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substrate in the subphase (Figure 2.6). Repeating this transfer process can result in deposition of
multilayer of different thickness and composition. For LB deposition, the surface pressure is
unchanged by constantly compressing the interface using barriers to prevent the loss of structure

formed by the particles while they are transferred onto the substrate.

2.7 Metal vapor deposition

Figure 2.7. Schematic of a thermal evaporation system. The target material is heated by a direct
current inside of a high vacuum bell jar.

To introduce metal patches on the particles, physical vapor deposition is used to evaporate
the target metal. Thermal evaporation is one of common methods of physical vapor deposition.
For a typical thermal evaporation process, a solid material in a high vacuum bell jar is placed on a
charged holding boat or resistive coil (Figure 2.7). A large direct current passes through the
boat/coil to increase the temperature of target material’s melting point. Then, the target material
constitutes a vapor stream that traverses the bell jar and reaches the substrate, coated on a sample
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as a thin film. For physical vapor deposition, high vacuum inside of the bell jar should be achieved
before the evaporation of target materials. Without high vacuum, the evaporated atoms collide
with gas molecules. As a result, the gas molecules change the direction of evaporated material’s
vapor, adversely affecting the thin film coating on the substrate. At pressure below 107 Torr, the
average distance of vapor molecules travelling before colliding with a gas molecule is greater than
1 meter, which is typically larger than the bell jar dimension (Martin-Palma & Lakhtakia, 2013).
Therefore, the evaporated molecules travel in a straight trajectory from the boat/coil to the
substrate, resulting in resistive evaporation highly directional.
2.8 Optical and fluorescence microscopy

Optical/fluorescence microscopy is a widely used technique in colloidal system where the
domain of interest is in the submicron to micrometre range. An optical microscope generates a
magnified image of an object specimen using curved lenses that bend rays of light. The images
can be further magnified with an eyepiece to allow users to visualize it with naked eyes. For
fluorescence microscopy, a microscope requires a much higher intensity of light source that excites
a fluorescent species in a target sample. The fluorescent species emits a lower energy light of a
longer wavelength that results in magnified images other than original light source. For the Ph.D.
projects, the surface-assembly, patch shape and active motion of colloids were captured via
brightfield and fluorescence microscopy. After active motions are recorded, the displacement of
particles over time is analyzed using the ImageJ software (Schindelin et al., 2012). For a given
video, each frame is converted to a binary image that distinguished the particle from its
surroundings. For each frame, the particle position (x, z) in the imaging plane is then computed as
the centroid of the particle region using the “Centroid” feature in ImagelJ’s “Analyze Particles”

menu.
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Chapter 3 . Adsorption of Lignin Nanoparticles at OQil-Water Interface!

3.1 Introduction

Adsorption of molecules and NPs at liquid—liquid interfaces plays a critical role in
emulsion/foam stabilization, targeted delivery in biomedicine, and synthesis of functional
materials (Chevigny, Foucat, Rolland-Sabaté, Buléon, & Lourdin, 2016; Conn, Ma, Hirasaki, &
Biswal, 2014; Fameau et al., 2011; Lam, Blanco, Smoukov, Velikov, & Velev, 2011; Lin, Perrard,
Biswal, Hill, & Trabelsi, 2018). Recent advancements in synthetic chemistry have enabled the
development of molecules with on-demand interfacial adsorption—desorption abilities (Binks,
2017; Gogoi, 2011; Poulichet & Garbin, 2015). One area where this ability plays a key role is the
management of large-scale oil spills (Doshi, Sillanpdd, & Kalliola, 2018; Owoseni et al., 2014).
Synthetic molecules allow management of oil spills by either dispersing spilled oil in water, gelling
the oil, adsorbing the oil into porous sponges, or confining the oil into thick slicks which enables
physical collection or in situ burning (Khosravi & Azizian, 2015; Pan et al., 2014; Somasundaran,
Patra, Farinato, & Papadopoulos, 2014; Qianqian Wang, Wang, Xiong, Chen, & Wang, 2014; Z.
Wang et al., 2016). In this article, we focus on the latter strategy, where the addition of engineered
materials alters air—water—oil interfacial tensions and confines spilled oil into thick slicks, also
known as “oil-herding” (Gupta et al., 2015; Venkataraman et al., 2013). Currently, silicone-based
surfactants are commercially used as oil-herders (Pelletier & Siron, 1999). However, their
persistent design and poor biodegradability have raised concerns over their release into the
environment (Gupta et al., 2015; Prince, 2015). Hence, there is a need to develop new ecofriendly

alternatives to currently used harsh chemical oil-herders (Paul et al., 2013). Here, we develop a

! “Reproduced with permission from (J.G. Lee, L.L. Larive, K.T. Valsaraj, and B. Bharti, “Binding of Lignin
Nanoparticles at Oil-Water interfaces: An Ecofriendly Alternative to Oil Spill Recovery” ACS Applied Materials and
Interfaces, 2018, 10, 49, 43282-43289). Copyright (2018) American Chemical Society.”
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new class of ecofriendly oil-herders using a mixture of biocompatible lignin NPs with 1-pentanol.
We find that the lignin NPs have affinity for the oil-water interface, which drives the formation
of an interfacial layer of NPs. We show that the lignin NP layer restricts respreading of confined

or “herded” oil on the water surface and allows its removal using mechanical methods (Figure 3.1).
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Figure 3.1. Schematic representation of the oil-herding process achieved by lignin NP based
solution. The oil is first confined to a thick slick by initial Marangoni flow generated by 1-
pentanol. While the alcohol solubilizes, lignin NPs irreversibly adsorb at the oil-water interface
in the form of a layer. The film restricts respreading of oil on the water surface and enables its
safe and easy removal using physical methods.

Lignin is the most abundant aromatic biopolymer in nature, is inexpensive, and lacks in
cytotoxicity toward living cells (Ago et al., 2016; Frangville et al., 2012; Richter et al., 2016b,
2015b; Ugartondo, Mitjans, & Vinardell, 2008). This biocompatibility of lignin makes it an
appropriate precursor for synthesizing functional nanomaterials with a minimal environmental
footprint (Kai et al., 2016). The lignin macromolecule contains several chemical functional groups
such as phenols, ethers, and phenylpropanoid, which makes it a weak amphiphile (Campbell &
Sederoff, 1996; Sathitsuksanoh et al., 2014). The amphiphillicity of a lignin molecule initiates its

binding to the oil-water interface and facilitates the formation of emulsions and foams (Lam,

Velikov, & Velev, 2014; J. Wang et al., 2016). The interfacial binding energy of molecules is
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significantly smaller than that of NPs, and the molecules can desorb from the oil-water interface
upon decreasing their concentration in bulk solution (K. Du, Glogowski, Emrick, Russell, &
Dinsmore, 2010). Here, we show that lignin NPs can irreversibly adsorb onto the oil-water
interface, lower the interfacial tension, and form a layer. This interfacial assembly of lignin NPs
is the key to develop new ecofriendly nanomaterials with oil herding abilities.

Traditional molecular oil herding agents lower air—water interfacial tension and drive the
confinement of the spilled oil into a thick slick. However, because of the infinite reservoir (i.e.,
water bulk), the molecules desorb from the interface, and the herded oil lacks long-term stability.
In this chapter, we present a new principle of oil-herding using a mixture of alcohol and aqueous
NPs solution. The alcohol initiates a surface Marangoni flow driving “herding” of spilled oil, and
in the meantime, NPs adsorb at the oil-water interface irreversibly and form a layer. While the
alcohol solubilizes/evaporates, the interfacial layer of NPs restricts respreading of the confined oil.
This ability of the lignin NPs mixture with alcohol enables the development of a new class of
ecofriendly oil-herding agent that not only allows for collection of spilled oil but also its safe
removal.

3.2 Lignin nanoparticle affinity for oil-water interface

The application of a mixture of 1-pentanol and lignin NP solution for oil-herding is
illustrated in Figure 3.1. Here, the role of the heavy alcohol is to generate initial Marangoni flow
at the oil—water interface, which enables herding or collection of oil. The alcohol solubilizes in
crude oil and water after the initial few minutes (Goral & Wisniewska-Goclowska, 2007; Skrzecz,
Shaw, Maczynski, & Skrzecz, 1999), and during this time interval, lignin NPs adsorb on the herded
oil-water interface and restrict respreading of the oil (discussed later). In this article, we use High

Purity Lignin (Lignol Innovations Ltd.) isolated from an organosolv process as a precursor for the
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synthesis of lignin NPs. The NPs are synthesized from the precursor by first dissolving the lignin
polymer into a good solvent and then rapidly adding a poor solvent inducing nucleation and growth
of the NPs (Richter et al., 2016). Briefly, 0.5 g of lignin powder is dissolved in 130 mL of acetone
(good solvent). One milliliter of this lignin polymer solution is transferred into 9.2 mL of water
(poor solvent) with vigorous stirring. The acetone in the mixtures is allowed to evaporate under
constant stirring at 25 °C for 24 h. The synthesized lignin NPs are characterized for their size and
polydispersity using transmission electron microscopy (TEM) and DLS (Figure 3.2). The TEM
image analysis and DLS provide an average diameter of spherical lignin NPs ~ 100 nm, with a
polydispersity index of ~0.15. At pH 7, the zeta potential of the lignin particles is =40 mV with
an isoelectric point ~ pH 2 (Figure 3.3). Therefore, lignin NP stability in aqueous dispersion in the

pH range 4—10 is attributed to interparticle electrostatic double layer repulsions (Richter et al.,
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Figure 3.2. (a)Time correlation function of lignin NPs in water, as obtained by dynamic light
scattering measurements. The smooth and single exponential decay of correlation function
indicates low polydispersity in particle dispersion. (b)The intensity distribution of particle sizes
obtain by the analysis of the correlation function. The distribution shows that average particle
diameter is ~100 nm. (c) Transmission electron microscope image of lignin NPs indicates that
the predominant shape of particles is spherical, and the average diameter is ~100 nm which is in
agreement with the size obtained from dynamic light scattering measurements. Scale in (¢) is 10
nm.
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Figure 3.3. Zeta potential of lignin NPs as a function of pH. The isoelectric point of the particles
is pH < 2, and particle dispersion remains stable at wide range of pH (4-10) due to electrostatic

repulsion. The inset schematic shows the principle of double layer repulsions, where the overlap
of the diffused counter ion layer induces a repulsive osmotic pressure that stabilizes the particles.

The lignin NPs have an affinity for the oil-water interface. This affinity drives the
adsorption of the particles at the oil— water interface. Here, we quantify this behavior by
experimentally measuring the adsorption isotherm of lignin NPs onto the oil-water interface. We
measure the adsorption isotherm by a solvent depletion method, where a change in the
concentration of lignin NP in aqueous phase upon equilibration with a model oil (here decane) is

monitored (Bharti, Meissner, Gasser, & Findenegg, 2012; Bharti et al., 2014; Meissner, Prause,

Bharti, & Findenegg, 2015a). Briefly, 0.8 mL of lignin NP solution of known concentration (c,) is

equilibrated for 16 h with a 0.2 mL of decane in a scintillation vial (Figure 3.4a). The equilibrium
concentration (c) of lignin NPs in the aqueous phase is determined by monitoring the decrease in

absorbance at wavelength 280 nm. The amount of lignin adsorbed (I') onto the decane—water

(co—c)

interface is given by I' = " V, where V is the volume of the aqueous phase, and A is the area

of the oil—water interface. Further experimental details on the measurement of adsorption isotherm

can be found elsewhere (Bharti, Meissner, & Findenegg, 2011; Hua, Bevan, & Frechette, 2016;
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Hua, Frechette, & Bevan, 2018). Experimentally determined surface excess of the lignin NPs at
the decane—water interface is shown in Figure 3.4b. Here, we analyze the amount of lignin NPs
adsorbed using the Frumkin adsorption isotherm model. The model is based on the adsorption of
species on to a two-dimensional lattice under Bragg-Williams approximation, and it is the simplest
model that allows for nonideal interaction among species adsorbed at liquid—liquid interfaces (Hua,
Frechette, et al., 2018; Kolev, Danov, Kralchevsky, Broze, & Mehreteab, 2002). According to the
Frumkin model, the amount of NPs adsorbed at the oil—water interface is related to the equilibrium

concentration of NPs in bulk as (Hua, Bevan, & Frechette, 2018)

le“ reXp< )(3 D

where [}, is the maximum surface excess, a is the dissociation constant characteristic of the

c=a

binding of a lignin NP to the interface, and K is the pair interaction energy (in ki T, ky is Boltzmann

constant, and T is temperature) between adsorbed lignin NPs at the interface.
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Figure 3.4. (a) Schematic representation of the solvent depletion method used to obtain
adsorption isotherms. (b) Experimentally determined adsorption isotherm of the NPs onto the
decane—water interface and the corresponding fit. Here, the circles are the experimental values,
and the line represents the best fit to the data using the Frumkin adsorption isotherm model. The
adsorption isotherm shows the formation of a submonolayer of lignin NPs at the oil-water
interface, with a maximum NP fractional surface coverage of ~0.6—0.7. The symbol # represents
the number of lignin NPs.
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The model fit to the experimental data using Equation 12 (Figure 3.4b) gives a = 7 X 10°
#mL!, K=—1.1 kT, and [',,= 9.9 x 10> # nm™, here # represents the number of lignin NPs. The
positive value of parameter a highlights a net repulsion between the negatively charged interface
and lignin NPs (H. Wang, Singh, & Behrens, 2012; Y. Zhang et al., 2017). This weak repulsion
between the particle and interface can be overcome by the hydrophobic interactions, known to be
operational between similar biopolymer-based NPs and the oil-water interface. In addition, the
small negative value of K of the order of thermal energy highlights a weak repulsion between the
particles adsorbed. The values of the dissociation constant a and interaction energy K obtained here
are in agreement with previously reported adsorption of gold NPs on the oil-water interface, where
a similar net weak repulsion (~kgT) between the particles was reported (Hua, Bevan, et al., 2018;
Hua, Frechette, et al., 2018). It should be noted that due to this repulsion, the NPs form a
submonolayer occupying 60-70% of the interfacial area, and a compression of the interface is
necessary to achieve a film formation (discussed later).

3.3 Formation of film at oil-water interface

The adsorption of lignin NPs at an oil-water interface drives a dynamic change in the
physical properties of the interface (Bizmark et al., 2014). Here, we quantify the change in
properties of the oil-water interface by measuring interfacial tension (IFT) between decane and
the aqueous lignin NP phase. We determine the change in decane-water IFT upon increasing lignin
NP concentration in the aqueous phase. We use optical tensiometry (Biolin Scientific) to determine
the decane-water IFT. In our experiments, we place a 1 cm x 1 cm x 4.5 cm quartz cuvette filled
with decane in the optical path. A 20 pL pendent drop of aqueous lignin NP dispersion is generated
in the decane phase, and the change in IFT is determined by analyzing the shape of the drop

(MacLeod & Radke, 1993). The adsorption of lignin NPs at the decane-water interface is driven
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by electrostatic, van der Waals, and hydrophobic interactions between the bulk particles and the
interface (Bizmark et al., 2014; H. Wang et al., 2012; Y. Zhang et al., 2017). In addition, the “time-
dependent” NP concentration gradient between the particle and interface also plays a critical role
in the interfacial binding of the particles. The amount of NPs adsorbed at the interface and
corresponding IFT is dependent on oil-aqueous phase contact time (t). In our experiments, we
found that for 0.01 mg/mL lignin NPs, the IFT rapidly decreases from 52 to 47 mN m™! at initial
contact times t < 5 min. The IFT attains a constant value of 45.5 mN m™! at t > 20 min (Figure
3.5a,b). The initial rapid decrease in IFT is attributed to the adsorption of the NP at the pristine
decane- water interface. The increase in number density of nano- particles at the oil-water
interface was confirmed by scanning electron microscopy (SEM) as shown in Figure 3.3c,d.

The total interaction energy between the oil-water interface and NPs is given by the sum
of hydrophobic and DLVO-type (van der Waals and electrostatic) interactions between unadsorbed
lignin NPs in bulk and the negatively charged interface (Figure 3.6) (Bizmark et al., 2014; Hua,
Frechette, et al., 2018). We find that equilibrium IFT decreases upon increasing thermal energy
(temperature) of the particles (Figure 3.7). This is attributed to the higher diffusion rate and energy
of the particles, which enables overcoming the electrostatic repulsive barrier existing between the

interface and unadsorbed particles.
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