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ABSTRACT

ABSTRACT

Fogging is always a significant problem for agricultural filims, where fog may reduce the light transmission
resulﬁng in an adverse effect on the yield and quality of crops. Many reports have been disclosed in the field
of antifogging on the surfaces of plastic films. Nevertheless, these methods have drawbacks, such as the
cumbersome preparation process, high-cost experimental components, and toxic reagents. In the present work,
a simple and effective technique is adopted to develop a low-cost super-hydrophilic layer based on PVA for
coating LDPE films with excellent fogging resistance properties and extraordinary light transmittance.
Corona discharge treatment is applied to play a pivotal role in the stability of the coating layer by creating a
fertile environment for solid chemical bonding on the surface of the LDPE film. By adding TBS buffer

solution with surfactants, the overall hydrophilicity performance of the film becomes enhanced.

Further, adding silica nanoparticles in different concentrations to the mixture solution increases the wetting
and coating stability. The time-domain NMR is employed to clarify the influence of surface free encrgy on
the formation of silica aggregations. The results show that the increase in the bound water fraction promotes
the formation of homogeneously distributed silica aggregates into particles dispersed on the surface. The
described technique results in the homogeneous deposition of the antifogging coating layer on the surface of
LDPE film, which becomes super-hydrophilic. Our findings indicate the film modified by an antifogging
coating containing silica nanoparticles can stand fog-free for more than one month under the hot fog test
according to the SEM images, ATR-FTIR chemical bonding, and contact angle after one month in the hot
dripping test. Through this work, adding buffer solutions to non-ionic fillers and further filling them into the
polymer matrix will open a new strategy for anti-fogging films relevant to greenhouse technology in

agriculture.

The second work studied the coffee ring effect (CRE) phenomenon due to the inhomogeneous coating. When
a colloidal droplet with hanging particles evaporates on a flat substrate, a ring-shaped structure develops
around the droplet's edge. This phenomenon may be noticed in everyday life when liquid droplets containing
suspended particles evaporate, such as ring stains left behind by spilled coffee drips. However, it is unsuitable
for applications that need homogencous particle deposition on surfaces, such as agricultural films and optical
applications. In the present work, a simple and effective technique using solid-state low field NMR is adopted
to demonstrate slowing down the evaporation rate induces the Marangoni flow and aids in decreasing CRE
generation from evaporated colloidal droplets, even in the absence of the additives (surfactant or polymer). In
addition, the 7> Carr-Purcell-Meiboom-Gill sequence (CPMG) approach was used to monitor nano-fluid
droplets with different evaporation speeds and a variety of additive concentrations on the hydrophobic low-

density polyethylene (LDPE) surface to explain the formation of the CRE and uniform distribution of silica
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nanoparticles on changes in water fractions during evaporation. Our findings revealed that reducing the
evaporation rate with the presence of surfactant and polymer by regulating water fractions in colloidal
solutions has a significant impact on the silica nanoparticles uniform distribution and prevention of CRE

formation during the coating process, which is critical in the industrial sector and linked scientific research.

The third work focuses on coating glasses for super-hydrophilic and robust layers. Antifogging/antimicrobial
dual-functional coatings can be applied to transparent substrates. However, few studies on such dual-
functional layers have been published thus far. This study used a straightforward one-pot method to create an
antifogging and antimicrobial composite coatings layer of chitosan/silica (Ch/SiOz). Using solid-state low
field nuclear magnetic resonance (LF-NMR), the effect of introducing modified silica nanoparticles (MSN) to
chitosan structure was investigated. Two states (solution-state and solid-state) were utilized to evaluate the
antifogging/antimicrobial properties of the coating layers based on the mobility of the significant water
fractions using the T Carr-Purcell-Meiboom-Gill (CPMG) sequence methodology. The hydrogen bonds and
electrostatic attractions created by MSN (water molecules/hydronium ions) in the solution state result in a
higher bound water ratio in the final layers after drying, improving the antifogging and antimicrobial
properties with good mechanical performance. Therefore, based on the chitosan/silica layer, 95% is the
minimum proportion of bound water necessary in the final layer structure compared to the other water
fractions to restrict microbial activity and minimize the fogging concerns. The information gathered can be a

quick, non-destructive, and non-invasive preliminary indication of antifogging/antimicrobial coating quality.

Keywords: agriculture film; greenhouses, coffee-ring effect (CRE), T Carr-Purcell-Meiboom-Gill sequence
(CPMGQG), low-density polyethylene (LDPE).
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Abbreviations and Symbols

Abbreviations and Symbols

Symbol Meaning
PVA Polyvinyl alcohol

LDPE Low-density polyethylene

LLDPE Linear low-density polyethylene

TBS Tris-buffered saline

LE-NMR Low field nuclear magnetic resonance

SEM Scanning electron microscope

ATR-FTIR Attenuated total reflection Fourier transform infrared
CRE Coffee-ring effect

T Spin-spin relaxation time

CPMG Carr-Purcell-Meiboom-Gill sequence

SiO, Silica nanoparticles

MSN Modified silica nanoparticles

PETE Polyethylene terephthalate

ILT Inverse laplace transform

PVC Polyvinyl chloride

PS Polystyrene or Styrofoam

PP Polypropylene

PE Polyethylene

ICI Imperial chemical industries

Infrared radiation
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Abbreviations and Symbols

Ethylene-vinyl acetate

EVA

EBA Ethylene butyl acrylate

EN The European standard

VoW The surface energy of the polymer-water interface
YpA Surface energy at the polymer-air interface
Yud Surface energy at the water-air interface
o The contact angle at the equilibrium
SMS Sorbitan monoacy! esters

STS Sorbitan to fatty acids

SITES Sorbitan triacyl esters

AlLO3 Aluminum oxide

Ch Chitosan

pH Potential of hydrogen

LbL Layer by layer

TUR Take-up ratio

BUR Blow-up ratio

X-100 Octyl phenol ethylene oxide

T-20 Polyoxymethylene sorbitol ester

SDS Sodium dodecyl sulfate

um Micrometer

A\ Watt

oM Optical microscopy

Nanometer
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Abbreviations and Symbols

Wt% Weight percentage

J Evaporation rate

B Time spent on bound water during evaporation

tr The time scale of totally droplet evaporation

CR The time scale for particles near the contact line (CL) to collide
CL Contact line

SANS Small-angle neutron scattering

CAH Contact angle hysteresis

v Take-up velocity

Ve Extrusion velocity

S The ratio of the area covered by silica after evaporation

So The ratio of the area covered by silica before evaporation

Ly Restricted distance

Oumitial The first stage of evaporation

Oreceding Receding contact angle,

Ofinal Final contact angle

Tevap The time scale for liquid droplet evaporation.

Tparticle Particle denotes the time scale for particles near the CL to collide.
tp The time for particle motion.

ter Evaporation time of the residual droplet volume.

m The complete evaporation duration of a droplet when subjected to a laser.
EBA Ethylene butyl acrylate

CuO copper(Il) oxide
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Chapterl General Introduction

1.1 Background

Polymer is any family of natural or synthetic compounds comprised of massive molecules, known as
macromolecules, multiples of smaller chemical units known as monomers [1]. Furthermore. they typically span
from a well-known conventional polymer like polystyrene to natural biopolymers like DNA and proteins, which
are necessary for biological structure and functional capabilities. Natural and artificial polymers serve crucial
and extensive roles in everyday life due to their various features a wide variety of traits [2]. Plastics applications
have gained popularity in industrial and residential due to several benefits such as ease of processing, enhanced
thermodynamic, mechanical qualities, recyclability. and low cost [3.4]. Therefore, becoming the fastest-
growing group of materials used to make customized items used in this context to package a variety of
commodities, including electronics, health care, agriculture, construction industry. sport, transportation, and
leisure sector [5].

The great majority of these polymers are made up of carbon atom chains with or without the addition of
oxygen, nitrogen, or sulfur atoms. On the other hand, various molecular groups known as side chains are hung
from the backbone before joining the polymer chain; (The backbone is the chain section that connects many
repetition units and is on the main path). Therefore these side chains' structure influences the properties of the
polymer, which is used to classify plastics [6]. Acrylics, polyesters, silicones, polyurethanes, and halogenated
polymers are some instances of significant groupings that have been organized in this way. Furthermore,
plastics are categorized according to the chemical process, such as condensation, polyaddition, and cross-
linking "), Physical parameters like hardness, density, tensile strength, heat resistance, and glass transition
temperature can also classify them. In addition, it can also be characterized based on its resistance to certain
chemicals and processes, such as exposure to organic solvents, oxidation, and ionizing radiation. Other plastic
groups focus on specialized manufacturing or product design qualities; thermoplastics, thermosets, conductive
polymers, biodegradable plastics, engineered plastics, and elastomers are employed. [8]. Given the current
worldwide plastic output of approximately 400 million tons (Mt) per year (Fig. 1. 1), with a massive rise,
notably in developing markets defined by rapid industrialization, with a large number of spent plastics (already
exceeding 150 Mt per year) [9], which Asia has produced half of the word production (Fig. 1. 2) [10]. Today,
dozens of different types of plastics are manufactured, including commodity plastics (standard) and engineering
plastics such as polyethylene (high-density (HDPE), polyvinyl chloride (PVC), polypropylene (PP), low-density
(LDPE), linear low-density (LLDPE), polystyrene (PS), terephthalate (PETE or PET) and miscellaneous

plastics (nylon polylactide. polycarbonate, etc.) [11].



Chapter] General Introduction

- >330Mt |

HH Gyears 20V 2010 2018 2020

ago ago

Fig 1. 1. The increasing volume of global plastic manufacturing [5].

1.2 Low-density polyethylene (LDPE)

The thermoplastic low-density polyethylene (LDPE) is generated from the ethylene monomer. Using a
high-pressure free radical polymerization technique, Imperial Chemical Industries (ICI) created the first grade
of polyethylene in 1933 [12], and it is still manufactured in the same manner. Despite competition from more
sophisticated polymers, LDPE remains the most significant plastic grade, whereas, in 2013, the global LDPE
market was worth around US$33 billion. Polyethylene’s are divided into three types Fig 1. 3: high-density
(HDPE) with a density of 0.941-0.967 g/cm®[13], linear low-density (LLDPE) with a density of 0.910-0.920
g/cm® (Fig 1.3b), and low-density (LDPE) with a density of 0.910-0.940 g/cm? [11]. At room temperature,
LDPE is not reactive, and it can resist temperatures of up to 65 °C (149 °F) continuously and up to 90 °C (194
°F) for a short time; however, some solvents cause it to swell. Furthermore, it is extremely flexible, durable,

transparent, and opaque. LDPE is commonly used in manufacturing containers, dispensing bottles, wash bottles,

tubing, computer components, agricultural applications, and different molded laboratory equipment. (Fig 1. 4).
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Fig 1. 2. Plastic production by region 2019 [10].

1.2.1 LDPE uses in agriculture

Covering greenhouses (Fig. 1. 5a) and high tunnels (Fig. 1. 5b) are the most common application for
LDPE films in the agriculture section [15]. Greenhouses are constructed to preserve plants from severe
conditions and offer warmth all year. Furthermore, they aid in the conservation of water in water-stressed areas.
Crops require a steady and adequate environment to produce a sufficient yield. These conditions are not usually

provided because most are subject to weather extremes.

(c)
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Fig 1. 3. PE Structure types (a) HDPE, (b) LLDPE, (c) LDPE [10].
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Fig. 1. 4. Application of the LDPE in daily life [14.15].

As a result, studying these plastic films is an important problem in developing technical recommendations for a
dependable greenhouse design and covering, creating more effective use of the film, and obtaining a longer
usable lifetime of LDPE films [15]. Nowadays, their lifespan ranges from 6 to 45 months, depending on the
photo stabilizers employed, geographic region, pesticide use, and other factors [16]. The European standard EN
13206:2001, which covers thermoplastic films in agriculture and horticulture, was published, and it includes
guidelines for determining the lifespan., size, mechanical and optical characteristics, and IR opacity [17].
However, there is no data on condensation behavior (anti-drip and anti-fog impact) or pesticide effects on
weather. Greenhouses are primarily located in two geographic regions: The far east (particularly China, Japan,
and Korea), which accounts for over 80% of the world's greenhouse-covered land, as well as the Mediterranean
basin, which contributes to around 15% of the total. The area covered by greenhouses has gradually risen at a
rate of 20% per year during the previous decade Fig. 1. 6. Europe's development is sluggish, but Africa and the
middle east are rising at 15-20 % each year [18]. The example of China is fascinating since it has increased in
size from 4200 hectares in 1981 to 1,250,000 hectares in 2002 (30% / year). As a result, the amount of plastic
film used for this application would be around 1,000,000 tons/year.

1.2.2 Key properties of greenhouse covers
Some parameters are essential while using plastic films in agriculture, especially in greenhouses, such as
durability, optical properties, infrared transmission, and anti-dripping or anti-fog effect. Greenhouse coverings

are subjected to solar, thermal, and chemical deterioration (Fig. 1. 7a). As mentioned, greenhouse films have a
18
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life span ranging from 6 to 45 months (Fig. 1. 7b). Recently, the provider in developed nations guaranteed a
minimum lifetime of 1 to 4 farming seasons. The most significant criteria influencing the usable life span of

greenhouse films to fall into two essential categories, as shown below [19-27]:
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Fig. 1. 5. Agricultural surface covered with plastic film (greenhouses and walk-in high tunnels) [16].

1.2.2.1 Film inherent parameters

The kind of polymer (LDPE, EVA, EBA, LLDPE, and others) [28], film type (multilayer or monolayer)
[29], additives for stability [30], other additives (colors, mineral fillers, etc.) [31], film thickness [32], and film
manufacturing [33].
1.2.2.2 Environmental parameters

Structured content (galvanized iron, wood, etc.) [34], greenhouse architecture (ventilation, height, film
attachment, etc.) [35], geographical and climatic characteristics (temperature, solar irradiation, rain, altitude,
etc.) [36], and agrochemicals (composition of the chemicals, frequency of application, method of application,
etc.) [37].
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Fig. 1. 6. As-installed greenhouse coverings (a) after two years of use (b).

1.3 An overview of fogging problems
Fogging is a natural phenomenon when water vapor condenses on a solid surface with a temperature
lower than the dew point of the surrounding air-water vapor mixture. In polymeric films, antifog chemicals are
employed to guarantee that moisture condensation occurs as an undetectable water layer rather than a series of
single droplets, which is unsightly and potentially dangerous [38]. When the difference in temperature between
the atmosphere and the relative humidity is less than 2.5 °C, fog occurs. The dew point is when the quantity of
water vapor in the atmosphere must be lowered to achieve saturation (relative humidity of 100 % ) [39]. It is
especially noticeable and essential in food packaging applications, where a lack of visibility creates visual and
functional difficulties, eventually leading to product quality loss. This issue is also significant in agricultural
films, especially the greenhouses, where fog may limit light transmission and affect crop production and
quality.
1.3.1 Fog formation principle on polyethylene films
Polyethylene (PE) is a hydrophobic polymer with around 30 dyne/cm [40]. Due to differences in surface
tension between the liquid and the film. When a higher surface energy liquid, such as water (about 70 dyne/cm),
comes into contact with a polyethylene film (30 dyne/cm). Young's formula [41] surface tensions of various
interfaces, which in our instance, water on PE film exposed to air, may be represented as:
Yoa-Tpw—Ywacos =0 ... 1
Where ypa signifies the polymer-air interface's surface energy, ywa is the contact angle at equilibrium and
represents the surface energy of the water-air interface, and y,w signifies the surface energy of the polymer-water

interface shown in Fig. 1. 8.
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Fig. 1. 7. Parameters of Young's equation for a water droplet on a plastic film.

1.3.2 Anti-fog agents' mechanism

Water's surface tension can be regularly reduced by adding a small quantity of surfactant. The presence
of anti-fog on the surface lowers the surface. The polymer interface becomes much more polar because of the
difference in surface tension, and the contact angle between the droplet and the surface reaches zero [42]. The
polymer's surface tension is now about equivalent to the surface tension of water. Several things must be
considered when choosing an anti-fog film for greenhouses application, such as; The type of the polymer, the
shape of the film, the temperature within the film, the product's lifetime, process factors, the kind of
downstream processes, and the regulatory standards of the end uses are the primary considerations [43]. In
packaging and agricultural films, internal migratory chemicals or exterior topical coatings were anti-fogging
agents. Internal additives are mobile by nature and will exhibit some incompatibility with the polymer matrix,
causing them to migrate to the polymer film's surface and lower the surface tension of condensed water
droplets. After that, the depleted ingredient will be refilled regularly by a new migrating antifog from the film's
inside [44]. Internal antifogs' effectiveness is highly dependent on their capacity to move at the proper rate over
time.

In some situations, adding a compatibilizer, such as linear low-density polyethylene (LLDPE) grafted
with maleic anhydride or sorbitan monoester in low-density polyethylene (LDPE) film, has been demonstrated
to considerably minimize antifog migration, which may result in a more prolonged antifogging effect in the film
[45]. Dip-coating and roller processes or spray applications apply for external coatings [46]. Externally applied
coatings will behave similarly to migrating solutions; they both serve the same purpose, to increase the

polymer's wetting characteristics and to have water condense as a thin continuous layer. External coatings can
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be highly efficient, but they have some significant drawbacks. They are frequently inefficient in the long run

because they lack a reservoir of additives to draw from when a thinly coated layer is depleted. External coatings
sometimes need an additional processing step, which raises the overall cost of the procedure [47]. Therefore,
internal additives are the preferred and most commonly utilized for PE films. Antifog emulsifiers reduce the
contact resistance between the polymer surface and the liquid. It is a molecule that contains both non-polar and
polar elements. Fatty acid esters are often employed because their polar hydroxyl groups hydrogen binds with
water, decreasing the polymer-water interfacial tension. The nonpolar part is usually between 12 and 18 carbon
atoms long. The hydrocarbon chain regulates the rate of additive migration through the polymer matrix.
Efficient antifog is sufficiently hydrophilic to change surface tension at the polymer-water interface while also
having the precise molecular weight to regulate migration for both short- and long-term efficient performance.
Most antifog chemistries contain edible oils or fatty acids, polyvalent alcohols like glycerol or sorbitol, and

organic acids. Glycerol mono-oleate, for example, is a distilled monoglyceride is a prominent antifogging agent.
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Fig. 1. 8. Chemical structures of classes of antifogging.

Interest verification of fats or oils with glycerol results in monoglyceride. This process is known as
glycerolysis. Distilled monoglyceride is produced using molecular distillation by extracting monoglycerol from
di- and triacylglycerols. This product comprises at least 90% monoacylglycerol, with the remainder being
diacylglycerols and trace quantities of triacylglycerols [48]. Polymerized glycerol is esterified with fatty acids
such as palmitic or stearic acid to form a polyglycerol ester combination. This mixture is then molecularly
distilled to provide hydrophilic, nonionic emulsifiers suitable for antifog applications. Dehydrating sorbitol
yields sorbitan, which may be esterified with fatty acids. Based on the sorbitan to the fatty acid molar ratio
(STES), the end product will mostly consist of sorbitan monoacyl! esters (SMS) or sorbitan triacyl esters (STE).
Ethoxylated sorbitan esters and ethoxylated alcohol are two more antifog chemicals. Fig. 1. 9. depicts the
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molecular structure of the most widely utilized types of antifog. The best antifog depends on economic,

technological, and regulatory considerations.

1.3.3 Antifogging film preparation in the current industrial field

The primary material for producing the antifogging film is polyethylene (PE), frequently used in film
blowing processes in various sectors, including mulching films, greenhouse films, carrier bags, and packaging
applications. Fig. 1. 10. Showing a similar approach for creating an external antifogging layer on polyethylene
films manufactured in the industrial field. The synthesizing of the layer starts with the production of the film
substrate by a film blowing machine. The process then proceeds directly via the plasma treatment phase to
produce carboxyl groups on the surface, increasing the hydrophilicity of the film. Then it passes through a box
containing a hydrophilic solution to create the best wettability results. The last stage is drying to allow the
solvent to dissipate. Therefore the thickness of the substrate, applying corona discharge, coating process, and

drying are essential parameters needed to synthesize the greenhouses film, which is reflected in the final

applications [49].

Hot
Drying |

Corona Discharge

Fig. 1. 9. The diagram clarifies producing LDPE film followed by the plasma treatment and coating process
applied in industries.

1.3.4 Antifoging performance evaluation
Antifogging performance is often a visual assessment of film clarity to ensure that as maximum light as
possible enters the enclosure, keep huge drops from landing on young plants causing harm and sickness, and

prevent plant "burning” induced by significant drop lens action [49]. The antifog property is graded through,
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ranging from zero visibility (water droplets on the film) to transparent (water distributed as a thin continuous

layer over the polymer surface). Table 1.1 contains the rating scale. This test is often performed on food
packaging in two stages: cold fog (5°C) and hot fog (60°C). Greenhouse films are examined similarly, except
that the test arrangement will typically provide a small-scale greenhouse that may be seen in a laboratory [50].
1.3.4.1 Hot fog test

The hot fog test is carried out the same way as the cold fog test. Half-fill a 250 mL beaker with tap water
and place it in a 60 °C water bath. (Fig. 1. 11a). The observations are made over three hours, and the test may be

repeated at various intervals after extrusion to calculate the anticipated antifog lifespan.

Table 1. 1. Antifog performance ratings based on appearance.

Rating | Performance Description
a very poor An opaque layer of small water droplets
b poor An opaque or transparent layer of large droplets
¢ poor A complete layer of large transparent drops
d acceptable Some drops randomly scattered
¢ excellent A transparent film displaying no visible water
1.3.4.2 Cold fog test

Two-thirds of a 250 mL beaker is filled with tap water. The glass is wrapped in test film and placed in
the refrigerator for three hours (5 °C), as shown in Fig. 1. 11b. Throughout the test period, the condensation of

water on the film is examined and graded using the scale in Table 1.1.
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(b)

/Fib'n

Water

Cabinet cooled to 5 °C

Fig. 1. 10. Testing films for fog properties: (a) hot fog test and (b) cold fog test schemat [46].

1.4 Corona discharge

Corona discharge techniques have been used for almost a century, dating back to Lodge's first
electrostatic precipitator [51]. Since then, the corona has been widely employed in various commercial
applications and is gaining popularity in other areas. Corona process applications highlight one of two features
of the discharge: the ions produced or the vital electrons that create plasma. The polarity of the release and the
features of the gas mixture, particularly the electron attaching species, dictate the identities of ions. The electron
energies are determined by the properties of the gas and the technology used to generate the corona [50]. The
corona-induced plasma zone will generally take up a small portion of the entire process volume in an ion-based
application. The plasma will take up most of the space in an electron-based process.
1.4.1 Type of corona discharge

Corona discharges vary in form and size based on the field's polarity and the electrodes' location. In the
needle-plate electrode design, when the applied voltage for positive corona rises, discharges go from bursting
pulse corona to streamer corona, glow corona, and spark discharge (Fig. 1. 12). The first type of negative
corona is the same as the supplied load increase, the shape becomes Trichel pulse corona, followed by pulseless

corona and sparking discharge [50].
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Fig. 1. 11. A diagram showing the many types of corona discharges.

When the input power increases, the Trichel pulse corona will be the first negative corona in the same
geometry, followed by pulseless corona and spark discharge. Corona generated at a positive wire electrode in a
wire-pipe, or wire-plate electrode design can take the shape of a tight sheath encircling the electrode or a
streamer traveling away from the electrode. Corona produced by negative electrodes might take the form of a

diffuse, fast-moving glow, or it can be focused into small active areas known as "tufts" or "beads" [50].

1.5 Coatings

The coating is a layer of material applied to the substrate's surface. The coating may be aesthetic,
functional, or for both purposes [52]. Paints and lacquers are coatings with the dual purpose of protecting the
substrate and being decorative. However, paint on large industrial pipes is for corrosion prevention and
identification, e.g., blue for process water, red for fire-fighting control, etc. Functional coatings can modify the
surface characteristics, such as adhesion, wettability, corrosion resistance, or wear resistance [53].
On the other hand, such as semiconductor device production (when the substrate is a wafer), A new property,
like a magnetic response or electrical conductivity, is introduced by the coating. It becomes a vital component
of the completed product. Layers can have various properties, including corrosion/wear resistance, enhanced
surface hardness, altered surface roughness, thermal/electrical insulation, improved wettability, hydrophobicity,

and so on [51].
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1.5.1 Coating processes

Coating processes can be divided into the following categories: Chemical and electrochemical
techniques [50], Vapor deposition [50], Spraying [51]. Roll-to-roll coating processes [52], Physical coating
processes [53].

1.5.2 Physical coating processes

Three methods in this technique include Langmuir Blodgett [54], spin coating [55]. and dip coating [56].
1.5.3 Coating materials
1.5.3.1 Silica nanoparticles.

A nanoparticle is a pretty small particle that ranges from 1 to 100 #mi. Incomprehensible to the naked
eye, Nanoparticles can have radically different physical and chemical characteristics than their bigger material
counterparts. They are used in various medical, electronics. optics. communications, energy, and the
environment [57 - 58]. Many of these applications need the connection of nanoparticles with macromolecules
such as proteins, polymers. and surfactants to get functional objects [60 - 62]. The qualities of both
nanoparticles (size, shape, surface roughness, charge density, etc.) and macromolecules (size, shape. surface
roughness, charge density. etc.) impact the interaction of two components, nanoparticles and macromolecules
(type, charge, shape, solution conditions, etc.) [63 - 67]. A variety of variables contribute to the interaction of
macromolecules on the surface of nanoparticles, including electrostatic force, covalent bonding, hydrogen
bonding. nonpolar contacts, hydrophobic interactions, and so on [68,69]. Depending on the system situation,
these interactions can result in various structures [70,71]. The charge state of the macromolecule can alter the
degree of interaction between nanoparticles and macromolecules, and hence the structures that follow [62][67].
1.5.3.2 Surfactant

Surfactants reduce surface tension (interfacial tension) between two liquids or between a liquid and a
solid. Surfactants include detergents, wetting agents, emulsifying agents, and dispersants. "surfactant” refers to
a surface-active substance and a solvent mixture. [68]. The majority of surfactant “tails" are similar, consisting
of a branching, linear, or aromatic hydrocarbon chain. Fluorocarbon chains are present in fluor surfactants,
whereas siloxane chains are found in siloxane surfactants. In several vital surfactants. a polyether chain
terminates in a highly polar anionic group. Polyether groups are usually composed of ethylated (polyethylene
oxide-like) sequences to enhance a surfactant's hydrophilicity.

On the other hand, polypropylene oxides can enhance the lipophilicity of a surfactant. Surfactants are
frequently classified using the polar head group. A non-ionic surfactant's head contains no charged groups
anionic surfactant's head is either net positive or net negative in charge. If the amount is negative, the surfactant

is anionic; if the charge is positive, the surfactant is cationic. If a surfactant possesses zwitterion, it has a head
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with oppositely charged groups. Suppose a surfactant has two oppositely charged groups in its head. Surfactants

of each commonly encountered kind include sulfate, phosphate, Anionic, carboxylate derivatives (Fig. 1. 13).
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Fig. 1. 12. Surfactant categorization based on head composition: 1. nonionic, 2. anionic, 3. cationic, and 4.
amphoteric.

1.5.3.3 Polymer coatings

Polymer coating refers to the top polymer layer applied to any substance (typically the substrate) for
specific purposes [69]. The coating process involves covering a substrate with polymers and then allowing them
to settle on the substrate's surface. The resin may cure or polymerize following coat application, depending on
the polymer utilized for coating. Epoxy, polyurethane, polytetrafluoroethylene, acrylics, cellulose, biopolymers,
and other polymers have been employed as coatings in various technical applications. Polymer, polymeric
composite, and nanocomposite coatings are being used in an increasing number of applications and industries,
aeronautical and automotive parts for corrosion resistance, thermal stability, and strength, as well as maritime
constructions, kitchen goods, biomedical gadgets, cosmetic reasons, and energy devices [75,76]. Many coating
processes have effectively covered substrate surfaces, such as spin, dip, doctor blading, solution casting,
extrusion/dispersion, spray, gravure, and printing. These are only a few examples of coating techniques [77,78].
Others coating techniques are often chosen based on their ease of fabrication, cheap cost, and high-volume
manufacturing. Conducting polymers have been utilized to create innovative coatings to protect metals against

corrosion. Dopants have also been used to regulate or prevent corrosion in conducting polymers [74].
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Antimicrobial compounds in coatings have been investigated as an appealing alternative for protecting materials
against microorganisms and environmental impacts in the packaging sector. For future applications [75], the
barrier, mechanical, and physical characteristics of such coated packing sheets have been studied. As a result,
polymer coatings with enhanced wear resistance, tissue engineering, mechanical strength, Antimicrobial
surfaces, medication delivery, orthopaedic materials. resistance to corrosion. cardiovascular stents, and
electrical conductivity have all found use as biosensors [81.82]. A coating is a covering applied to a surface,
also known as the substrate, using functional or aesthetic purposes [78]. Polymers and resins are used to create
organic coatings [84,85]. The polymer can be either natural or synthetic. and it is typically produced as a liquid
to form a thin surface coating. The material is coated onto a supporting substrate during the polymeric coating
process. Metal, ceramic. and synthetic substrates can all benefit from polymer coatings. Polymeric coatings can
give excellent adhesion, protection, and desired properties to the surface underneath. Polymer coatings can be
applied to metal, ceramic, and synthetic substrates. Polymeric coatings may provide excellent adhesion,
protection, and desirable characteristics to the surface underneath. Poly(vinyl chloride) (PVC), phenolics,
acrylics. epoxy, silicone, and polyurethane are examples of natural and synthetic rubber, and other polymeric
coatings are only a few examples [81]. Polymeric coatings may be applied to several substrates utilizing various
methods, with finely adhered to the substrate to not detach or deteriorate due to heat. moisture, or other
chemicals [82]. The usage of conductive polymer coatings has proven effective in metal corrosion prevention
[83]. In this sense. polyaniline has been proven to be effective. Similarly, chemical oxidative polymerization
created polyaniline/clay Nanocomposite coatings that provide excellent barrier preservation and corrosion
resistance [84]. The nanocomposite coating outperformed the pristine coating in terms of performance.
Polypyrene has also been shown to improve steel protection. Several approaches for polymer coatings with
diameters ranging from a few millimeters to tens of nanometers (nm) have been developed, some of which are
addressed in this section. Basic solution, dip coating, and spin coating technologies are examples of polymer
coating methods. The polymer solution coating method was created to coat a polymer solution on a substrate
easily and evaporate at the correct temperature [85].

Fig. 1. 13 presented the overall ideas of the three works completed in this thesis in the field of surface
modification for specialized purposes such as agriculture and medicine. The first study, named " Nanoparticle
Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by Low-Field NMR: The
Critical Role of Bound Water", solves onc of the serious coating problems (inhomogeneity) by employing a
novel strategy and investigation, utilizing low field NMR. Following the solution to the coating issue, the high-
efficiency hydrophilic layer was applied to the LDPE film using in agriculture, particularly in greenhouse
applications, which entitled " Polyvinyl Alcohol (PVA) Based Super-Hydrophilic Anti-Fogging Layer Assisted
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by Plasma Spraying for Low-Density Polyethylene (LDPE) Greenhouse Films". Our research was then

expanded to glass applications, where we successfully produced new antifogging and antibacterial coatings with
better mechanical properties " Dual-Functional Antifogging/Antimicrobial Based Natural Polymer Coating for
Glass Applications as Investigated by Low Field NMR".

Successful Applications

Solution Quality Investigation
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Fig. 1. 13. The overall research idea.
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Chapter2 Experiments and Methodology

2.1 Materials

Low-density polyethylene (LDPE) (Ethylene-octene Copolymer, XUS61530) was provided by Dow.
Polyvinyl alcohol (PVA) with a polymerization degree of 1700 was supplied by Anhui Wanwei High-Tech
Material Industry Co., Ltd, China. Silica nanoparticles of (SiO2, AEROSIL 200 with a diameter of 12 nm) were
obtained from Evonik, Degussa. Tris-buffered saline (TBS) consists of (NaCl, Mw = 58.44), and Tris base
(Reagent grade > 99%) was purchased from Biosharp, Hefei, and Sigma-Aldrich, respectively. Solarbio Beijing
Solarbio Science & Technology Co., Ltd supplied two types of surfactants, Polyoxymethylene sorbitol ester (T-
20) and Octyl phenol ethylene oxide (Triton x-100) (Table 2. 1). Sodium dodecylsulfate (SDS) Solarbio Science
& Technology Co., Ltd. Beijing, China. The Corona discharge was received from China's Ruian Zhi Lin
Technology Co., Ltd. The polysaccharide polymer chitosan is provided by Shanghai Macklin Biochemical Co.,
Ltd., Shanghai, China. Glycerol is supplied from Saan Chemical Technology, Shanghai Co., Ltd. in China.
Acetic acid is supplied from Shanghai Wokai Biotechnology Co., Ltd. in China. Shanghai Xingtal Industrial

Glass Products Co., Ltd. provided the glass substrate in China. All materials were used as received.

Table 2. 1. The general characteristics of surfactants used in current work.

N Trade Chemical Molecular Type of
ame
Name Formula Weight (Mw) Surfactant
Sodium dodecyl L.
(SDS) NaCi2H25SO4 288.3 An-ionic
sulfate
Polyoxymethylen L
(T-20) CssH114026 1227.7 Non-ionic
e sorbitol ester
Octyl phenol (Triton x-
vip C3He20n3 647 Non-ionic
ethylene oxide 100)

2.2 Processing of LDPE film and antifogging layer
2.2.1 Preparation of LDPE Film

The LDPE film was prepared through a laboratory-made blown film machine. A detailed description of
the film-blowing apparatus setup is referred to in our previously published work [86], whereas only key

processing parameters are provided here. The bubble was controlled with a diameter of 60 mm. Extrusion
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velocity ve was 2.39 mm/s, while take-up velocity vt was 57.26 mm/s, with a corresponding take-up ratio (TUR

= vt/ve) of 24, and the blow-up ratio (BUR) for high optical performance is 2 [87]. The thickness of the obtained

film was 80 um.
2.2.2 Preparation of PVA anti-fog solutions

1 g of PVA was dissolved in 100 mL deionized water and whirled for 1 h at 95°C until thoroughly
dissolved. After then, The solution was chilled until it reached room temperature. Three different surfactants
were prepared separately as a solution (10 wt.%) at room temperature. TBS buffer (10 wt.%) was prepared by
mixing 8.8 g of NaCl with 2.4 g of tris-base and magnetically stirring at room temperature for 1 hour. The
addition of surfactants, TBS, and silica nanoparticles to the PVA solution by weight is presented in Table 2.2.

Table 2. 2. Chemical compositions of solutions used for preparing the anti-fogging layer

PVA X-100 T-20 SDS TBS Sample Name of
Coating Materials on LDPE Si0;
Film (1%) (10%) (10%) (10%) (10%) © Coated LDPE
i g .
(® ® (2 ® (& Film
LDPE — —_ — — — — LDPE

LDPE- (PVA/X-100) 20 0.1 — — — — L-(P/X)
LDPE- (PVA/T-20) 20 — 0.1 — — — L-(P/T)
LDPE- (PVA/SDS) 20 — — 0.1 — — L-(P/S)
LDPE- (PVA/X-100/TBS) 20 0.1 — — 0.1 — L-(P/X/T)
LDPE- (PVA/T-20/TBS) 20 — 0.1 — 0.1 — L~(P/T/T)
LDPE—- (PVA/X-

20 0.1 — — 0.1 0.05 L-(P/X/T/Sil)
100/TBS/Si0:)
LDPE- (PVA/X-

20 0.1 — — 0.1 0.1 L~(P/X/T/Si2)
100/TBS/Si0;)
LDPE- (PVA/X-

20 0.1 — — 0.1 0.15 L-(P/X/T/Si3)
100/TBS/Si0z)

2.2.3 Anti-fogging coating processes

Several primary coating techniques are applied to select the efficient method for an excellent anti-

fogging film with high wettability, transparency, and haze performance. Fig. 2. 1 Shows the variety of coating
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techniques applied for the LDPE surface, and Table 2. 3 shows the symbolic abbreviations for each method.
The anti-fogging coating was prepared in Fig. 2. 2. corona treatment was performed in a corona discharge

(Ruian Zhi Lin Technology Co, Ltd, China). With a fixed distance of 5 mm between substrates and corona
electrodes, the operating parameters such as power and rolling speed were optimized to 300-900W and 15-115
mm/s, respectively. For homogeneous coating layers, the samples were kept at 50 °C on the coating machine for
30 minutes to let the coating agent fully react with the activated surface and evaporate the free water.
Afterward, it was exposed to hot air at a temperature of 95 °C by a homemade dryer. Later, the coating of a
super-hydrophilic layer on treated LDPE films was done using a coating machine (Xiamen xinkerui Machinery
Technology Co. Ltd, Haicang, Xiamen China). The coating speed was fixed at 30 mm/s, the setting thickness
was 5um, and the coating temperature was set as 50 °C (ambient temperature 23 °C and 75% humidity).
According to the contact angle results for power and speed, 900W and 15 mm/s, respectively, were selected as
optimum treatment parameters for all subsequent coating experiments, with variable airspeed 1.5 ~ 2.5 m/s for

10 min to ensure complete evaporation of the solvent.
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Fig. 2. 1. (a) Contact angle test for difference methods, (b) Transmittance and haze.
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Fig. 2. 2. Schematic illustration of coating of anti-fogging layer on the LDPE substrate.
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Table 2. 3. Showing the symbolic abbreviations for each method.

Steps Abbreviation
A Pure LDPE LDPE
B LDPE + Corona (300 W) C/LDPE
C Corona(900 W) - PVA (Dip Coating) — drying C/DP

(room temp -30 min) — (hot air 80°C - 10 min)

D Corona (900 W) — Layer of PVA (S5pm - C/LP/C
thickness) - Corona (700 W)

E Corona (900 W) — Layer of (PVA/SiO,) (Sum- C/L(PVA/SiO,)
thickness) - drying (room temp - 30 min) — (hot
air 80°C - 10 min)

F  Corona (900 W) — (PVA/SiO,) Dip coating -  C/D(PVA/SIO,)/C
Corona (900 W) - drying (room temp - 30 min) —
(hot air 80°C - 10 min) - Corona (900 W)

G Corona (900 W) - Layer of PVA (Sum) - Corona C/LP/C/LS
(900 W) - Layer of SiO, (0.01 mm thickness)

H Corona (900 W) - Layer of PVA (Sum) - Corona C/LP/C/DS
(900 W) - SiO, Dip coating

I Corona (900 W) — PVA Dip coating- Wash C/DP/W/DS

(distilled water - 5 minutes) - SiO, Dip coating

2.3 Surface modification of silica nanoparticles
The addition of silica, surfactant, and polymer to distilled water is shown in Table 2. 4. Colloidal
solutions comprising silica nanoparticles and surfactant were mixed for 5 min with distilled water at room

temperature, then heated to 60 °C for 3 h during magnetic stirring, and then cooled to room temperature before
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further use. The solution included PVA polymer; first, the polymer was stirred in distilled water at 80 °C for 2 h

until fully dissolved. Then, the temperature was reduced to 60 °C with the addition of silica nanoparticles for 3

hours magnetically stirring, then dropped to room temperature. All solutions are prepared with a pH of 7.5.

Table 2. 4. Chemical composition for different solutions.

Sample SiO, Surfactant PVA Abbreviation
(%) (%) (%) name
1 0.5 - - Pure silica
2 0.5 0.1 - Si+Swm
3 0.5 0.5 - Si+Su:
4 0.5 1 - Si+Sus
5 0.5 1 0.25 Si+Sus+PVA

2.4 Controlling the evaporation rate

For colloidal droplets, three open systems are used to determine the effect of Evaporation Rate J on
particle dispersion. The open system experiments on a piece of LDPE substrate were carried out at an ambient
atmosphere with J = 4.3 ~ 7.6 X102 mg/min, and two controlling tubes with .J between 5.5 ~ 7.1 X107 mg/min
and 2.7 ~ 3.1 x10™* mg/min respectively. The reducing weight recorded the evaporation process. To gain the
controlling evaporation rate J as mentioned above, a tube constructed of Teflon materials was designed to be
used inside the NMR glass tube, with a diameter of 8 mm and 178 mm, as shown in Fig. 4 .2a. The tube was
divided into two parts, sample- and cap-carrier, to improve the accuracy. Two holes of Imm and 0.5mm
diameter were punctured in the cover's center for control J. A piece of hydrophobic LDPE film with a diameter
of 8 mm was placed on the sample carrier, then one drop of each solution (1 #m) was placed in the middle of
the LDPE substrate. Afterward, the actual J was calculated under controlled humidity and temperature, 75% and
23 °C, respectively.
2.5 Nanoparticles deposits formation

The known silica nanoparticle size (12 nm), various Sodium dodecylsulfate (SDS) surfactant

concentrations, and polymer addition as colloidal solutions were placed separately as droplets in 1 L volume
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over the hydrophobic LDPE film surface. Then three different evaporation rates (/) were employed to deposit
nanoparticles at controlled humidity and temperature (75% and 23 °C).

2.6 Preparation of the hybrid chitosan coating film

Following our previous work, the surface of silica nanoparticles was modified based on Sodium

dodecylsulfate (SDS) surfactant 88! for better wettability and dismissed aggregation. In brief, as shown in Fig. 2.

3(a), a colloidal solution containing (MSN) and surfactant was mixed in distilled water for 5 min at room

temperature, then heated to 60 °C for 3 h while stirring magnetically, afterward cooled to room temperature.

Fig. 2. 3. Schematic illustration (1) clarifies the steps of preparing hybrid chitosan coating solutions, (2) shows
the steps for the dip-coating method for a glass substrate, (a) plasma treatment, (b) dip coating, (c) drying, (d)

the final product.

Table. 2. 5. Solutions chemical composition.

Solution Ch (%) SDS/SiO0,(%) Glycerol (%)
Ch 1 ; 0.5
Ch/SiO, (1) 1 1.25 x 103 0.5
Ch/SiO, (2) 1 6.25 x 10 0.5
Ch/SiO, (3) 1 12.5 x 103 0.5
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Chitosan solution is produced by dissolving 1g of chitosan in 1% acetic acid solution. The mixture was then
rapidly stirred for 6 h at 55 °C. Subsequently, 0.5 g of glycerol were added to the mixture solutions (Ch/SiOz) as
a cross-linking at 60 °C, with continuous stirring for 1 h, later 30 min ultrasonic applied at the same temperature
for bubbles free. The different mixture solutions containing MSN, chitosan, and cross-linking were obtained in
Table 2. 5. Furthermore, the glass substrates were treated with plasma to enhance the carboxyl groups and
increase the surface wettability for better adhesion, as shown in Fig. 2. 3(b1). The power of each glass was
adjusted to 10 kW for the 30s on both sides Fig. 2. 3(b2). Afterward, the dip-coating procedure was done at
room temperature for 5 min Fig. 2. 3(b3), followed by 24 h oven drying at 45 °C Fig. 2. 3(b4). The possible
final structure was presented in Fig. 2. 4.
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Fig 2. 4. Synthesis of Ch/SiO> hybrid film coating.

2.7 Characterization
2.7.1 Contact angle measurement

The contact angle was measured by an optical contact angle machine (model sdc-350, Dongguan city,
China), including a high-performance digitizing adaptor and a CCD camera of high resolution. The ‘LR-SDC-
350 Automatic Tilt Contact Angle Measuring software precisely determined the contact angle. The static
contact angle (6, degrees) of water in the air was measured by the drop method by gently dropping 2.0+0.5 uL
of distilled water droplets onto the substrate. Temperature and humidity were controlled at 23+1°C and 75+2%,
respectively. The static contact angle was measured immediately after the first drop. At least three positions

were tested to obtain an average value, and the angle between the droplet and tangent baseline at the droplet
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boundary was taken as deposition. For the coffee ring effect part, the static contact angle was recorded after 4s
for the open system-ambient environment and continuously detecting the volume decreasing every minute until

the complete evaporation. For the open system-1mm and 0.5mm, the pictures were taken every 40 min.

2.7.2 Optical microscopy

The surface morphology was captured by optical microscopy (OM) (BX51TRF - Olympus Corporation,
Tokyo, Japan). All samples were cut into (30 x 10 mm?) on rectangular glass for the anti-fogging films. Image
capture was performed using NIS-Element software (Nikon Instruments, Sesto Fiorentino, Italy). For the
spreading test, 20 uL of SiO2 (5wt.%) were dropped on the surface of original and plasma-treated LDPE films
and subsequently dried at room temperature for 1 hour. An optical microscope then directly checked the layer

surface (Fig. 2. 5).

Fig. 2. 5. Optical microscope images for spreading silica on the LDPE surface according to the different plasma
power. (a) untreated, (b) 300W, (c) 500W, (d) 700W, () 900W.

2.7.3 Optical properties

The optical properties of untreated and modified films were employed by a light transmittance/haze
meter (SGW-820) dependent on GB/T2410-2008 standard test. For accuracy in the results, testing was repeated
three times for each film.
2.7.4 Antifogging test

Two anti-fogging testing protocols were used to evaluate the performance of modified LDPE films. The
first and ten drops time techniques reflect initial and continuous anti-fogging performance [89]. All tests were
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performed according to QB/T 4475-2013 in a water bath (Gongyi City Yuhua Instrument Co. Ltd). The distance

between the water surface and the film was fixed at 15 cm. The pressure hammer adjusted the anti-fogging film
until its surface, and horizontal angle became 15°. A camera (Mimacro Machine Vision and Microscope
Camera, China) was installed to track the water dropping process. The time elapsed between the start of the
measurement and the first drop of water is the first drop time. The ten-drops time was calculated by taking the
time necessary for 10 droplets of water to drop [90]. Long-life test, five samples were installed on a six-holder
water bath (Changzhou Jintan Kexing Instrument Factory). Five types of modified LDPE films were placed on
the instrument tube with a diameter of 80 mm and adjusted the distance between the water surface and film to
15 cm. The water bath was kept at 60 °C lasting one month [91]. However, it was deemed to have lost its
effectiveness when the condensation area of the film reached 1/3 [46]. The principle for the long-life test is
shown in Fig. 2. 6. Also, the hot-vapor and cold-warm tests evaluated the Ch/SiOz layers against fogging
characterizations. Both modified and unmodified glass were kept over a hot water bath at 60 °C using the hot-
vapor approach, then were photographed after 30 min. Therefore, the cold-warm test was obtained by freezing

the samples in a refrigerator at —20 °C for 30 min and then directly exposed to the surrounding environment (25
°C and 75% humidity) [92].

Evaporation at60 ¢ . LDPE samples
P

F -

Vs Antifogging tube

el

Distilled Water

Fig. 2. 6. The diagram shows a one-month shelf-life antifogging test for five modified films.

2.7.5 Scanning electron microscope (SEM) measurements
SEM (scanning electron microscopy) with field emission (Gemini-SEM 500) was used to analyze

changed films' surface morphologies and cross-sections. All samples were sputtered with a gold ion beam for 18

s before measurement.
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2.7.6 Fourier transform infrared
Spectra of Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) (Bruker Tensor 27, Germany).
The photographs were obtained using a 4 cm™' camera in the 400-4000 cm™ spectral region.
2.7.7 Solid-state low-field 'H NMR spectroscopy

Water's spin-spin relaxation time T2 was calculated using the CPMG technique [93,94]. On the Bruker
minispec mq 20, a Larmor frequency of 19.95 MHz was used. The spectrometer's 90° pulse length was 2.78 us,
The sluggish time for the receiver was 8.6 pus. The film was split into little pieces 6 mm in diameter and
flattened tightly on a homemade design before inserting into the NMR tube bottom. To decrease water
evaporation during measurement, a quantity of desiccant silica gel filled in a PTFE tube with a diameter of 7
mm and a height of 100 mm was used. A water droplet of 10 uL was laid on the center of the samples, and then
the film was inserted carefully into the NMR glass tube. Totally 128 points were accumulated with the recycle
delay time of 18 s. Secondly, the in-situ measurements were adopted to track the effect of additives (surfactant
and polymer) on the change of droplet water fractions and the impact of different J. The scans and recycle delay
time for in-situ measurements were 128 and 20s, respectively. The echo spacing was set to 1 ms, and the
number of echoes was set to 3000, which corresponds to the point at which the NMR signal approaches the
noise floor. All experiments were conducted at room temperature (23°C) and constant humidity (75 %). As
shown in Fig. 2. 7, a sample containing silica nanoparticles modified by surfactant and enhanced by PVA
polymer was used as an example for the fitting procedure to understand better how to identify the proportion of

water fractions for solution states in-situ tracking.
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Fig. 2. 7. CPMG obtained the fitting process for 7>. (a) CPMG echo trains together with triple exponential
decay function, (b) relaxation time distribution derived after Inverse Laplace Transform (ILT), and (c)
proportion of water fractions during evaporation.

In Fig. 2. 7a, after acquiring the CPMG echo trains, the proportion of water fractions was calculated.

The Inverse Laplace Transform (ILT) was utilized to quantify fractions of different water fractions (72:, T2z, T23)
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(Fig. 2. 7b). Then the fractions in the solution state and during evaporation can then be calculated (Fig. 2. 7c).
Here, these three peaks are assigned to 72; (1-10 ms) (Bound water), 752 (200-300 ms) (trapped water), and 123
(30010000 ms) (Free water) [37,38,39]. T2, is water that binds tightly to the nanoparticle. 72> is a cytoplasmic
water binding, and 7>2; is free water in a bulk state. The Inverse Laplace Transform was adopted directly to
obtain the 7> distribution of different water fractions. It can also help estimate time constants for following
exponential decay function fitting. The distributed exponential curve fitting is performed by following multiple
exponential decay functions;
y = Ar¥exp(-t/T;2) + Ax*exp(-t/T22) + As*exp(-t/T23) + yo @))]

Where y is the residual magnetization at a specific relaxation time 7 after applying the first radio frequency pulse,
A1, A, Aj are the spin-spin relaxation amplitude. 772, 722, T23 represent the time scale in different time ranges
such as: 77> means the shortest relaxation time (1-10 ms), which is related to the bound water, 73> is the time
that represents the medium relaxation time of the trapped water (200—300 ms). And 7>; is the longest relaxation
time (300—10000 ms) related to free water. and yo is the residual error [98—100]. Also, low field NMR was used
to investigate adding MSN to chitosan structure in solution and solid states. Then, the relationship between
water fractions proportion in the final layer (after drying) and their impact on preventing antimicrobial activity
and antifogging formation was studied. For both states (solution and solid), the pulse lengths at 90° and 180°
were 2.9 and 5.5 s, respectively. The number of scans was limited to 16, and the recycle time was set at 20
seconds. The echo spacing was adjusted at 1 ms. and the number of echoes was set to 3000, which corresponds
to the point where the NMR signal approaches the noise floor. All trials were carried out at room temperature
(23 °C) and constant humidity (75%). Following our previous work (216). the proportion of water fractions was
estimated after applying the fitting process for the CPMG echo trains' data. Then Inverse Laplace Transform
(ILT) was used to calculate the various water fractions (7%, T2, T23). The T2; (0.01-1 ms) time range described
the fast relaxation rime related to the bound water. 722 (10—100 ms) is the medium relaxation time attributed to
the immobilized water, and the longest relaxation time, 723 (300—-10000 ms), describes the free water fraction

(165).

2.7.8 Coatings’ mechanical properties

An adhesion test was performed to check the robustness of the interaction between the substrate and the
coating layer. After films exposure to the hot fog test for one day, the sandpaper abrasion test was carried out. A
35g weight was fixed above a ruler made of cork, the samples with the coated side were placed on the side
facing the sandpaper, and then the ruler with the fixed samples was moved 10 cm along the sandpaper five

times continuously [91]. The principle of the sandpaper test is obtained in (Fig. 2. 8a).
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a)

10 cycle

33g weight

Sandpaper
Cork ruler
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o

Fig. 2. 8. a) The principle of sandpaper test, applied for unmodified and modified glass 10 cycles for each
sample, b) optical microscopy pictures after the mechanical test.

In addition, the scratch test was performed to evaluate the toughness of the coating C//SiO; layer. After
exposure to the hot-vapor test for one day, the sandpaper abrasion test was performed. The samples with the
coated side were positioned facing the sandpaper (Fig. 2. 8b). The fixed pieces' ruler was continually moved 10
cm along the sandpaper ten times [91].

2.7.9 Antimicrobial test (Disk diffusion assay Antibacterial)

The antimicrobial efficacy of chitosan films augmented with MSN against Escherichia coli (E. coli) was
investigated using a disk diffusion experiment, as previously described [101]. MSN (1.25 x 1073, 6.25 x 107,
12.5 x 10 %) was added to the chitosan structure and coated the glass substrates, were sterilized with UV
radiation, and cut into a disk shape (2 cm?), then placed onto the surface of LB agar plates, which had been
streaked with 100 L of 106 E. coli CFU The plates were incubated for 24 h at 37 °C. Finally, the prevention was

assessed using the inhibitory zones and the microbial area covered
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Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet

Evaporation as in-situ Investigated by Low-Field NMR: The Critical Role of
Bound Water

The coating film sector, particularly in agriculture and optical applications, demands homogeneous
deposits after drying solutions of diverse compositions on various substrates regularly. This is one of the most
serious issues confronting the coating department division in the industrial sector, as inhomogeneous coating
results in undesirable attributes and low product quality. As a result, this chapter explored one of the most well-
known phenomena, the coffee ring effect, which studied the causes, types, and solutions. The evaporation speed
and adding additives to the suspended particles were revealed to substantially impact deposition morphology,

which is crucial for future coating technology.

3.1 Introduction

The coating of nanoparticles on solid surfaces derives from its extensive usage in the industry, such as
anti-reflective and conductive coatings [102]. Nano-particle layers are made utilizing several techniques,
including the evaporation of colloidal droplets [103], dip coating [104], sedimentation [105], electrostatic
assembly [106], and convective deposition [107]. Drop evaporation is a valuable method for depositing micro-
and nano-particles due to reducing used fluids. The suspended particles within the liquid droplet form a ring as
it dries on a solid surface, known as the coffee-ring effect (CRE) [7,8,9]. Coffee-ring formations can be helpful
in applications where well-ordered nanopattern pictures are needed, such as jet ink printing [111]. However, it
is unsuitable for other applications that reguire homogeneous distribution of particles on surfaces, such as
agricultural films and optical applications [112]. For instance, for greenhouse film (usually low-density
polyethylene, LDPE), the nano-particle coating is frequently adopted to increase the wettability of the
hydrophobic LDPE surface, where the CRE causes several optical problems due to the aggregation of the
nanoparticle. This reduces the hydrophilicity of greenhouse film, resulting in fogging problems that are
reflected plainly in crop production [49]. Therefore, understanding the fundamental mechanism of CRE is of
great importance for improving coating applications.

Because the liquid evaporation rate J is quicker near the droplet's edge, the liquid from the droplet's bulk
flows outward. It indirectly drags the particles, creating a particle ring along the drop's edge [113]. The
mechanism that replenishes the liquid inside the droplet edge is called capillary flow [114]. To suppress CRE,
the following three physical strategies are usually adopted: 1) preventing the contact line from pinning, 2)

43



Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by
Low-Ficld NMR: The Critical Role of Bound Water

interrupting the capillary flow towards the contact line, and 3) preventing the capillary flow from delivering

particles to droplet edge [115]. The above strategies are developed based on progressing understanding of CRE.
For instance, Xiaoying Shen et al. [9] reported that when CR >1, the evaporation period is insufficient to create
a coffee ring. Nanoparticles are scattered over the surface; when CR < 1, The nanoparticles have enough time to
migrate to the contact line and form a monolayer, permitting the creation of a coffee-ring structure. Whereas CR

T pariicle /' T evap ( Tparticle shows the time scale for particles near the contact line (CL) to collide, which is

crucial for the creation of the first monolayer, and tevap is the time scale for liquid droplet evaporation).
Maryam Parsa et al. [116] studied the coffee-ring formation for evaporating copper(Il) oxide (CuO)
nanoparticles in water droplets on the substrate at different temperatures. They discovered that temperature
gradients at the air-fluid interface drive the radial Marangoni flow, inhibiting the deposition of nanoparticles at
the edge. In addition, when the substrate temperature rises, the Marangoni thermal number grows. Yuch-Feng
Li et al [117] discovered that the cvaporation stain pattern, consisting of concentrated stain, a ring-likc deposit,
and a combined structure, varies depending on solution surface activities and substrate contact angle hysteresis
(CAH). The deposition pattern's evolution has also been extensively studied [118,119]. The gradient of surface
tension (which typically leads to the Marangoni flow), the J, and the temperature are studied. Despite numerous
attempts to clarify the origin of CRE, the molecular level understanding of CRE, especially the interaction
between nanoparticle and bulk solvent, or the dynamics gradient on the nanoparticle surface, is still required.
Recently TD NMR has been around for several decades for its multiple uses, such as assessing changes
in water state and fractions mobility throughout processing [120]. Also, it could be utilized for other materials
such as muscular tissue [121] and food like fruits [122], grains, and vegetables [123]. It is a rapid, non-
destructive, and non-invasive method that distinguishes water mobility with minimal pretreatments. Generally,
using NMR, water can be classified into three categories based on mobility at atmospheric conditions: bound
water, immobilized water, and free water [124][120]. Above three different kinds of water can be detected by
the spin-spin relaxation (7>) time through both the 7> value and its distribution. These three categories were
based on 1H NMR spectra of water, which will be discussed in further depth in the following sections.
Nanoparticles have received tremendous interest because of their excellent chemical and physical
characteristics. Silica nanoparticles are flexible materials used in many applications, such as coating [25] and
pigmenting [125]. The hydroxyl group (—OH) on the silica surface adsorbs moisture and promotes nanoparticle
aggregation [126]. The agglomerations lead to an insufficient distribution in the solution state. Such
accumulation of silica nanoparticles could result in an inhomogeneous colloidal fluid, which plays a critical role
in coffee-ring formation [127]. Several surface modification techniques were developed for silica nanoparticles
[29,30,31]. These techniques include modifying the surface of nanoparticles, such as employing polymers or
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ionic surfactants to improve electrostatic repulsion between nanoparticles [32,33]. Sugam Kumar et al. [133]

studied the effect of the three kinds of surfactants with silica nanoparticles of different sizes using small-angle
neutron scattering (SANS). It was discovered that anionic silica nanoparticles interact with nonionic, cationic,
and anionic silica nanoparticles. And anionic surfactants are highly diverse, resulting in distinct microstructures
in each situation. Therefore, to assist in suppressing the CRE during evaporation in a colloidal droplet of silica
nanoparticles, a rapid and straightforward technique for understanding how to prevent the process of their
accumulation under predetermined conditions is required.

In this work, we carefully investigated the effect of J on preventing the formation of the CRE and the
critical contribution and essential function of water fractions in understanding the mechanism of this
phenomenon. When surfactant and polymer are added to nanoparticles with decreasing ./, the obtained findings
indicate the efficient function of bound water forming the highest consistency coating, opening the way for
upcoming research in this field.

3.2 Results and discussions

3.2.1 Surface modification of silica nanoparticles
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Fig. 3. 1. Schematic illustration of surface modification of silica nanoparticles.

The formation of hydrogen bonds between silica nanoparticles causes accumulation when pure silica
nanoparticles are added to pure water [134]. To inhibit such aggregation, the surfactant is typically added (i.c.,
Sodium dodecylsulfate (SDS) with hydrophilic groups (heads) and extended lipophilic hydrocarbon groups
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(tails)), where the surface tension of the solution is reduced. This is attributed to the amphiphilic feature of

surfactant, as shown in Fig. 3. 1. The hydrophobic tail attaches to the silica surface, whereas the charged
hydrophilic one surrounds it [135]. In addition, the presence of Sodium dodecylsulfate (SDS) surfactant in a
colloidal solution assists in the homogeneous distribution of silica nanoparticles due to the repulsion force of the
charged hydrophilic tail [42,43]. The water-soluble polyvinyl alcohol (PVA) is added to stabilize such
distribution further. The addition of PVA significantly increases the viscosity of the solution, which slow down

the precipitation process of silica nanoparticle.

3.2.2 Influence of evaporation rate on CRE
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Fig. 3. 2. Weight loss according to evaporation rate .J, (a) NMR experiment setup, (c) weight loss of solutions
droplet for the system without caps at the ambient environment in the J = 4.3 ~ 7.6 x10? mg/min, (b) system
with a cap hole size of Imm, J= 5.5 ~ 7.1 x10” mg/min, (d) system with a cap hole size of 0.5mm, J = 2.7 ~
3.1 x10* mg/min, All the above experiments were conducted at the same temperature (23 °C) and humidity
(75 %).

The droplets with the addition of surfactant or polymer are inadequate to produce a uniform distribution
of silica nanoparticles and avoidance of the coffee-ring formation on the LDPE film surface in the ambient

environment. As a result, more tests for regulating evaporation rate J were conducted to investigate the

46



Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by
Low-Field NMR: The Critical Role of Bound Water
influence of the J on CRE formation. Here, three experiments were adopted, where J is controlled by

combining the addition of surfactant /PVA and the hole size in the cap. Then a droplet of solution with a
volume size of 1 4L is laid on the LDPE surface, whose weight is used to monitor the J as shown in Fig. 3. 2a.
All experiments were performed in the same environmental conditions (temperature 23 °C, humidity 75%). For
a system without a cap, the experiments took less than 25 min for all samples to evaporate entirely. with the J of
4.3 ~ 7.6 x10~ mg/min depending on surfactant concentrations and polymer additives (Fig. 3. 2c). It's worth
noting that the J of samples with the highest concentration of surfactant and PV A is the highest. For systems
with caps, samples were placed in Teflon tubes (Imm and 0.5mm cap holes, respectively). The rate of
evaporation .J was detected between 5.5 ~ 7.1 x10 mg/min. requiring more than 200 min for all samples to
evaporate completely (Fig. 3. 2b), and less than 350 min when J is reduced to 2.7 ~ 3.1 x10™* mg/min (Fig. 3.
2d).
3.2.3 Surface morphology

The effects of evaporation speed on the final distribution of silica nanoparticles have been detected
using optical microscopy (OM). When a colloidal droplet of silica nanoparticles is placed on a hydrophobic
LDPE surface in a system without a cap, the formation of the coffee ring is evident, as shown in Fig. 3. 3(al).
During evaporation, the nanoparticles firstly deposit and aggregate at the edges due to the capillary flow [108].
The CRE is significantly suppressed with the increasing surfactant addition and PVA (Fig. 3. 3(a2, a3, a4, and
a5)). The silica begins to form a multi-layer and gradually decreases in the direction of the droplet center, with a
scattered distribution rather than accumulating at the contact line (Fig. 3. 3(a3)). This refers to the disturbance in
capillary flow when Sodium dodecylsulfate (SDS) surfactant is added. Such disruption is proportional to
surfactant concentration and reduces agglomeration layers to monolayers (Fig. 3. 3(a4)). In addition, the
completely receding of the coffee ring with scatter aggregations was done when PVA was introduced (Fig. 3.
3(a5)). For more homogeneous distributions, J was reduced to the range of 5.5 ~ 7.1 x107* mg/min. In the case
of pure silica droplets, the appearance of CRE was decreased, with a bit of dispersion (Fig. 3. 3(b1)). The
formation of nanoparticle multi-layers is significantly reduced when the dose of Sodium dodecylsulfate (SDS)
surfactant is raised from 0.5 to 1%. Following that, due to reductions in contact angle and silica separation from
each other, a silica monolayer continues to form extensively (Fig. 3. 3(b1, b2, b3, and b4)), and after adding
PVA (Fig. 3. 3(b5)). When J is lowered to 2.7 ~ 3.1 x10™* mg/min, the pure silica droplet shows obvious
retreating of the coffee ring with aggregation toward the droplet center (Fig. 3. 3(c1)). From the first presence of
Sodium dodecylsulfate (SDS) surfactant, this buildup tends to diminish, and the region of uniform dispersion

rises (Fig 3. 3(c2)). The homogeneity distribution steadily increased with surfactant concentration (Fig. 3. 3(c3
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& c4)). When the PVA polymer was added, the area attained maximum distribution, limiting the number of

voids that the silica didn't reach and covering the largest possible area (Fig. 3. 3(c5)).
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Fig. 3. 3. Optical microscopy images clarify suppression of the CRE. (a) Evaporation rate J= 4.3 ~ 7.6 x1072
mg/min, (b) J= 5.5 ~ 7.1 x10> mg/min, (c) J=2.7 ~ 3.1 x10* mg/min. (al, a2, a3, ad), (b1, b2, b3, b4), (c1,
c2, c3, c4) the distribution of silica nanoparticles on hydrophobic LDPE surface in different surfactant
concentration (0%, 0.1%, 0.5%, 1%) with different J (a, b, c) respectively. (a5, b5, c5) the addition of (0.25%)
PVA polymer to (Si+Su3) sample in different J (a, b, c) respectively.

For quantifying CRE, the ratio of the area covered by silica after evaporation S and that of original
droplet So (S/So) is calculated as shown in Fig. 3. 4. The ratio S/So is 21% for the pure silica droplet in the
system without caps in an ambient environment. With decreasing the evaporation rate J to 5.5 ~ 7.1 x10?
mg/min, the recorded covered area was 37%, till it reached 55% at the lowest evaporation rate. Taking the J =
2.7 ~ 3.1 x10™* mg/min as an example, the area covered by silica distribution increased from 55% to 83% when
Sodium dodecylsulfate (SDS) concentration raised from 0.1% to 1%, respectively. After adding (0.25%) PVA

polymer, the area reached the maximum distribution of 95%. The area region for uniform silica distribution in
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the case of low evaporation speed demonstrates the evident necessity of controlling evaporation conditions

during the coating process, which primarily influences CRE suppression. The experiment findings indicated that
the covered area (5/Sp) < 60% indicates a high probability of accumulations in the droplet edge of varying sizes.
The ring size in Fig. 3. 5a and the finite distance in Fig. 43. 5b show additional information about the effect of

the critical additives and evaporation rate ().
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Fig. 3. 4. Effect of evaporation rate J on final silica distribution on LDPE surface in the presence of surfactant
and polymer.

The diameter of the coffee ring steadily decreases when PVA and surfactant concentrations are
introduced with a lowering Eva. Rate until it approaches a diameter near-zero (Fig. 3. 5a). This is because the
particles have ample time to settle on the surface without migrating to the edge, inhibiting capillary flow and
allowing more significant silica dispersion during evaporation.

A restricted distance (Lp), on a few micrometres, was also found between the original contact line and

the ring structure boundary (Fig. 3. 5b), which was dubbed finite distance [137]. We used the prior work

49



Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by
Low-Field NMR: The Critical Role of Bound Water

approach to calculate limited distances and investigate the influence of J on the pining contact line [115].

Depending on the contact angle, eq.2 described the method.
Ly =r/tan(6/2) (2)
where r is the radius of the nanoparticles and @ is the three-phase CL's local contact angle.

The finite distance for all samples was recorded between 0.5 to 0 #m, which revealed that evaporation
speed significantly impacts the finite distance. When J decreases, the finite distance reduces even for pure silica
droplets, suggesting that the depositing of silica nanoparticles as monolayers starting from the contact line and
Droplet evaporation is quicker than spreading towards the center. As the surfactant concentration grew, so did
the dispersion of silica nanoparticles from the contact line to the center. The distance limit diminishes

completely when the slowest evaporation speed is employed in the presence of surfactant and polymer.
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Fig. 3. 5. (a) ring size, (b) existence of a limited distance Lp, between the original pinning point and the coffee-
ring border.

3.2.4 Wettability
Contact angle over time was measured for sample droplets with and without additives to investigate the

CRE were shown in Fig. 3. 6. The contact angle for colloidal droplets was observed at varying degrees
following the final distribution depending on the addition of surfactant concentrations and .J. The final

distribution of silica nanoparticles in an ambient environment was detected between 25.4°~ 6.3° (Fig. 3. 6a).
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When the evaporation rate (J) reduces in the open system from Imm to 0.5mm, the final contact angle

decreased consistently from 19.1° to 2.5° (Fig. 3. 6b), and from 9.8°to 0.2° (Fig. 3. 6¢) respectively. For a better

understanding of silica particle's motion inside the droplets during evaporation, the contact angle is divided into
three essential tenses: initial contact angle, which is detected during the first stage of evaporation Oinitial,
receding contact angle, which is the most critical time for silica formation on the surface Oreceding, and final
contact angle, which represents the angle of silica distribution after fully evaporate Ofinai [110]. Using pure silica
droplet as an example, the contact angle during evaporation with different evaporation speeds is shown in Fig.
3. 6(d, e, and f). In the case of rapid evaporation (J= 4.3 ~ 7.6 X102 mg/min), silica particles begin to take shape
toward the edge, induced by capillary flow during the receding stage (less than 15 min), and ending in the final

stage in a shape of a coffee ring, as a result of rapid evaporation from the edge with a contact angle more than
25° (Fig. 3. 6d).
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Fig. 3. 6. Contact angle for varying evaporation rate .J as a function of surfactant concertation and polymer in
(a) ambient environment in the J=4.3 ~ 7.6 X102 mg/min. (b) open system-1mm, J= 5.5 ~ 7.1 x10"* mg/min,
(¢) open system-0.5mm, J= 2.7 ~ 3.1 x10** mg/min. Sketches of particle migration (left) and contact angle
images (right) during sessile pure silica drop drying at (d) open system-ambient environment, (e) open system-
Imm, (f) open system-0.5mm. All contact angle pictures taken at 1 mm scale.

When J is reduced to 5.5 ~ 7.1 x10"* mg/min, the contact angle has a low receding angle speed (more than 70

min). This provided extra time for more silica dispersion, decreasing the accumulation at the edge by enhancing
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Marangoni flow, which reflected the final contact angle by less than 19.1° (Fig. 3. 6e). The impact of

Marangoni flow increased when J was lowered to 2.7 ~ 3.1 x10* mg/min, allowing the particles to settle more
uniformly from the droplet's contact line to the center (receding contact angle more than 100 min), and the
contact angle decreased to 9.8° (Fig. 3. 6f).

3.2.5 Evolution of three-state water

3.2.5.1 Solution state
Water has a high surface tension due to the strong hydrogen bonding between water molecules [138].
When surfactants are introduced, they will penetrate the air-water contact and disrupt those bindings, reducing

the surface tension [139].

a) e ; b) - ¢)
12 CPMG Lree water
~ 2004 — Pure Silica 2 Z 200 a
: —Si+Suy l:‘, : {1 I_{{
raf |
é SiiSuy (PVA | _? | Bound water tmmobitized water [l Free water
> 100 | =z 100 ’ 1 & 1004 v 1.20 1.70% 2.15% 2.43%
= | = | g g
= . - fl ~=d et ap | N
Z 50 T, T, #\ 2 30 /;T &
2 ~ X F AR = 804
s L AN 5 | TN\ :
1 \\ 10 100 \\Tm 10000 100 10000 b
\ Relaxation time {tmy) Relaxation time (ms) Z 604
) 3 ) -
\ " = D)
\Bound water S Immobilized water =z
~ 30 > N e ——— = 401
EBE Iyls [T , In| E
z 230 f = 2() -
Z 20 / \ 2 ‘- Z 2
£ £ ( <
.15 20 |l 0
Zw Z g & o = o S
2 — 210 f N o X2 ol ta
< 2 < | l O &N - - X
B . £ & : O
= - = / \ o 59
0 04— = -
1 10 100 200 00 400
Relaxation time (ms) Relaxation time (ms)

Fig. 3. 7. Relaxation time distributions in the presence of other additions. (a) 7> CPMG after ILT where three
different distinct 72 are observed, together with enlarged pictures for (b) free water, (c) bound water, and (d)
trapped water, respectively. (e) the proportion of different water fractions under various additions.

The influence of surfactant, PVA, and silica nanoparticles on the distribution of three different kinds of
water is reflected by NMR 73 relaxometry obtained by CPMG sequence as shown in Fig. 3. 7a, where the ILT is
used for a serial of echoes. For pure water, the singlet peak appears in the time range 300-10000 ms, referred to
as free water (Fig. 3. 7b) [140]. When silica nanoparticles are added to pure water, an interfacial hydrogen
bond is formed between particles [141,134], known as trapped water, between 100-300 ms (Fig. 3. 7d). This
intermediate bond helps particles stick to each other and form colonies of silica aggregations, affecting the

stability of silica distribution and accelerating deposition. Due to the surfactant activity in breaking the
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hydrogen bonds established between particles, the intensity of trapped water begins to diminish as Sodium

dodecylsulfate (SDS) is added to the solution (Fig. 3. 7d). And it practically vanishes when the concentration
reaches 1%, ranging from 11.7% to 0.09%, signalling for disintegrating silica colonials (Fig. 3. 7e)

The number of surfactant molecules firmly attached to silica particles (bound water) appeared in the
time range 1-10 ms, increasing gradually with surfactant content, as shown in Fig. 3. 7c. The fraction of bound
water rises from 0.03% to 2.15%, implying that it refers to the number of surfactant molecules attached on silica
surfaces. enhancing electrostatic repulsion between silica particles and preventing aggregation (Fig. 3. 7e). The
proportion of bound water fraction increased to 2.43% after adding PVA (0.25%) to the solution consisting of
surfactant and silica nanoparticles. This refers to two reasons: 1) PVA has entire hydrophilic groups, such as -
OH hydrogen bonding formation groups [142]; 2) the polymer promoted silica particle attachment and stability
in solution by strong binding (bound water) with maintaining silica surfaces covered by surfactant. The free
water fraction rose continuously with the surfactant dose, from 88.27% to a high of 97.4%. due to the ability of
Sodium dodecylsulfate (SDS) surfactant to dissolve the hydrogen bond (trapped water) between silica particto
les convert it to free water.
3.2.5.2 In-situ NMR tracking

In-situ studies have been conducted using NMR CPMG to investigate the change in water fractions in
the presence of silica nanoparticles and other substances during evaporation. 1 L of the various colloidal
droplet was placed on the hydrophobic LDPE film separately, and then the on-site NMR follow-up started with
time during evaporation. According to the optimum scans 128 and RD 20s, each signal was accumulated by 40
min. Fig. 3. 8(al and bl) displayed the original ‘H FID signal for pure silica and Si+Sus+PVA droplet,
respectively, which has subsequently been transformed to numerous peaks by ILT (Fig. 3. 8(a2 and b2)). The
original data was then utilized in a fitting process to determine the cumulative percentage for each fraction
throughout evaporation (Fig. 3. 8(a3 and b3)). Experimentally, found that bound water fractions always occur in
the initial stage of evaporation for all colloidal droplets, including the droplet of pure silica in an ambient
environment, which may be attributable to the contact line on the LDPE surface being pinned by a strong
hydrogen bond. Influential additions and the evaporation rate determine the rise and reduction of this bond and
its continuity. To clarify the variations in water fractions in each case during evaporation, a droplet of pure
silica was compared to a droplet containing surfactant and polymer (Si+Sus+PVA) at the same J (5.5 ~ 7.1 x10°
3 mg/min). In the case of pure silica droplets, the free water fraction gradually decreased over time due to their
high mobility. This effect is explained because free water populations will evaporate first from droplets [143].
The proportion of trapped water was lower at the begging and rose to its maximum at the end of drying. (Fig. 3.
8(a2)). This is due to the hydrogen bonds being raised between silica particles, translating as trapped water in

53



Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by
Low-Field NMR: The Critical Role of Bound Water

the NMR signals according to the time range (70-300 ms). During drying, the loss of bound water fractions
continuously after the first stage, due to edge evaporation (Fig. 3. 8(a3)).

Furthermore, the fractions of trapped water rose continually, suggesting a continuous transfer of silica
conglomerates onto the contact line by capillary flow. And replacement of the bound water fraction created for
pinning contact lines by trapped water increased considerably owing to the ongoing attraction of silica particles
for each other during evaporation. Conversely, the bound and trapped water fractions of colloidal droplet
Si+Suz+PVA progressively rose till the end of the evaporation process, whereas the free water fractions

gradually dropped (Fig. 3. 8(b3)).
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Fig. 3. 8. The relaxation time distribution of different water fractions over time in the presence of surfactant and
polymer concentrations. (a) & (b) 72 CPMG for pure silica and (Si+Su3+PVA) solution droplet respectively, at
the same evaporation speed 5.5 ~ 7.1 x10”> mg/min. (al, b1) 7> CPMG original signals for amplitude droplets
decreasing with time, (a2, b2) ILT and, (a3, b3) proportion of water fractions during evaporation for pure silica
droplet and (Si+Su3+PVA) solution droplets respectively.

In contrast to the droplet of pure silica, the proportion of trapped water is relatively small in the initial
state, indicating decreased attraction between silica particles due to the surfactant effect. Over time, the modest
increase in trapped water percentage is attributable to aggregation during evaporation. This is to say, the tiny
quantity of accumulation has no effect on the enormous covered area by silica nanoparticles (90%), as seen in

Fig. 3. 8(b3). In the Si+Su3+PVA droplet, the proportion of bound water fraction began with three essential
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variables influencing its intensity: 1. bound water covered silica nanoparticles owing to surfactant effect, 2.
bound water attributable to the PVA polymer structure, and 3. bound water anchoring the contact line.
Moreover, the bound water percentages increase with time due to the pinning of silica particles on the LDPE
surface, suggesting the broad distribution area covered by silica. Decreasing J = 2.7 ~ 3.1 x10* mg/min
significantly impacted the droplet fractions, which started with a short relaxation time (bound water) and
evolved to a lengthy relaxation period (free water) (Fig. 3. 9). The proportion of bound water required a long
time to completely disappear in the case of pure silica droplets (Fig. 3. 9(a2)) (Support Information), indicating
a deficit in evaporation at the droplet edge. This keeps the contact line open for a more extended period and
prevents capillary flow from the droplet center to the edge, enabling particles to descend through Marangoni

flow rather than gather at the border.
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Fig. 3. 9. Relaxation time distributions investigated the changes in water fractions over time in the presence of
surfactant and polymer concentrations. (a) & (b) 7> CPMG for pure silica and (Si+Su3+PVA) solution droplet
respectively at the same J=2.7 ~ 3.1 x10* mg/min. (al, b1) 7> CPMG original signals for decreasing droplets
with time, (a2, b2) the corresponding 72 distribution after ILT and (a3, b3) proportion of water fractions during
evaporation for pure silica droplet and (Si+Su3+PVA) solution droplets, respectively.

A slight increase in the trapped water proportion during evaporation (Fig. 3. 9(a3)) due to the
accumulation of silica nanoparticles in the middle of the droplet (Fig. 3. 3(c1)). In Fig. 3. 9 (b2, b3), due to the
bound water in the PVA structure, which is generally determined by its polarity and ionic group concentration

{144], the bound water effect increased slightly in the first stage comparison with the droplet without additives.
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The proportion of bound water fraction increases with time due to the wide-area deposition of modified silica

nanoparticles during evaporation pinned to the LDPE surface (Fig. 3. 9(b3)). Several studies on colloidal
droplets have been done to determine the optimum conditions to regulate the formation of coffee rings based on
the time of particles movement inside the droplets. In addition, Table 3. 1 compares critical characteristics
between our study and other previous findings based on the time scale for particle migration during evaporation
to determine different CRE suppression methods (support information). As an instance, Min Pack et al. [145]
reported that when tp/tzr < 1, the coffee-ring will form or be inhibited if the ratio is tp/fe1 > 1 (where fp is the
time required for particles to reach the contact line and #g; is the time needed for the residual drop volume to

evaporate).
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Fig. 3. 10. The time spent on bound water fraction during the colloidal droplets' evaporation is normalized by
the time of all fractions for fully evaporation ¢/t~ as a function of the area covered by silica distribution S/So.

The current study shows the duration of the existence of bound water fraction at different evaporation
speeds and silica distribution after total evaporation in Fig. 3. 10. Where £z is the time scale relevant to the
movement and adhesion of the nanoparticles to the surface by particle-surface interaction via bound water
fraction. It can also be defined as the total time of the bound water fraction to bind nanoparticles to the surface
during evaporation. And this could be a quick indicator for the nanoparticle number that has stuck to the surface
without aggregating. In the second time scale, fr is governed by the evaporation rate. It is related to the recorded
time spent on all water components (bound, trapped, and free water) throughout the droplet volume reduction
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until complete evaporation. Such results reveal that the longer the presence of bound water during evaporation,

the greater the dispersion of silica nanoparticles will be. This is due to the poor mobility of bound water
resulting from significant contact with the LDPE surface, which is critical for defining the final deposition
morphology in the conflict between particle motion to the contact line and solvent evaporation. Results show
that g/t > 0.5 is the minimum requirement for the bound water fractions during evaporation with covered area
§/80> 60%. There was a halt to gather particles at the edge and prevent

the formation of the coffee ring. It is also worthy to note that the higher the surfactant concentration, the
more extended presence of the bound water until it reaches the longest time when the polymer is introduced.
For 1s/tr < 0.5, particle deposition in the contact line is predicted to dominate. Therefore, the coffee-ring deposit

is expected.

Table 3. 1. The comparison of key parameters between our work and other previous reports.

Coffee Suppression
Time scale Ref
ring effect coffee ring effect

/T4 >1 <1 [146]
Tparticle/Tevap <1 >1 [110]
tp/tEr <1 >1 [145]
totn <0.6 05-0.8 [147]
Our

18/tF <05 >0.5
work

e 14 the characteristic deposition time.

e 7, is governed by the drop's evaporation flux and is proportional to the volume change necessary to lower

the sessile drop's contact angle from its equilibrium value to the receding contact line.
® 7.4 indicates the time scale for liquid droplet evaporation.

®  Tyricerepresents the time scale for particles close to the CL to collide.

e ¢pthe time for particle motion.

e tg; evaporation time of the residual drop volume.

57



Chapter 3 Nanoparticle Deposition Pattern During Colloidal Droplet Evaporation as in-situ Investigated by
Low-Field NMR: The Critical Role of Bound Water

e 1 is the overall evaporation period after being subjected to the laser.

e o adroplet is irradiated by a laser beam for a specific time.
s [ris time for fully colloidal droplet evaporation.
e 1z is the time spent on bound water during evaporation.

3. 3 Conclusion

The experimental and analytical data presented above demonstrated that depending on functional additives and
evaporation rate (J), bound water and other fractions play a critical role in forming coffee rings or homogeneous
distribution of colloidal droplets during evaporation. Using time-domain low field 'H NMR spectroscopy, the
spin-spin relaxation time 7> sequence approach [50] was used to in-situ track colloidal silica nanoparticles
droplets to understand the effect of evaporation rate (J) and effective additives on the performance of water
fractions during evaporation. The result shows that owing to its fast mobility and rapid evaporation, the
influence of free water fraction during evaporation is relatively modest [120]. The final distribution of colloidal
silica droplets is substantially influenced by trapped water in the solution state. A significant influence on silica
behavior during evaporation was observed due to the high bonding for water-water and water-surface
interactions; it increased silica particle accumulation with a bit of spread [134][141]. On the other hand, the
extended life of bound water during evaporation is critical for inhibiting CRE and the ultimate dispersal of the
nanoparticles. Because of the strong water-surface interaction and the poor water-water contact, bound water
has a major impact during evaporation, significantly separating silica aggregation and organizing particle
mobility in colloidal droplets [148]. Experimentally, the minimum time necessary for existence bound water
during evaporation to suppress the CRE is fz/fr > 0.5 with a minimum distribution area S/Sp > 60%. This is
similar to what has been documented in previous research with different time scales [147,115,146,149,145,110].
This might be used as a dimensionless indicator to examine particle mobility in solution and during evaporation
for enhancing silica dispersion throughout the coating process, allowing researchers to more appropriately and

accurately determine the appropriate values for adding additives and the best evaporation conditions
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Chapter 4 Polyvinyl Alcohol (PVA) Based Super-Hydrophilic Anti-Fogging

Layer Assisted by Plasma Spraying for Low-Density Polyethylene (LDPE)

Greenhouse Films

After studying the formation of the coffee ring effect, which affected the coating homogeneity, and
finding a possible solution by decreasing the evaporation speed and adding additives such as PVA polymer, the
coating process applied for the LDPE to solve the antifogging properties will discuss in this section. Fogging is
an issue that occurs in various applications, including food packaging and condensation within greenhouse
complexes. Food packaging must exhibit its contents in a sanitary and visually pleasing manner, which
decreases the consumer's ability to view the food and gives the impression of inferior quality. Condensation of
water within the container may result in a deterioration in quality in particular situations. Unwanted impacts in
the agricultural sector include lower total light transmission in greenhouses and water dripping, which can cause
plant damage. The focusing action of the water droplets - similar to an array of lenses concentrating solar
radiation on plants - may cause additional plant harm. These factors result in a decreased potential yield and
worse product quality for food producers. This chapter will concentrate on a solution to the fogging problem in
greenhouse applications by employing a super-hydrophilic layer using environmentally friendly components
with a long shelf-life. |
4.1. Introduction

The greenhouse film plays a vital role in increasing agriculture yield by providing a suitable crop
environment. Due to its excellent mechanical and optical properties and low price, polyethylene (PE) has
become the primary petroleum-based polymer for producing greenhouses films [150]. In the early 1970s, low-
density polyethylene (LDPE) started to replace the paper for mulching vegetables [151], followed by large-scale
applications, i.e., greenhouses and tunnels [152][150]. But one serious disadvantage of PE-based greenhouse
film is the hydrophobicity due to its low surface free energy (~30 dynes/cm) [153]. This leads to the fogging
phenomenon's un-favored effect since the water has a much higher surface free energy of ~70 dynes/cm, and the
droplets cant spread on the surface [153]. Fogging phenomena would affect the critical properties of the
required film, such as reducing transmittance [95] and forming water droplets on the film surface, which act as
lenses, resulting in the burning of crops and eventually reducing crop yield [154]. Undoubtedly, methods to
solve the antifogging problem of PE agriculture film are required at first glance.

Generally, two strategies have been adopted for antifogging: internal migratory additives and external

topical coatings [155]. The internal additive strategy depends on the migration of additives on the film surface
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to reduce the surface tension. Commonly used additives are fatty acid esters, i.e., monoglyceride and
polyglycerol ester, with a weight concentration of (0.2-3 wt.%) [90]. The polar part of the internal additive leads
to incompatibility with PE films, causing micro-phase separation during processing [156]. With the progress of
multilayer greenhouse films, controlling the migration and ensuring long shelf life becomes a challenge for the
internal additive stratcgy. The external coating is another efficient strategy to reduce surface tension [153]. The
layer is usually achieved through plasma treatment [157], layer by layer (LbL) [158], and roller process [159].
Plasma treatment activates the PE film's surface, enhancing the interaction between PE film and additives [160].
The plasma discharge method has been widely utilized to change the characters of plastic films by creating
surfaces rich in carboxyl groups induced by plasma polymerization [161]. The degree of surface oxidation and
film surface tension increased with increasing electrode influx of corona-discharge treatment [162]. The main
disadvantage of this approach is that the surface free encrgy of the treated film is still low and does not fulfill
antifogging requirements.

On the other hand, after plasma treatment, polar groups on the surface re-arrange themselves with time,
reducing surface wettability during storage [163]. A later solution casting process could overcome such
drawbacks. For solution casting, some nanoparticles, like Al:O3 and Si0», are added to the surface of the films
to enhance several properties, i.e., wettability and durability {106,107]. Surfactants are usually added as
antifogging agents to increase surface energy and inhibit the aggregation of nanoparticles [108,109]. Since
external strategy only deals with the outmost layer, multilayer films show great versatility. However, compared
with the internal strategy, where the migration process is relatively slow and controllable, the stability of the
external coating layer significantly influences the shelf life of the greenhouse film [167].

A new strategy related to the external coating is required to keep the versatility of the traditional external
coating strategy and overcome its weakness in severe fogging conditions. Recently, researchers figured out that
adding polyvinyl alcohol (PVA)/Si0: blend as a coating agent gives significant efficiency in decreasing contact
angle combined with anti-fogging properties[168]. PVA has been widely used in the biomedical field [169],
optical [170], and textile applications [171], etc. As a hydrophilic polymer, PVA could reduce the surface
tension. Meanwhile, the high transmittance of PVA ensures a relatively minor influence on lowering the optical
properties of greenhouse film. However, its water solubility limits its application in greenhouse film. The
addition of silica nanoparticles is necessary, as the outermost silica layer's existence could significantly increase
resistance to fogging, soiling, and thermal stability {172]. For instance, Wu et al. [173] prepared a durable anti-
fogging coating by forming a Si-O-C chemical bond between PVA and silica nanoparticles to improve water
resistance and strength of the coating layer. Considering the antifogging application in the agricultural

greenhouse, low cost but highly efficient and with a long shelf-life anti-fogging layer is required.
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In this work, based on the traditional external coating strategy, a new anti-fogging coating strategy
including PVA polymer network as the basis with silica nanoparticles and surfactant was developed. Three
kinds of nonionic surfactants and Tris-buffered saline (TBS) were used to enhance interaction between coating
and PE films, which improves the shelf life of greenhouses films. TBS is a biochemical substance commonly
employed in several biochemical procedures to keep the pH within a reasonably limited range (7-9.2) and
improve surfactant use efficiency [174]. The obtained film shows an excellent anti-fogging effect, with a
contact angle < 2°. The hot fog tests confirm the long shelf life of this kind of functionalized greenhouse film.

4.2 Results and discussion

The plasma treatment was performed on LDPE films to generate carbon radicals from the hydrocarbon
backbone to generate reactive sites. The unstable hydroperoxides are caused by rapid oxidization. The
decomposition of hydroperoxide then produces various oxygen-based functional groups [175]. The influence of
plasma power and rolling speed on surface wettability, determined by contact angle measurements, was first
checked to determine optimum conditions for high adhesion quality without affecting the LDPE interior
structure.

4.2.1 Surface wettability

The contact angle is typically regarded as a strong predictor of changes in surface wettability. As shown
in Fig. 4. 1a, the higher power and slower rolling rate result in a smaller contact angle. Taking the rolling rate of
15 mm/s as an example, compared with the untreated LDPE with a contact angle of # =110°, the @ of treated

LDPE decreases continuously from 110° to 47° with increasing plasma power.
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Fig. 4. 1. (a) Contact angle of LDPE film after treatment by plasma with different powers. (b) the dynamics of

water contact angle for LDPE film modified by plasma at a speed of 15 mm/s selected from (a). (c) shelf-life
results of surface tension with storage.
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Under the fixed plasma power, taking 300W as an example, the 8 decreases from 110° to 68°, reducing
the polling rate from 115 to 15 mm/s. The lowest 8 obtained after plasma treatment is 47° under plasma power
of 900W and a rolling rate of 15 mm/s. The surface stability of treated LDPE film was shown in Fig. 4.1b & ¢
under the same optimum corona treatment rolling speed of 15 mm/s. The results after corona discharge didn't
show any visible change in the SEM results as presented in Fig. 4. 2. The slightly decreasing contact angle
reflected water spreading on the modified LDPE surface up to 5 min. Using 300W as an example, the contact

angle 0 reduces from 68° to 65°, increasing measurement time to 5 min.

Fig. 4. 2. SEM test for samples after corona treatment (a) Untreated, (b) 300W, (c) 500W, (d) 700W, (e) 900W.

4.2.2 Chemical composition

The presence of different functional groups of the anti-fogging layer was directly checked by FT-IR
spectroscopy, as shown in Fig. 4. 3. The absorption maxima for the CH3 and CH; asymmetric stretching
vibrations are 2920 cm™! and 2858 cm™, respectively. C-H bending may be seen in the peaks at 1460 cm™ and
720 cm!. All of these peaks are associated with the LDPE greenhouse film. Some new peaks appear at 843 cm’
1, 1085 cm™', 1093 cm™', 1330 cm™, and 3300 cm™ after coating by a hydrophilic agent. For L-(P/X), two new
peaks appear at 1093 cm™ and 3300 cm™! Fig. 4. 3a, which belong to -C-O stretching vibrations and ~OH
stretching, respectively [176]. After adding TBS to the PVA/X-100 solution, a clear enhancement in intensity is
observed for these two peaks. Also, a peak at 1330 cm™! is related to -C-O stretching [177]. TBS enhances the
reaction kinetics by creating a colony of carboxyl groups on the layer surface, as shown by the enhanced
intensity of 1093 ¢cm™ (-C-O) and 3300 cm™! (-OH). An indication of the high possibility that TBS can dissolve
surfactant aggregates Triton X-100 into small parts, making the reaction faster and more robust with PVA
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structure, which is reflected by the increase in the intensity of critical two peaks -C-O, -OH [174]. After adding
SiO2, a new peak at 1085 cm™ appears, which belongs to Si-O-C stretching vibrations [178].
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Fig. 4. 3. FT-IR spectra of LDPE films with an anti-fogging agent (a) before one month and (b) after one month

The intensity of the characteristic stretching vibration peaks of the Si-O-C and -OH group increases
gradually with increasing the mass fraction, which verifies that SiO, was linked with PVA structure by a
covalent bond [179]. These results reveal that the PVA structure is highly influenced by the content of SiO»/
Triton X-100 in the presence of TBS. The peak at 850 cm™' presented in all samples after adding TBS assigned
to C-Cl stretching relative to the TBS saline formation [180]. Fig. 4. 3b presents the FT-IR spectra of the anti-
fogging layer after a one-month hot fog test. The sample L-(P/X) shows the poorest hydrophilicity and less
stability, and almost no characteristic peak of the carboxyl group was observed after 13 days. This indicates the
film had lost the anti-fogging agent. All the other samples L-(P/X/T/Sil), L-(P/X/T/Si2), and L-(P/X/T/Si3),
show a slight decrement in the hydrophilic bonds after one month, reflecting good stability against fogging.
From all the above results, the addition of TBS plays an essential role in improving the wetting properties.

To further analyze the surface stability of modified LDPE, the measurement was conducted daily for one
week, as summarized in Fig. 4. 1¢. As the active surface is unstable, a slight contact angle 8 is observed. Taking
300W as an example, the contact angle increases slightly from an initial 68° to 71° after one week. The above
results show a minor influence of storage time on surface wettability. As a confined space, the interaction
between water and surface changes with variable surface wettability. In terms of surface interaction, there are

three different kinds of water, namely, free water, Immobilized water, and bound water. Free water seldom
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reaches the surface, and most interactions occur between water and water. Simultaneously, the immobilized
water softly interacts with the character (stronger than free water but weaker than bound water), resulting in
water-surface and water-water interactions. Bound water is firmly bound to the surface. The water-surface
interactions are very robust, while water—water interactions are feeble. The distribution and fraction of these
three kinds of water could significantly influence nanoparticle distribution on the LDPE surface in the later

coating process. Therefore, the precise determination of different kinds of water is necessary.
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Fig. 4. 4. (a) Schematic illustration of the NMR experiment for tracking the evaporation process in-situ. (b)
different kinds of water on the surfaces of modified LDPE with different surface wettability. (c, d, and e) the
evolution of different kinds of water as reflected by the 7> relaxometry after inverse Laplace transform.

The low field time-domain NMR (TD-NMR) has been frequently used to analyze different water
fractions through spin-spin 7> relaxometry [174] Fig. 4. 4a. The CPMG with a recycling time of 18s and a total
number of scans of 128 was used to obtain 73. After inverse Laplace transform [181], three distinct peaks are
found, which are assigned to bound water 7»; (0.1 - 2.5ms), immobilized water 722 (2.5-25ms), and free water
T23 (25 - 1120ms) [182], As shown in Fig. 4. 4b. The bound water is firmly bound to the surface, and the water-
surface interactions are very robust, while water—water interactions are feeble [120]. The free water is non-
constraint, with dynamics similar to that in the bulk state. The untreated LDPE shows the highest amount of free

water fraction, which decreases with an increase in power, whereas that treated by plasma of 900W shows the
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lowest one, as shown in Fig. 4. 4c, d & e. A minor fraction of the free water observed in treated LDPE film

might be due to the high spreading of the droplet on the hydrophilic surface.

Increasing plasma power leads to an increasing fraction of bound water, consistent with the above
contact angle measurements. Additionally, in-situ measurements of three different kinds of water were obtained
by time-resolved 7> relaxometry. Limited by the total amount of water, the time resolution in the current study
is ~3 hours. However, the general tendency of the evolution of different water was obtained. The relative
fraction of free water decreases dramatically during the evaporation process for the original LDPE film and
almost diminishes after 12 h. For treated LDPE film 900W, the evaporation is much faster than the other two
under the same condition. Since the final obtained nanoparticle aggregation is closely related to different kinds
of water distribution, thus obtained time-resolved water fraction evolution provides kinetic information for the
nano-particle layer formation, which will be discussed in the following section. Here, using polyvinyl alcohol
(PVA) as the polymer matrix, various surfactants and nano-sized SiO: were used to get the optimum anti-
fogging layer. As shown in Fig. 4. 5a, all surfactants with PVA polymer matrix used as a coating in this
research proved their ability to increase surface hydrophilicity of LDPE films. The addition of TBS can further
reduce the contact angle. TBS plays a significant role in maintaining the PH at ~7.5 and dissolves surfactant
aggregates into small parts, improving the interactivity between the PVA and surfactants. The addition of nano-
sized SiO: further increases the hydrophilicity of the LDPE film surface, and the contact angle can be reduced

as low as 2°.

(a)120 (b)20 120 ()

BALl®) 347 © 20 ) —O=Treusiaittance 60{ & s8
" =
_ 1001 : 20 . 100{—0— Haze 00 =
e l'.l - ll‘)‘ — 0—0—0—0—0—0—0—0—0 Z 50
~ 80 15 13 G115 80 s = 40
= — — — = 40 - >
z - -
“ 60 () g 3 aJ 2 60 60 < 30 T 25
g p— 2 -
= 40 40 40 =20 s
) ™ e 3+
~ 20 T 20 5 20 T 10
AR e e - ’
ol Bl 0 0y B O OB OB L 0 0 0 - - - - -
TIPS L AN NN N A A ¥ = & P
& SO LSR :\ .:7 .:\ $\ R NN )\ ‘-‘:I ;:: $ _\ N B =
IS S SO S&L P55 N o g A Y
V.o rFQ PSS SN NSNS TS ES S , Q \
SRS S NN SN N ~ & B &
f ; ~ N e a ~ 2 2 2
i Y& &S S X A > N
&N NN N N ~ ~

Fig. 4. 5. (a) The contact angle of different anti-fogging layers was measured together with (b) transmittance
and haze, and (c) the contact angle was measured after one month.

Despite surface wettability, the optical property of LDPE film should not be primarily changed. Fig. 4.

5b shows the influence of different anti-fogging layers on the transmittance and haze of LDPE film. Compared
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with the original LDPE film (transmittance of 91% and moisture of 15%), no significant changes are observed
in the optical property of all modified films. This suggests currently proposed anti-fogging agents do not
significantly influence the optical property of greenhouse film. A hot-fog test further checked the stability of the
anti-fogging layer.

Fig. 4. 5¢c shows the contact angle after being exposed to the hot fog test at 60 °C for one month. The
result shows an increasing contact angle from 15° to 58° for the sample L-(P/X), indicating that the coated layer

was partially destructed. The addition of SiO2 nanoparticles significantly increases the stability.

4.2.3 Surface morphology

The surface morphology as captured by the optical microscopy images and SEM is provided in Fig. 4. 6
the untreated LDPE sample images were presented in Fig. 4. 6a, a*. A smooth surface is The more addition of
SiO; nanoparticles, and the higher is the stability of the anti-fogging layer. The sample L-(P/X/T/Si3) shows the
highest coating stability observed for L-(P/X), as shown in Fig. 4. 6b & b*. This indicates the homogeneous
distribution of the anti-fogging layer on the LDPE film surface. After adding the TBS, the surface keeps
smoothened Fig. 4. 6c &c*. A previous study proved that when the SiO2 nanoparticles interact in an alkaline
intermediate, they are easily aggregated into particles and dispersed on the surface [165], which makes the

presence of TBS significant in our experiment to maintain the alkalinity during the reaction.
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Fig. 4. 6. Optical microscopy images on the left side (a, b, ¢, d, €) and SEM on the right side (a*, b*, c*, d*, e*)
for the anti-fogging films (a, a*) untreated LDPE (b, b*) L-(P/X), (¢, ¢*) L-(P/X/T), (d, d*) L-(P/X/T/Sil), and
(e, e*) L-(P/X/T/Si3).

The addition of silica nanoparticles with a diameter of 12 + 5 nm shows slight aggregations Fig. 4. 6d &
d*. When the SiOz concentration increases from 0.05 to 0.15 wt.%, the coating layer becomes thicker Fig. 4. 6e
& e*. The morphology test for samples after washing by the hot anti-fogging test is presented in Fig. 4. 7. For
the first sample (Fig. 4. 7e, e*) L-(P/X), it is obvious to find that the sample loses most of the coating layer
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compared with that before one month. Other samples show no significant decrease in coating layers, and

samples maintain their antifogging properties Fig. 4. 7(f, f* ~ h,h* ).

""7.1";& (e*) S

Fig. 4. 7. Optical microscopy images (e, f, g, and h) and SEM images (e*, f*, g*and h*) for the anti-fogging
films after one month (e, e*) L-(P/X), (f, f*) L-(P/X/T), (g, g*) L-(P/X/T/Sil), and (h, h*) L-(P/X/T/Si3).

4.2.4 Anti-fogging agent

When the contact angle is less than 40°, the water will condense into a continuous film on the
hydrophilic surface [98] and other coatings on the LDPE in addition to plasma treatment.
4.2.4.1 Accelerated dripping test

Two main techniques were applied for the shelf-life test to evaluate the anti-fogging properties; the
first/ten drops and the extended shelf-life test.
4.2.4.1.1 First and ten drops time

Uncoated LDPE fogged within a short time, while antifogging films remain clear. Fig. 4. 8a shows the
schematic illustration for measuring the formation time of the first and ten drops of water. As shown in Fig. 4.

9b, the addition of different anti-fogging layers results in various anti-fogging performances. The addition of X-
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100 results in the first and ten drop times of 13 and 10 min, respectively. TBS significantly reduces such time to
9 minutes for 1% and 7 min for 10" drops. The addition of SiO: further reduces such time. The more the added
Si0g, the shorter the time for the formation of the water droplet will be until reaching a minimum time of 4 and
1.5 min for the first and ten drops, respectively. However, as shown in Fig. 4 .5b, adding more nanoparticles
will significantly increase the haze of the whole greenhouse film. The balance between surface wettability and
optical property should be maintained.
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Fig. 4. 8. (a) Diagram shows the method for detecting the time for the formation of the first and ten drops, (b)
experimental results of different anti-fogging layers.

4.2.4.1.2 Shelf-life test

The anti-fogging film is reported to lose its efficacy when 33% of the film surface's testing area is
covered by water droplets [46][91][154]. The principle of the long-life test is presented in (Fig. 2. 6). As long as
one month of the above anti-fogging layer, long-life tests are summarized in Fig. 4. 8. Three preliminary
experiments have been done for untreated samples, the sample treated with plasma, and the sample coated with
pure PVA to investigate the effectiveness of modified samples against fogging. Fig. 4. 9al, a2 & a3. The
original LDPE film and the film treated by a high power (900W) and the film-coated by pure PVA were fogged
in less than 5 s. Fig. 4. 9bl, b2 & b3. For samples coated by anti-fogging agents, all exhibit good resistance to
fog in 30 min and above. Fig. 4. 9c & d. After 168 h, the L-(P/X) gradually lost its hydrophilicity, and a full loss
of about 99% of the anti-fogging agent was observed after 13 days.
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Fig. 4. 9. Original samples images before hot fog rest (al) untreated, (a2) plasma treatment (900W), and (a3)
coated by pure PVA. Hot fogging test images on LDPE film surface in less than 5 seconds (b1) untreated, (b2)

plasma treatment (900W), (b3) coated by pure PVA. Long-time fogging test for different antifogging films after

(c) 30 minutes, (d) 7 days, and (e) 30 days.

That means the anti-fogging agent continuously faded away by exposition to the hot evaporation of

water. This is a severe problem for anti-fogging agents, resulting from small coating cohesion and the weak link
between the anti-fogging and surface substrate. After adding TBS to (P/X) solution, the dripping duration is
increased to 720 h with 5.6% droplets covering the area. As mentioned above, TBS dissolves surfactant
aggregates into small portions, which helps create a strong bond between the PVA and surfactant molecules. All
samples containing silica L-(P/X/T/Sil), L-(P/X/T/Si2), and L-(P/X/T/Si3) show excellent anti-fogging
properties in more than 720 h Fig. 4. 9e and without any loss in the efficiency was observed in table 4. 1. The
results demonstrate that increasing the concentration of SiO: is crucial for improving the duration of migration

of anti-fogging agents in films with excellent fogging resistance. For further investigation, the cross-sections of
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modified films presented in (Fig. 4. 10) were obtained to check the coating thickness before and after the hot
fog test. (Fig. 4. 10a) the sample L-(P/X) coating thickness is about 2.53 um before exposure for one month to
the hot fog test. During the hot fog test, it lost its thickness until it disappeared in 13 days (Fig.4. 10b). While
the coating contained silica nanoparticles and TBS buffer solution, the coating thickness decreased slightly. For
example, the L-(P/X/T/Si3) sample recorded the lowest loss in thickness from 2.77 um to 1.9 um after exposure
to the heat fog test for a month, presented in Fig. 4. 10c & d.

283 um

LDPE substrate LDPE substrate
20 pm 20 pm

he i s e s et

Fig. 4. 10. SEM images of modified LDPE cross-sections. (a) L-(P/X) before one month, (b) L-(P/X) 13 days,
(d) L-(P/X/T/Si3) before one month, (c) L-(P/X/T/Si3) after one month.

Table 4. 1. Accelerated dripping properties of antifogging coating films

Film Dripping Dripping Time Droplets
Sample Temperature ("C) (Days) covering area
L-P/X) 60 13 99%

L-(P/X/T) 60 >30 5.6%
L-(P/X/T/Sil) 60 >30 0%
L-(P/X/T/Si2) 60 >30 0%
L-(P/X/T/Si3) 60 >30 0%
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4.2.5 Coatings mechanical properties

After one day of exposure to the hot fog test, a sandpaper test was applied for unmodified and modified
films. Then optical microscopy was taken directly after the test (Fig. 4. 11). The entire film showed significant
damage (Fig. 4. 11a). However, the results of the modified films showed varying results.

Fig. 4. 11. Optical microscope images after sandpaper abrasion test a) unmodified, (b) L-(P/X), (c) L-(P/X/T),
(d) L-(P/X/T/Sil), (e) L-(P/X/T/Si3).

The sample L-(P/X) showed a close result to the whole film in terms of damage (Fig. 4. 11b), and then this
damage gradually decreased after the addition of TBS and silica L-(P/X/T) (Fig. 4. 11c), and L-(P/X/T/Sil)
(Fig. 4. 11d) respectively. The sample with the most resistance against scratch is L-(P/X/T/Si3), which does not
show any damage on the surface after the mechanical test (Fig. 4. 11e).
4.3 Conclusion

In this work, a low-cost super-hydrophilic anti-fogging layer was prepared to increase the anti-fogging
performance of LDPE greenhouse films yet maintain an excellent optical property with long shelf life. After
plasma treatment, the hydrophilic polyvinyl alcohol (PVA) was used as the polymer matrix, interacting with the
hydrophobic LDPE substrate. The TBS serves as the buffer solution, which results in well-dissolved surfactant,
i.e., Tween 20, SDS, and Triton X-100, in the solution. The wettability and shelf-life tests show the
performance of the coating layer with the addition of Triton X-100 is much better than that with Tween 20 and
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SDS. As seen by the SEM data, the use of Triton X-100 may result in a more homogenous dispersion of silica
throughout the coating process. Under the optimized condition, the modified LDPE films with PV A-based
hydrophilic anti-fogging layer show the best wettability with a contact angle of 2°, with long-shelf-life over 30
days without fogging during the hot fogging test, and high transmission of 91% (the same as pure LDPE film),
while the entire film shows a contact angle of 110° and fully fogs in less than 5 seconds. Therefore, the results
of the current work show the addition of buffer solutions to an-ionic or non-ionic surfactants, and the
application of hydrophilic PVA can synergistically enhance the homogeneous distribution of silica. To make a
high-quality anti-fogging film, the following factors must be considered: 1) the solution's viscosity, which is
strongly connected to the interaction between silica and the film substrate; 2) the distribution of silica, the
distribution of which controls the coated film's final wettability and shelf-life. Combining different surfactants
is sometimes necessary to fully satisfy the above goal. The results of the current work provide a new pathway to

ccreatinga long shelf-life anti-fogging film.
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Chapter 5 Dual-Functional Antifogging/Antimicrobial Based Natural Polymer
Coating for Glass Applications as Investigated by Low Field NMR

Due to the obvious proliferation of COVID-19, developing an antifogging/antimicrobial layer is critical
for many applications. This chapter emphasized the development of a novel biopolymer and ecologically
friendly layer with antifogging and antibacterial qualities. A dip-coating procedure on glass substrates was used
to create the dual-functional coating, which comprised a layer of chitosan (Ch) and modified silica
nanoparticles. The dual-functional coating created in this study can be widely employed in various applications

that require anti-fog and antibacterial layer properties.

5.1 Introduction

Fogging may dramatically degrade the clarity of optical substrates, causing discomfort and posing a risk
in everyday life. As a result, there is a significant need for effective antifogging surfaces that are employed in a
variety of applications such as; eyeglasses [183], camera lenses [184], mirrors [185], goggles [186], display
devices in analytical instruments, and other similar applications. Lenses fogging is common in medical
apparatuses such as laparoscopic and endoscopic [187]. It can cause a quick loss of vision for the operator and
stoppage in treatment, leading to difficulties. Super-hydrophilic coatings allow water droplets to spread and
agglomerate quickly, leading to the development of a pseudo-film and the eradication of fog from surfaces.
[187]. Aside from the fogging issue, microbial adhesion on the lens surface may threaten the safety of medical
tools. However, medical instrument-related infections have emerged as one of the most significant medical
dangers due to microbial growth [188].

Furthermore, many studies have shown the significance of wearing goggles when in touch with patients
to protect against hazardous disorders such as severe acute respiratory syndrome to the eyes infection with a
coronavirus [189]. When caring for COVID-19 patients, fogging goggles is a severe issue because the fogging
affects eyesight, reducing productivity. On the other hand, washing and reusing goggles increases the risk of
infection. Therefore, manufacturing and antifogging/antimicrobial layer are crucial.

Chitosan is nature's second most common polysaccharide after cellulose. It is a cationic biopolymer
derived from deacetylated chitin, comprised of a glucosidic residue with one amino group and two hydroxyl
groups [190]. Chitosan is one of the most often utilized polymers in biomedical applications because of its
several positive features, including biocompatibility, biodegradability, antibacterial activity, and hemostatic

capabilities [191], which opened the field for many applications such as food industry anti-cholesterol and fat
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binding [192]. agriculture (coating of seeds and fertilizer) [193], regulated agrochemical release [194].
excipients for drug delivery [195], and gene delivery [196]. Chitosan is quickly processed into gels [197],
membranes [198]. nanofibers [199]. microparticles [200], nanoparticles [201]. Despite its numerous advantages
and distinguishing characteristics, chitosan films have significant drawbacks, such as a weak barrier to water
vapor vapors and poor mechanical and thermal properties, limiting its usage in various applications [191]. As a
result, a plasticizer such as glycerol should be used to improve the flexibility of the chitosan films [202].

On the other hand, plasticizer decreases intermolecular interactions, increase free volume, stimulate
molecular motions, and lower polymer films' barrier properties [203]. Furthermore, adding a plasticizer to
chitosan reduces its mechanical and thermal stability [204]. However, one way to increase the mechanical
strength is by reinforcing the matrix using mineral fillers such as nanoparticles [205]. Because of their excellent
biocompatibility., low toxicity, thermal stability, simple synthetic approach, and large-scale synthetic
availability, silica nanoparticles are commonly employed in a variety of applications such as electronics [206],
optics [207], medicine [208]. etc. These applications need nanoparticles interaction with macromolecules such
as proteins, polymers, and surfactants [208].

Recently, silica nanoparticles have been introduced into polymers to increase mechanical and interfacial
characteristics for various applications, including absorbent [209] and reinforced polymeric materials [210]. L. A.
Wonnie Ma et al, [191] used ionotropic gelation to create a chitosan/silica composite using sodium
tripolyphosphate. After 60 days. the presence of a hybrid chitosan/silica composite up to 0.8 wt.% resulted in a
considerable active reinforcing agent for corrosion protection applications with the maximum coating resilience,
(1.97£0.01) x 10" Q and lowest breakpoint frequency, 51x 10 Hz, according to the experimental results.
Furthermore, new research on anti-biofouling surface coatings has revealed that neutrally charged and explicit
hydrophilic coatings can minimize both hydrophobic and electrostatic interactions with biomolecules [211],
{212], [213]. Because they have strong interactions with water molecules, they can create a firm layer in the
coating, and they have been widely explored as anti-biofouling coatings [45]. This layer acts as a barrier against
protein cell and bacterium adsorption, allowing it to resist or eradicate biofouling effectively [214]. Hence the
antifogging/antimicrobial layer require a low-cost and high-efficiency layer with an extended shelf life.
Therefore, understanding nanoparticles' underlying process of polymer structure modification is critical for
enhancing antifogging/antimicrobial coating applications.

Recently time-domain (TD) NMR has gained popularity due to its numerous applications, including
monitoring changes in water status and fraction mobility throughout processing [120]. It might also be used for

other materials like muscle tissue [120] and food like fruits [122], grains, and vegetables [123]. It's a non-
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destructive, non-invasive approach for determining water mobility with minimal pretreatments. Depending on

its mobility under atmospheric conditions, water is categorized into three groups using NMR: bound,

immobilized, and free [124][92].

In this study, the impact of MSN in chitosan structure was explored to inhibit the development of

fogging and microbiological activity based on water fractions mobility, allowing for a better understanding of

the significance of these fractions in avoiding such undesirable events.

5.2 Results and discussions

5.2.1 Chemical composition
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3).

Different functional groups in the antifogging layer were examined using ATR-FTIR spectroscopy, as

shown in Fig. 5. 1. Chitosan has a distinct peak at around 3300 cm™' due to its multiple -OH group [101]. In all

spectra, the reflection peak at 2876 cm™,2941 cm™' is caused by -CH stretching and flexural liberation

vibrations, respectively [215]. The FTIR spectra of the layers revealed significant absorption peaks at 1640 cm™!

and 1550 cm™!. (Fig. 5. 1a), which have been attributed to carbonyl stretching (amide I) and NH bending,

respectively 216],
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After adding silica nanoparticles, the intensity of Si-O bonds rises as the concentration of silica
increases, as seen by absorption at 1260 cm™ (Fig. 5. 1(b, c, d)), where Si-O bond modes from silica,
silane/silica interface, and silane-silane polymer overlap [217]. The C-O stretching is liable for another notable
peak at 1030 cm™ [173]. The —OH groups on the SiO2 surface may react with the ~OH groups of chitosan,
resulting in a peak stretching vibration of Si—O-C at around 970 cm™ [218]. When MSN was added, the
hydroxyl group peak shifted to the low wavenumber region with diminishing intensity as the silica
concentration grew. The enhanced C-H bond stretching at the bond at 2916 cm™' and 2870 cm™! suggests that
SiO; might induce hydrogen bond/ionic interactions with the hydroxyl group in the chitosan structure (Fig. 5.
1(c, d)). Therefore hydroxyl groups of MSN successfully formed intermolecular hydrogen bonds with the amino
and hydroxyl groups of chitosan [219], which improved the mechanical characteristics of the Ch/SiO; layer and

enhanced the fogging/microbial resistance.

5.2.2 Surface wettability
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Fig. 5. 2. The contact angle () for different antifogging coatings layers is based on silica concentration.

The contact angle (0) is frequently described as a good predictor of surface wettability changes [90].

Therefore when the 0 is less than 40°, the water will condense into a continuous layer on the hydrophilic surface
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[173]. Glass substrate is usually characterized by low surface energy, which has 6 of more than 65° in the
surrounding environment, with difficulties droplet spreading from 65° to 53° in 5 min Fig. 5. 2.
The chitosan layer increased the surface roughness by reducing the 8 to 48° and steadily decreasing as the
nanoparticle dose rose. When the maximum amount (12.5 x 10 %) of MSN was added, the 8 was reduced to
28° with a fast-spreading during the time, which reached 0.5° in 5 min, indicating a high level of surface
wettability.
5.2.3 Transmittance and haze

Various optical tests were applied for modified glass to quantify the antifogging properties, such as; the
test after coating and after hot and cold fogging tests to assess coating durability under diverse climate
conditions (Fig. 5. 3). A thorough assessment of the data revealed that the sample coated by the chitosan layer
was more transparent and had a lower haze value than untreated glass. Even if it's a little, this change is often

evident to the naked eye due to the chitosan coating smoothing the original glass surface.
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Fig. 5. 3. Transmittance and haze after-coated glass, -cold-warm test, and -hot-vapor test.

The addition of MSN at varied dosages resulted in virtually a slight increase in transmittance properties,
revealing the homogenous dispersion of silica nanoparticles in the chitosan structure. On the other hand, the

maximum amount of MSN attribution resulted in a bit of rising in haze characterization, showing that those
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rising roughness levels enhanced the overall haze component associated with surface scattering [220]. Despite
its improved initial optical properties, uncoated glass performed poorly in hot and cold fogging tests because of
its low surface wettability. However, even after cold and hot-vapor testing, the chitosan layer demonstrates its
capacity to improve optical characteristics. Furthermore, the stability of optical properties increased steadily
with increasing MSN concentration. It is worth mentioning that the optical properties of the Ch/SiO2 (3) sample

were impressively consistent throughout all sorts of fogging tests.

5.2.4 Surface morphology

Cracking |

Increasing silica concentration

Fig. 5. 4. Scanning electron microscopy of composite chitosan coating layers, a) Ch, b) Ch/SiO: (1), ¢) Ch/SiO2
(2), d) Ch/SiOz (3). (al, bl, cl, d1) zoom in.

The surface morphology of the composite coatings is shown in Fig. 5. 4. Generally, cross-linkers
employed to generate cross-linked polymer gels can be metallic or organic. Metallic cross-linkers form ionic
bonds with polymers, whereas organic cross-linkers create covalent bonds [221]. As a consequence of shrinkage
tensions developing during the drying process, the layer of chitosan, which was cross-linked by organic cross-
linkers (glycerol) with a 30 um thickness (Fig. 5. 5(e, el)), revealed so much cracking after drying Fig. 5. 4(a,
al) [222]. This is because microspores and fractures with poor cross-linking density caused instability and
provided corrosion during drying [223]. On the other hand, cracks and porosity are reduced when nanoparticles
are added to the chitosan structure. MSN improved the polymeric coatings' resilience to defects and fractures

due to their compatibility with the chitosan structure Fig. 5. 5(f, f1). Therefore, due to nanoparticle-matrix solid
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interaction, the more addition of MSN, the better cracking resistance [224], which led to an increase in corrosion
resistance Fig. 5. 4(b, bl) and Fig. 5. 4(c, cl), until no cracking was recognized when the MSN concentration
reached (12.5 x 107 %), Fig. 5. 4(d, d1).

e ) i <m
Fig. 5. 5. SEM cross-section for antifogging coating layer, e) chitosan film, f) Ch/SiO: (3). Ch/SiO: (3) film.

5.2.5 Antimicrobial activity

The antimicrobial properties of the coating layers were tested using E. coli. Large numbers of microbial
colonies were found on the unmodified sample, as shown in Fig. 5. 6a, demonstrating a significant sensitivity to
microbial growth. In comparison, resistance to microbial colonies began with the chitosan layer, revealing their
natural antimicrobial capabilities (Fig. 5. 6b). This resistance to microorganisms improved progressively as

silica concentrations rose (Fig. 5. 6(c, d, e)), which acted as a barrier against microbial growth.
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Fig. 5. 6. Antimicrobial adhesion tests using E. coli. Colonial morphologies are revealed by images
corresponding to (a) uncoated glass, b) Ch, ¢) Ch/SiO3 (1), d) Ch/SiOz (2), e) Ch/SiO2 (3).

5.2.6 Antifogging properties
5.2.6.1 Cold-warm fogging test

In Fig. S. 7, the modified glasses' antifogging properties were obtained. The morphology and optical
properties for coated and uncoated glass in Fig. 5. 7(a, b, ¢, d, €) were employed as a controller for the cold
fogging experiments. After storing the samples in the refrigerator (-20 °C) for 30 min, optical images were

taken immediately after transporting the pieces to the laboratory environment (25 °C and 75% humidity).
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Fig. 5. 7. Optical microscopy and photograph pictures of composite chitosan coating layers (a, b, ¢, d, ¢) after

coating (f, g, h, 1, j) after the antifogging cold test. The photographic pictures in the optical images were taken
after each test.
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The untreated glass showed high condensation for water droplets, indicating low surface energy and
antifogging performance (Fig. 5. 7f). In contrast, due to the broad spreading caused by the hydrophilicity, the
condensation of water droplets diminishes with the emergence of big droplets on the chitosan layer (Fig 5. 7g).

The droplet's sizes increased dramatically with adding MSN to the chitosan structure (Fig. 5. 7(h, i)).
The Ch/SiO; (3), as shown in Fig. 5. 7j, has the greatest antifogging performance due to the high wettability
leading to the fast-spreading and forming a continuous layer of water.
5.2.6.2 Hot-vapor fogging test

In addition, fogging hot test over a water bath was done at 60 °C. Then the pictures were taken by the
installed camera after 30 min (Fig. 5. 8a). The results revealed that untreated glass has poor antifogging due to
its restricted wettability Fig. 5. 8bl. The chitosan layer has a little improvement in fogging resistance Fig. 5.
8b2. As silica concentration increased, antifogging effectiveness improved due to enhanced surface
hydrophilicity, resulting in fogging resistance (Fig. 5. 8(b3, b4, b5). None of the previously observed discrete
water forms (droplets or stains) was identified on the Ch/SiO2 (3), showing that MSN can be compatible with
polysaccharide structure and function as an effective wetting enhancer forcing condensed water molecules to
form a continuous thin film of water.

5.2.7 Mechanical properties

a) b)

Camera

Coated glass

evaporation

Water bath

Fig. 5. 8. a) Diagram shows the antifogging test principle for untreated and four modified glass, b) Optical
pictures after 1h antifogging hot test.

After one day of exposure to the hot-vapor test, a sandpaper test was applied for unmodified and
modified glass (The sandpaper test principle is obtained in Support Information Fig. 5. 8a). Then optical
microscopy was taken directly after the test (Fig. 5. 8b). The unmodified glass and the sample modified by
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chitosan showed significant damage when tested (Fig. 5. 8b1) and (Fig. 5. 8b2), respectively, and gradually
decreased with silica concentrations (Fig. 5. 8b(3,4)). The sample with the highest scratch resistance is Ch/SiO2
(3), which showed no surface damage following the mechanical test (Fig. 5. 8b5).
5.2.8 NMR investigations

In Fig. (5. 9), two experiments have been done clarifying the water fractions for coating layers before
and after drying, using the Inverse Laplace Transform 7: CPMG technique to understand the initial state of
water components when MSN is introduced to chitosan structure (Fig. 5. 9a), and studding the water fractions
mobility in the final stage after drying (Fig. 5. 9b). The findings showed that the fluid component has a varying
effect on water fractions in the solution state (Fig. 5. 9a). Therefore, as the silica dosage rose, the intensity of
bound water increased gradually, and the free and immobilized water reduced continuously. In contrast, after
drying, the intensity of the free water component vanished for all samples, which may be attributed to its
exclusive water-water interaction, which is responsible for its rapid mobility and evaporation Fig. 5. 9b. It is
worth noticing that after drying, the bound and immobilized water peaks changed towards lower relaxation time
(less than 0.5 ms for bound water and approximately 100 ms for immobilized water), which is attributable to a
decrease in the humidity in the final layer. Following our prior work [88], the fitting process was performed to
estimate the water fractions proportion in different relaxation regions Fig. 5. 9(c, d). The addition of MSN had a
considerable effect on water fractions proportion in the solution state. However, the bound water proportion
rose progressively as the nanoparticle dosage increased, which enhanced from 74.37% to 97.70% for Ch/SiO:
(1) and Ch/SiOz (3), respectively, with reducing the other fractions due to strongly water-surface interaction and
weakly water-water contact, which is well known attributed to the free and immobilized water (Fig. 5. 9c).
Therefore, the fractions proportion in the solution state is a critical indicator of the final layer quality after

drying.
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Fig. 5. 9. Water fraction in (a) solution state, (b) solid state, (c) the proportion of water fraction in the solution
state, (d) the proportion of water fraction after drying.

As a result, MSN plays a vital role in enhancing the bound water layer, lowering immobilized water,
reducing humidity levels, and forming a solid coating layer (Fig. 5. 9d). However, the relation between bound
water fraction and antifogging/antimicrobial properties was examined in Fig. 5. 11. As previously described, the
bound water fraction was estimated after fitting the original data supplied by the NMR signal. Since the
condensation of water droplets on substrate surfaces is the primary cause of fogging phenomena; thus, using
ImageJ software, the size and area covered by droplets have been calculated (repeated five times in the different
regions, then the average was obtained) on the substrate with and without coating layer. Using uncoated glass as
an example (Fig. 5. 10a), the average droplet size after the cold-warm test is 21.4 um, as seen in Fig. 5. 10b,
with a covered area of more than 77%. However, when the bound water proportion increased (Fig. 5. 7(g, h)),

the condensation area decreased progressively until a uniform layer of water was formed, as seen in the Ch/SiOz
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(2) and Ch/SiO2 (3) samples (Fig. 5. 7(i, j)). In this case, bound water is crucial in reducing the freezing point of
water and successfully avoiding frost formation. In the case of free water, the water molecules are far from the
polymer's —OH sites which behave like bulk water, whereas the intermediate water molecules are closer to the
attached water molecules but do not interact directly with the polymer's —OH sites. Therefore, free and
immobilized water in the coating layer rendered the frost-resistance function worthless. In addition, the area
covered by microbial colonies on each plate has also been measured. Previous studies have shown that if there
are too many colonies on the plate (i.e., more than 1000 colonies), they might run together and become
indistinguishable from individual colonies, therefore would be difficult to count. In this situation, the dish is
known as confluent, which means "too numerous to count" (TNTC) [56]. So to overcome the issue, the area

covered by colonies was calculated (five times in the different regions and then averaged).

(a) (b)
(f) Un-glass . 1% B D: opict Size (o

Gaussian Fit

Average size = 21.4 um

Covered area= 77%
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Fig. 5. 10. a) Optical picture for un-coated glass, b) the size and amount of condensation droplets.

As seen in Fig. 5. 11, bound water fraction also plays a critical role in preventing undesirable properties
such as microbial activities. One possible explanation is that the presence of bound water molecules in nano-
fluids limits the amount of free and immobilized water molecules [233], preventing hydrate formation in the
final coating layer after drying. Therefore, when the proportion of bound water increased in the final layer, the
suppression of microbial growth increased gradually until no microbial activity was observed in the Ch/SiO2 (3)
layer, indicating its high efficiency against microbial activities (Fig. 5. 6e). This is attributed to the hydroxyl
groups, which produced hydrogen bonding and electrostatic attractions between MSN and water molecules ions
in chitosan structure, increasing its mechanical properties since water molecules are firmly bound when they
interact with the —OH groups of the polymer via hydrogen bonding [225][226]. A more MSN concentration

leading to a more bound water ratio than immobilized water in chitosan structure implies that the coating layer
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is more hydrophilic, with superior microbial resistance. The tightly bound water layer produces a physical and
free energy barrier that inhibits the interactions between bacteria and coated layer, resulting in a significant

antimicrobial effect.
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Fig. 5. 11. The effect of bound water for preventing the fogging and microbial problems

5.3 Conclousion

The experimental and analytical data presented above demonstrated that depending on the addition of modified
silica nanoparticles (MSN) to chitosan structure, the increasing of bound water fraction plays a critical role in
forming a robust layer against fogging/microbial activities. Using time-domain low field /H NMR spectroscopy,
the spin-spin relaxation time 7> sequence approach was used to study the influence of water fractions when the
MSN was added to the chitosan structure in the solution state and after drying. The results show that the bound
water fraction has a significant role in preventing undesirable properties such as fogging and microbial activities
due to the high water-surface interaction, essential in the final layer. On the other hand, the extended life of the
coating layer and the mechanical properties have also been enhanced. Experimentally, the minimal quantity of
bound water necessary to prevent microbiological and fogging issues is 95% compared to the remainder of the

other water fractions in the chitosan structure. This might be used as a rapid dimensionless indicator to examine
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the coating composite in solution state and the quality of the final layers after drying for
antifogging/antimicrobial properties, allowing researchers to determine the appropriate values for adding

additives more appropriately and accurately.
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Chapter 6 Summary and Outlook

This thesis has covered surfaces modification for optical products such as polymer and glasses and their
application in agriculture and other applications. In chapter 1, the idea introduces the background on polymer,
and its verity uses in many applications; however, also characterized by undesirable properties such as fogging
formation. In brief, fogging is always a significant problem for agricultural films due to hydrophobicity, where
fog may reduce light transmission resulting in an adverse effect on the yield and quality of crops. Up to date,
many reports have been disclosed in the field of antifogging on the surfaces of plastic films. Nevertheless, these
methods have drawbacks, such as the cumbersome preparation process, high-cost experimental components,
and toxic reagents after analyzing the existing problems related to the fogging problem of hydrophobic
polymers and the limitations of commercially available LDPE-based greenhouse applications during service to
achieve the objectives, adequate experimental methods, and proper materials are essential. These aspects are

covered in chapter 2.
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Fig. 6. 1. Show the super-hydrophilic layers based on PVA and surfactant on the LDPE for greenhouses
applications.

In the present work, a simple and effective technique is adopted to develop a low-cost super-hydrophilic
layer based on PVA for coating LDPE films with excellent fogging resistance properties and extraordinary light

transmittance Fig. 5. 1. Corona discharge treatment is applied to play a pivotal role in the stability of the coating
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layer by creating a fertile environment for solid chemical bonding on the surface of the LDPE film. By adding
TBS buffer solution with the surfactant, the overall hydrophilicity performance of the film becomes enhanced.
Further, adding silica nanoparticles by different concentrations to the mixture solution increases the wetting and
coating stability. The time-domain NMR is employed to clarify the influence of surface free energy on the
formation of silica aggregations. The results show that the increase in the bound water fraction promotes the
formation of homogeneously distributed silica aggregates into particles dispersed on the surface. The described
technique results in the homogeneous deposition of the antifogging coating layer on the surface of LDPE film,
which becomes super-hydrophilic. Therefore, this chapter gave a key in overcoming the fogging problem for
agriculture greenhouses, which is critical for the agricultural sector and is one essential direction for preserving

humanity.

The inhomogeneous coffee ring effect phenomenon is among the most significant and dangerous issues
encountered during the coating process. This concept is described in Chapter 3. A ring-shaped structure forms

around the circumference of a droplet of liquid containing suspended particles as it dries on a solid surface.
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Fig. 6. 2. Show the differences between capillary and Marangoni flow and its effect on the silica nanoparticles
distribution during evaporation.

In everyday life, this phenomenon may be seen when liquid droplets carrying suspended particles

evaporate, such as ring stains left by dropped coffee drips. However, it is unsuitable for applications that need
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homogeneous particle deposition on surfaces, such as agricultural films and optical applications. In the

work, two times scale (7r. 1) was adopted, using the low field (LF)-NMR to demonstrate that slowing down the
evaporation rate J, enhances the Marangoni flow and disturbing the capillary flow. which aids in decreasing the
coffee-ring effect (CRE) generation from evaporated colloidal droplets, even in the absence of additives
(surfactant or polymer) Fig. 5. 2. In addition, the in-situ T> Carr-Purcell-Meiboom-Gill sequence (CPMG)
approach studied the effect of water fractions (free, trapped, and bound water) on the formation of the CRE on
the hydrophobic low-density polyethene (LDPE) surface to understand the mechanism of the CRE formation
and uniform distribution phenomena of silica nanoparticles, based on changes in water fractions d
evaporation. Our findings demonstrated that the critical role of bound water and other fractions determines
coffee rings formation's performance or homogenous distribution for colloidal droplets during evaporation,
relying on the effective additives and managing the J. This could be used as a dimensionless indicator to
investigate particle mobility in solution and during evaporation to improve silica dispersion throughout the
coating process, allowing researchers to more accurately and appropriately determine the appropriate values for

adding additives and the best evaporation conditions.

Due to the apparent pandemic caused by (COVID-19), it is necessary to wear goggles when in touch
with patients to protect the eyes from potentially dangerous illnesses such as severe acute respiratory syndrome
coronavirus infection. This is the problem and its solution discussed in chapter 4. Fogging/microbial goggles are
crucial in inpatient care because they impede vision and diminish productivity. As a result, it is necessary to
provide an antifogging/antimicrobial layer Fig. 5. 3. This study used a simple one-pot technique to create an
antifogging and antibacterial composite coatings layer of chitosan/silica (Ch/SiO2). The effect of adding
modified silica nanoparticles (MSN) to the chitosan structure was examined using solid-state low field nuclear
magnetic resonance (LF-NMR). The 7> Carr-Purcell-Meiboom-Gill (CPMG) sequence approach was used to
assess the antifogging/antimicrobial capabilities of the coating layers based on the mobility of the principal
water fractions in two states (solution-state and solid-state). The solution’s hydrogen bonds and electrostatic
attractions formed by MSN (water molecules/hydronium ions) result in a more excellent bound water ratio in the
final layers after drying, increasing antifogging and antibacterial characteristics while maintaining mechanical
performance. The study in this chapter could be used as a rapid dimensionless indicator to examine the coating
composite in solution and the quality of the final layers after drying for antifogging/antimicrobial properties,
allowing researchers to more accurately and appropriately determine the appropriate values for adding additives.
This dual functional coating will be widely employed in optical devices for medical diagnostics, healthcare

monitoring, and other applications.
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