dissolved in 2-propanol (2 ml)
was added drop wise, and the stirring was continued for 4 hours at 50 °C. The solid product
was washed with 70% aqueous ethanol solution followed by washing with absolute ethanol.
The product was dried at room temperature over-night.

Carboxymethyl chitosan nanoparticles were synthesized by ionic gelation and desolvation
methods. Carboxymethyl chitosan was dissolved into water (0.5 mg/ml) and aqueous CaCl;
solution (1.5 m-%) was added while stirring to cross-link the carboxymethyl chitosan into
nanoparticles. The amount of CaCl> solution required for the nanoparticle formation depends
on the pH of the aqueous phase in neutral or alkaline conditions (Il). At acidic pH, the
nanoparticles self-assemble due to the protonation of the amino groups resulting in attractive
interaction between amino and carboxyl groups, and CaCl> solution is not needed for cross-
linking (11, 111).
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3.1.2 Hydrophobically modified carboxymethyl chitosan

The introduction of hydrophobic moieties to carboxymethyl chitosan was done using reductive
alkylation by employing aldehydes. Typically, the carboxymethyl chitosan (0.75 g) was
dissolved in water (42 ml) and ethanol (30 ml) was added. Then, dodecanal (30 pl) was added
and the mixture was stirred for 20 min followed by the addition of NaCNBH3 (30 mg). The
reaction was allowed to proceed for 20 h and then the product was precipitated in absolute
ethanol (400 ml). The product was washed with 90% aqueous ethanol followed by washing
with absolute ethanol. The product was dried in room temperature over-night.
Hydrophobically modified carboxymethyl chitosan nanoparticles were synthesized by
desolvation method similarly to the carboxymethyl chitosan nanoparticles by adjusting the pH
of the solution.

3.1.3 Vanillin-chitosan

The vanillin-chitosan was prepared by forming an imine bond between vanillin and chitosan
followed by reduction of the imine into amine. Typically, chitosan solution (2%) was prepared
by dissolving chitosan into aqueous acetic acid solution (1%). The vanillin (1 equivalent to
available amino groups) was dissolved in acetone and added drop wise into the chitosan
solution while stirring. The resulted yellow viscous solution was poured into silicon molds and
dried at 70 °C for 8 hours. The formed films were ground into a fine powder (< 150 um) and
dispersed into an aqueous NaOH solution (0.1 M) containing NaBH4 (2 equivalents to available
amino groups) and stirred over-night. The solid product was washed with NaOH (0.1 M),
dispersed into water (50 ml), and neutralized with HCI (1 M). The solid product was further
washed with water and absolute ethanol, and dried at room temperature.

Vanillin-chitosan nanoparticles were synthesized by desolvation method. The vanillin-chitosan
was dissolved in agueous HCI (0.05 M) and the vanillin-chitosan solution was added drop wise
into aqueous NaOH (0.1 M) while vigorously stirring. The nanoparticles were formed by
desolvation of the vanillin-chitosan in alkaline conditions, and the colloid was stabilized by the
electrostatic repulsion between the particles induced by the deprotonation of the phenol groups.

3.2 Characterizations

Fourier transformation infrared spectroscopy (FTIR) was conducted with Nicolet Nexus 8700
(USA). Dynamic light scattering (DLS) and zeta-potential measurements were conducted with
ZetaSizer Nano ZS apparatus (Malvern Instruments Ltd.). Scanning electron microscopy
(SEM) imaging was conducted on a Hitachi S-4800 FEG Cryo-SEM operated at 3.0 kV.
Samples were allowed to dry in room temperature and the dried samples were carbon coated
twice for 9.9 s with Cressington 208 Turbo Carbon Coater at 4 kV in vacuum (10—4 mbar).
Transmission electron microscopy (TEM) was conducted on a FEI Tecnai G2 F30 FEG TEM
operated at 200 kV and Hitachi 7700. X-ray energy dispersive spectroscopy (EDS) was
conducted on Bruker AXS Microanalysis GmbH operated at 200 kV. Cryo-scanning electron
microscopy (Cryo-SEM) imaging was conducted on a Hitachi S-4800 FEG Cryo-SEM
operated at 3.0 kV at —120 °C. A droplet of the emulsion was frozen in slushed liquid nitrogen
followed by fracturing at —130 °C. The solvent was sublimated at —95 °C for 5 min and the
sample was sputtered with Pt-Pd composite at 10 mA for 88 s. Deacetylation degree (DA) of
chitosan and substitution degree (DS) of carboxymethyl chitosan was determined by
conductometric and potentiometric titrations by dissolving the sample in HCI or NaOH
aqueous solutions and titrating with NaOH or HCI aqueous solutions, respectively. The
conductance and pH of the solutions were measured and the DA and DS were determined based
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on the detected inflection points. For *H NMR analyses, the samples were dissolved in D,O
containing 0.7% of DCI and placed in 5 mm NMR tubes. The *H NMR spectra were recorded
using Bruker Ascend 400 MHz spectrometer and standard proton parameters with the delay
time (d1) of 6 s at 70 °C.

4 Results and discussion

4.1 Carboxymethyl chitosan nanoparticles and their properties

Carboxymethyl chitosan nanoparticles were synthesized by ionic gelation method using
MgCl;, CaCly, and SrCl; in pH 7. Due to the weak interaction between carboxyl groups and
Mg?* and Sr?* ions, these particles were very unstable and were not studied in detail.
Nanoparticle cross-linked with Ca?* (CMC-Ca) were more stable and therefore studied in more
detail (Figure 12.). The CMC-Ca were fairly stable in increased salinity (up to 4m-% NaCl) at
pH 7 and only the size of the particles was increased as detected by DLS measurements. The
increased size could be due to the swelling of the particles in saline solution. The CMC-Ca
were unstable in increased pH and larger aggregates were formed (Paper I).
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Figure 12. The size (e), PDI (o), and zeta-potential () of CMC-Ca nanoparticles as a function of
NaCl concentration and pH. (Paper 1)

The pH stability of the CMC-Ca was studied in more detail (Paper II) since at pH 7-9 all the
carboxyl groups are deprotonated and the adjustment of pH should not have significant effect
on the interaction between Ca?* and carboxyl groups. It was found that the interaction between
the protonated amino groups and deprotonated carboxyl groups in carboxymethyl chitosan had
significant contribution to the stability of the particles. The CMC-Ca could be made stable in
varying pH conditions (7-9) by adjusting the pH to the desired value during the synthesis of
the particles (Figure 13.). Simultaneously, the amount of added Ca?* ions had to be increased
due to the decreased interaction between protonated amino groups and deprotonated carboxyl
groups. Previously in literature, the need for increased Ca?* concentration was attributed to
zeta-potential, hydrophobic interactions, and rigidity of the polymer chain [102]. By adjusting
the pH and Ca?* concentration during the synthesis, the size of the particles could be adjusted
between 150-300 nm, approximately (Figure 13.). The carboxymethyl chitosan nanoparticles
could be also prepared solely by the interaction between amino and carboxyl groups by
decreasing the pH of the solution to approximately 6. (Paper I1)
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Figure 13. The formation of CMC nanoparticles as a function of Ca?* concentration and pH. (Paper 11)

Vanillin substituted chitosan (V-Chitosan) particles were prepared by precipitation in NaOH
aqueous solution. The colloidal particles were stable in pH > 10.5 due to the electrostatic
repulsion induced by deprotonated phenol groups in the vanillin moieties. The size of the
prepared particles were between 250-500 nm depending on the concentration of the prepared
colloidal solution (Figure 14.). (Paper IV)
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Figure 14. The size, PDI, and zeta-potential of VV-Chitosan particles as a function of V-Chitosan
concentration. (Paper 1V)
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4.2 Carboxymethyl chitosan nanoparticles in contact with liquid-liquid
interface

The CMC-Ca adsorbed at the oil-water interface and could stabilize emulsions (Figure 15).
The emulsion stability was improved compared to the native carboxymethyl chitosan. The
CMC-Ca were detected at the oil-water interface by Cryo-SEM imaging. In comparison, native
carboxymethyl chitosan was not detected at the interface and remained in the solution
providing mainly steric barrier against droplet coalescence. (Paper I)
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Figure 15. Cryo-SEM images of an oil droplet emulsified by CMC-Ca nanoparticles and polymeric
CMC. (Paper I)

The CMC nanoparticles formed through the interaction between amino and carboxyl groups
by pH adjustment formed gel-like emulsions indicating significant particle-particle interaction
and bridging of the droplets. The gel-like emulsions were attributed to the inter-particle
interactions between amino and carboxyl groups. Since the particle formation requires only pH
adjustment, the formation and subsequent emulsification of oil could be reversed by adjusting
pH (Figure 16.). The particles can be formed at low pH and the emulsion can be prepared by
mixing in the presence of oil. The emulsion can be degraded and the oil returned back to liquid
form by dissolving the particles in high pH. Hydrophobically modified CMC (h-CMC)
containing long linear alkyl group was also synthesized, and they could attach to the oil-water
interface. The h-CMC behave very similarly to CMC, except when the particles were dissolved
to degrade the emulsion. At this stage, the h-CMC remained attached to the oil-water interface
and the emulsion transitioned from a gel-like to free-flowing. When the pH was adjusted back
to low value to reform the nanoparticle, the oil returned back to liquid state. (Paper I11) In the
literature, similar results have been reported for native chitosan nanoparticle prepared solely
by pH adjustment, but no droplet bridging was reported [82, 79]. This may be explained by the
weak interaction between native chitosan nanoparticles that are held together by hydrophobic
interaction, for example. The CMC nanoparticles have oppositely charged groups that provide
stronger interaction and could also contribute to the particle-particle interaction.
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Figure 16. Reversible emulsification of oil by pH adjustment using CMChi and h-CMChi
nanoparticles. (Paper I11)

V-Chitosan particles formed large aggregates while mixing in contact with oil (Figure 17.).
The aggregates entrapped oil droplets allowing for easier removal of oil from the water surface.
The amount of immobilized oil reduced as the mixing time was increased to more than 30 s.
Also, the droplet size and size distribution decreased indicating that the smaller droplets remain
immobilized inside the aggregates while bigger droplets are released and coalescence (Figure
18.). The aggregation of VV-Chitosan particles was attributed to the neutralization of the surface
phenol groups due to the adsorption of the particles at the oil-water interface. Further,
stabilization might be due to the deformation of the inherently soft polymeric V-Chitosan
particles at the oil-water interface. (Paper 1V)
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small oil droplets inside V-Chitosan aggregates. Scale bar is 10 pm. (Paper 1V)
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5 Conclusion and further research

Chitosan is a versatile and abundant bio-based material with many desirable properties such
biodegradability, non-toxicity, and renewability. The reactive amino and hydroxyl functional
groups can be exploited to further modify the properties of chitosan. The introduction of
carboxyl groups opens a wide range of properties due to the presence of both basic amino and
acidic carboxyl groups. The functional groups of carboxymethyl chitosan provide variety of
ways to prepare colloidal particles. Here, the particles were prepared by ionic cross-linking
using Ca?* ions and desolvation by adjusting the pH of the carboxymethyl chitosan solution.
The calcium cross-linked particles were found to fairly stable in increased salinity (up to 3.5m-
%) and the stability in alkaline pH (7-9) could be increased by adjusting the pH during the
synthesis of the particles. Both ionically cross-linked and desolvated particles could be applied
to stabilize emulsions by adsorption into the liquid-liquid interface providing greater stability
compared to the native carboxymethyl chitosan. Due to the reversibility of the desolvation of
the particles it was possible to reversibly emulsify and demulsify oils by simple pH adjustment.
The particles could be dissolved by increasing the pH resulting in degradation of the emulsion,
and then the particles could be reformed by decreasing the pH allowing for the re-
emulsification of the oil. Amino (and hydroxyl) groups of chitosan can be used to further
modify the properties of chitosan, for example, the hydrophilic-hydrophobic properties by
introducing hydrophobic moieties like demonstrated here. Hydrophobic moieties enhanced the
particles ability to emulsify oils through the attachment of the long alkyl chains into the liquid-
liquid interface. The grafting of vanillin into the chitosan allowed the formation of colloidal
particles at alkaline pH (> 11). The prepared particles aggregated upon contact with oil and
encapsulated small oil droplets.

Further research could focus on the development of chitosan nanomaterials with enhanced
properties. The challenge is to find the suitable modifications and prepare the materials in an
environmentally friendly and economical way while still retaining the desirable properties of
native chitosan, such as biodegradability and non-toxicity. Efficient modification of chitosan
usually requires the dissolution of the polymer. Traditionally, chitosan has been dissolved in
dilute aqueous acid but the solubility of chitosan is fairly low and the aqueous and acidic
reaction medium restricts some modifications. Recently, new green solvent systems for
chitosan have been developed which could advance the way chitosan is processed to novel
materials. On the other hand, solid-state reactions could avoid the use of solvents in the first
place and in some cases could provide alternative ways to process chitosan. For example,
recently the deacetylation of chitin to produce chitosan has been done as a solid-state reaction
without solvents. The chitosan nanomaterials and their properties in contact with liquid-liquid
interface could be studied in more detail, such as the mechanical and surface charge properties
of the particles at the liquid-liquid interface. The nanomaterials structure-properties relations
could guide the development of novel materials for applications in the liquid-liquid interface.
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