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In this work, PLA/lignin composite films have been developed for packaging
applications. The composite films were prepared by a solution casting method. The
lignin was prepared from black liquor from the paper industry, by extracting with acetic
acids at 50°C. Scanning electron microscopy (SEM) was used to study the size and
shape of the lignin particles. The lignin_contents in PLA matrix were 0.5, 1, 3 and 5 phr.
The SEM results showed that as the lignin content increased, the surface roughness and
voids increased except at 1 phr and 5 phr. Fourier-transform infrared (FTIR)
spectroscopy was used to study the interactions between PLA and lignin. The results of
the PLA/lignin composite film showed a reduction crystalline with the change of the
diffraction peak around 20 = 19° by X-ray diffraction (XRD). The lignin reduced the
tensile strength of PLA/lignin films, whereas the composite film at 1 phr of lignin was
more elongation than neat PLA. Thermal stability of PLA/lignin composite films increased
with the addition of lignin. UV-Vis analysis indicated reduced light transmission with
increasing lignin contents in UV region. The scavenging activity also increased with the
amount of lignins by DPPH method. The lignin increases the impermeable physical
barriers in the PLA so reducing the effect of water vapor transmission rate (WVTR). The
addition of lignin to PLA did not significantly change the contact angle of PLA. Then
select the appropriate amount of lignin for beeswax coating. The beeswax dipping
coating maintains the film good mechanical and antioxidant properties. The film
obtained after the coating increased roughness by SEM and increased water contact

angle by WCA measurement as the beeswax concentration increases.
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CHAPTER 1

INTRODUCTION

Nowadays, biodegradable packaging has advantages over synthetic plastics
such as biodegradability or compostability and renewable raw materials. Both of these
are commercial interest in the packaging industry for food to meet the needs of the
market and consumers. Compostable and recyclable packaging materials contain bio-
polymers and paper products [1]. These materials can be degraded into simpler
substances by using water and carbon dioxide or making it into small molecules when
exposed to an open environment with-optimal temperature, humidity, the amount of
oxygen and microorganisms that will be biodegradable [2].

Food packaging takes into consideration of the protection and preservation of
food quality during its  processing, storage, handling and marketing. The food
packaging industry-has developed ways to preserve food quality, extend shelf life, food
safety and reduce the food-borne diseases by reducing the effects of oxidation and
action of microorganisms in food. Therefore, active food packaging has become a new
technology that meets the needs of consumers-and the market. These are designed to
extend the shelf life of food. Good packaging must be able to protect food from
environmental effects such as moisture, gas (O,, CO,), heat, light, odor, pressure, dirt,
insects, and microorganisms. It also provides antimicrobial and antioxidant properties
and can reduce the any mechanical damage [3].

Poly(lactic acid) (PLA) is a type of biodegradable thermoplastic material made
from lactic acid. When exposed to moisture and microorganisms, PLA is naturally
metabolized [4]. In addition to its biodegradable properties, PLA has mechanical
properties that are comparable to poly(ethylene terephthalate) (PET) and better than

polystyrene (PS) due to its hardness and stiffness. However, the major drawback is its



brittleness due to low crystallinity. Many methods are used to modify PLA, such as
copolymerization and blends. PLA is a bio-based polymer with high mechanical
strength, stable thermal behavior and biocompatibility properties. Typically, PLA-based
packaging films have excellent food barrier properties compared to conventional
petroleum-based films [5]. Although PLA is biodegradable with many interesting
properties. The limitations of PLA are high brittleness, low softening temperature and
weak water vapor properties and gas barrier properties, lower moisture sensitivity.

Lignin is the second most important component of woods. Lignin is available in a
wide range of quantities as a by-product of the production of cellulose pulp in the
production of paper [6]. Lignin is made up of three phenols linked by ether bonds and
different functional groups can be found- in different proportions of lignin. There are also
functional groups that ultraviolet (UV) radiation absorbing functional groups, such as
phenolic unit, ketone and chromophores [7]. These functional groups provide lignin with
excellent UV blocking ability. as. well' as antioxidant and free radical scavenging
properties. More recently,  lignin- has been -used as a thermostat, antioxidant,
reinforcement and compatible agent for the preparation of polymer composites and
blends. Lignin is also considered a sustainable drug and alternative to polyacrylonitrile
as a carbon precursor.

Beeswax is a complex product that is released in liquid form by special wax
glands in the abdomen of young worker bees when exposed to air, it freezes in scales
[8]. Biological wax can provide low surface energy. The collaboration of low surface
energy and micro/nano structures results in high water contact angles and small sliding
angles [9]. Beeswax is more resistant to moisture transport than most other fats and
more effective than other natural ones [10]. Beeswax to improve the vapor barrier

properties of PLA and biodegradable.



The main function of packaging for food products is to prevent deterioration of
quality of the foods. Therefore, interests in developing packaging that can help
maintaining the highest quality food products for as long as possible by reducing or
limiting the factors that cause the deterioration of the quality of the food to be
maintained. The packaging acts as a barrier between the product and the external
environment. PLA has high mechanical strength, stable thermal behavior, but lacks the
property to prevent food deterioration. Lignin was added to aid in UV protection and to
prevent oxidation. Finally, beeswax is applied to coat on the film to improve barrier
properties. This work is intended to develop food packaging using PLA with optimum
packaging properties. The addition of lignin provided UV.protection and antioxidant
protection. In addition, beeswax is introduced to coat on-the film surfaces to improve the
barrier properties, which can help lowering both water vapor permeation and oxygen

permeability.



CHAPTER 2
THEORY

2.1 Poly(lactic acid) (PLA)

PLA is compostable, thermoplastic, and biocompatible polymer, which is made
from renewable resources, such as corn, sugar beets and potato starch. PLA is
commonly used as packaging materials. PLA degrades through the hydrolysis of
backbone ester groups as shown in Figure 1. The degradation rate depends on the PLA
crystallinity, molecular weight, molecular weight distribution, morphology, water diffusion

rate into the polymer, and stereoisomeric content [11].

CHg (0] CH4 o] CHj;
- 1&.%{0 Alkaline /O{\‘A '))\((OH HO%\‘)\ }/ST
A )m/ Hydrolysis k 9 X + ' ©J x
O CH, CHy o CHs o}
Poly (lactic acid) Carboxyl End Group Hydroxyl End Group

Figure 1 The hydrolysis of ester groups in PLA structure [12].

Lactide is a chiral molecule which.is different arrangements of atoms around
carbon have two forms L-lactide and D-lactide. There are several methods for synthesis
of PLA, as illustrated in Figure 2. The most popular method is the ring-opening
polymerization of lactide. The polymerization of lactide leads to the formation of
semicrystalline PLA. PLA has three different structures: poly(L-lactide) (PLLA), poly(D-
lactide) (PDLA), and poly(D,L-lactide). In packaging applications, poly(D,L-lactide) with
90% L-lactide has been widely used [11]. The D-lactide concentration with increased
produces more crystalline structure for PLA polymers and PLA films with better thermal,
mechanical, and barrier properties when PLA with a high D-lactide concentration is not

common today due to its high cost.
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Figure 2 Synthesis of polylactic acid (PLA) from L- and D-lactic acids [11].

PLA has high transparency suitable for industrial applications, such as films,
fibers, and bottles. Lactide is commonly discovered in plants and animals, as a by-
product or intermediate product of metabolism, so PLA is nontoxic. PLA is biologically
degradable by common' microorganisms « [13]. Currently, PLA used in industrial
packaging and biomedical applications, because the processing possibilities of this
transparent material are very wide, ranging from injection molding to blow molding and
thermoforming [14]. Since PLA is brittle, blending with other polymers is needed to

improve properties but still biodegradable polymers.



2.2 Lignin

Lignin is a biological substance that can be found in common wood, one of the
most important raw materials in the industries, as shown in Figure 3. It presents structure
of cell wall including lignin, cellulose and hemicellulose. Therefore, in the pulp
production process, wood is required through the pulp boiling process to remove lignin.
Since, lignin will cause paper to yellow when exposed to light. Eliminated lignin will be
contaminate with water so called Black liquor. Black liquor is waste obtained from the
pulp industries. Wood consists of cells and the cell walls consist mainly of three organic
components including cellulose (40-60- wt%), hemicelluloses (25-35 wt%) and lignin

(15-30 wt%) [15].

Crystalline Structure of Cellulose

ax
oy k ,
R Nty ”‘:‘Pgl ~i:.;tf“‘f§;°"“"
Cellulose (Crystalling) T_ o5
<.|4' .v __.:h' *
g -- VW'O"""_ K n‘: L 1ﬂ'-""‘\"“--'-" ““c-""n
b | Lignocellulose T’*Tﬁ” T Zﬁ""“ my
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T
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Hemicellulose Acetic Acid and
Other Sugars
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Figure 3 Schematic structures of cell walls [16].



Lignin structure is highly asymmetrical, amorphous and contain the highly
complex chemical nature of three different phenyl propane monomers refer to Figure 4.
For the above reason, lignin does not have a regular structure like cellulose, but is a
physically and chemically heterogeneous material, although the exact chemical

structure is unknown [17].

A on ® on ©) OH
= = =
OCH;  HsCO OCH,
OH OH OH

Figure 4 Three different phenyl propane monomers (A) p-coumaryl alcohol; (B) coniferyl

alcohol; (C) sinapyl alcohol [18].

Lignin is a polar_hydrophilic ‘biopolymer with biodegradability, antioxidant and
reinforcing capability. These properties make lignin a potential candidate to improve the
properties of thermoplastic polymers. Lignin could be blend with polymers to improve
their properties such as antioxidant, thermal stability, mechanical performance (impact,
stiffness, strength and elongation properties), UV stability, and biodegradability [15].
Lignin has the appropriate chemical properties for use in composites and coatings
because lignin is hydrophobic in nature, has small particle sizes, and has ability to form

stable mixtures.



2.3 Beeswax

Beeswax is produced mainly by specialized beeswax manufacturers. Beeswax
is a natural wax composed of a mixture of esters (67 wt%) hydrocarbons (14 wt%), fatty
acids (12 wt%), alcohol (1 wt%) and other compounds like aromatic substances and
pigments (6 wt%) [19]. Production of good beeswax depend on method production
which wax extraction have two method: melting and chemical extraction. Melting is the
most frequently used procedure and chemical extraction by solvents is feasible only in a
laboratory, where small scale wax production is needed. Good wax solvents are
gasoline and xylene which disadvantage of this method is that all organic wax
contaminants and constituents of the pupae, propolis and pollen are dissolved [20]. The
color of newly made beeswax is clear white but after manipulating the honeybees it
changes to yellow, dark yellow and brownish originated from propolis and pollen
pigments [21].

Beeswax is added to paints, polish, cosmetics and is. used for coating food and
tablets [22]. Beeswax is a substance that helps build the structure of honeycomb by
bees secrete beeswax for build honeycomb. Beeswax has hydrophobic protective
properties which is in fact present within-cosmetics and body products. Beeswax is
used in the food industry such as-a film to wrap cheese for maturing or as a food

additive to give shine to the products [8].

2.4 Solution Casting and Coating Method

The first process, polymer and all ingredients were dissolved in common solvent
and stirred until homogeneous solution, followed by this solution cast on glass plate or
petri dish, called a solution casting method. After evaporation, the film was peeled off

from glass plate. All above the process is presented in Figure 5.
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(Petri dish)

Figure 5 Solution casting method [23].

The second process, this technique used for fabricating thin composite films by
solution coating method as depositing-a thin selective layer on top of substrate or

support according to Figure 6.

Polymer suspention Polymer solution

Film Dipping Nasocopasite filn

Figure 6 Solution coating method [23].
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2.5 Scanning Electron Microscopy (SEM)

SEM is electron microscope that produces images of a sample by scanning it
with a beam of electrons [24]. The electron beam column consists of an electron gun, a
condenser lens and an objective lens, as detailed in Figure 7 [25]. The electron gun
emits a beam of electron when electrons hit the surface of a sample containing atoms, it
emits a signal that can be process and give information including estimating surface
roughness, characterizing the corrosion pits (their dimension and shape), locating the
corrosion and determining the morphology of corrosion products (such as oxides) [26].
These interactions and effects between electrons in the beam interact with the atoms are
detected and transformed into an.image. Distinctive point of SEM is high depth of field
and high spatial resolution: because SEM used the smallest wavelength of the

illuminating sources therefore the best resolution of the microscope [27].

Electron gun

Condenser
lenses for
probe forming

i Scanning &
= - magnifying
= Unit

Condenser lens
for focusing

Secondary
electron
detector

Specimen

Figure 7 Schematic of Scanning Electron Microscopy (SEM) [28].
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2.6 Universal Tensile Testing

Universal testing machine (UTM) is a mechanical property tester, commonly
called a tensile device, as reported in Figure 8. This instrument is capable of tensile test,
tear resistance test, hardness test, compression test, bending test and other testing of
various specimens including plastics, composites, rubber, fibers, etc., depending on
equipment support. The principle of instrument working is collection of the relationship
between resistance measurement in material deformation by using a force measuring
device or load cell and measuring distance change of a specimen by a distance-
measuring device, such as extension of crosshead and extensometer. The size or
dimensions of the specimen are calculated that will be relationship graph between
stress and strain resulting in-various mechanical properties of the specimen such as
modulus, strength and elongation. The test is referred to international standards, such
as ASTM and ISO, which generally refer to requirements such as specimen size,
number of specimens, testing speed, temperature, relative humidity, testing method,
test results and other limitations or recommendations. This is for the benefit of

comparing the test results [29].
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Figure 8 Schematic diagram of Universal Tensile Testing (UTM) [30].
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2.7 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a popular technique used in the
analysis for thermal property of materials. Differential scanning calorimeter measures the
difference between heat flow to samples or exits a sample compared with a reference
pan, measured as a function of temperature or time. DSC machines usually heat
transfer, which is the transfer of energy (heat) per unit time, expressed in mJ/s or mW (y-
axis) with time or temperature (x-axis) on the DSC heating curve. In case the sample
absorbs energy (heat), the enthalpy transition is called “endothermic”. In case the
sample emits energy (heat), the enthalpy transition is called “exothermic”. DSC heating
curve shows the temperature and heat of the change (temperature and heat transition)
temperature transitions, such as onset temperature (T,), peak temperature (Tp) and end
temperature (T,), which are the initial temperature, the highest temperature and the last
temperature of the changes. The area under the graph can be used to compute the
enthalpy of transition (AH, J/g).- or-the amount of heat to transition the energy (heat)
required or released during- transition which can-also indicate the ordering of the
sample. The amount of heat required to increase the temperature by the same
increment (AT) of a sample cell (g,) is higher than that required for the reference cell
(g,) by the excess heat absorbed by the molecules in the sample (Aq), as illustrated in
Figure 9. The resulting DSC scans with the reference subtracted from the sample show

how this excess heat changes as a function of temperature [31].
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Figure 9 The concept of Differential Scanning Calorimetry (DSC) [31].

2.8 Thermogravimetric Analysis (TGA)

TGA is a technigue used to analyze thermal stability of materials. In particular,
when heated, the weight changes of materials in each temperature range are measured
with a highly sensitive balance. This technique is suitable for the analysis of material
dynamics involved in gas absorption or water evaporation, crystallization due to phase
change, cracking of material (decomposition). In addition to this technique, study of
oxidation and reduction reactions and stoichiometry. In sample analysis, the sample is
placed on a small plate which is connected to a fine balance, that is highly sensitive
where all are in the furnace that can control the temperature and atmosphere. The
atmosphere inside can be inert gases, such as nitrogen or active gases, such as air or
oxygen, with varying sample weights to occur at specific temperatures of each
substance. The lost weight is caused by evaporation, degradation or reaction. The test
results will be displayed in a graph with the y-axis shows the weight change (weight% or
mg) and the x-axis shows the temperature or time, as reflected in Figure 10. The

analysis of results requires a known chemical reaction and the decomposition
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temperature of the sample roughly or contains information about the decomposition

temperature of various reference samples compare the results [32].

Mass

Tort —>»

Figure 10 TGA can be illustrated by reference to the single-stage process [32].

2.9 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier Transform Infrared Spectrometer (FT-IR spectrometer) is an instrument
used to analyze the structure of substances by measuring the absorption of radiation in
the infrared range, which-in the wave number of approximately 12800 - 10 cm” also can
be analyze samples -of. both solids, liquids -and  gases. Infrared radiation is
electromagnetic radiation that'is invisible to the naked eye, but produces heat that can
be touched. Infrared radiation is between visible radiation and microwave radiation,
which is divided into 3 regions: near infrared (12800-4000 cm™), mid infrared (4000-200
cm'1) and far infrared (200-10 cm'1). The range of infrared radiation useful in chemical
analysis is the mid IR range when a molecule absorbs infrared radiation, it causes the
bonds in the molecules to vibrate and spin that effect of causing molecular changes.
From molecules to absorb infrared radiation, the frequency of infrared radiation must be
equal to the oscillation frequency of the molecule substance. Each organic material has

a specific and different frequency of oscillation, this technique is used in the analysis of
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organic structures and types. The results obtained by this technique analysis show the
relationship between wave number and transmittance, that called Infrared spectrum as

illustrated in Figure 11 [33].
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Figure 11 Schematic illustrates the main'.component of a simple FTIR

spectrophotometer [33].

2.10 X-Ray Diffraction (XRD)

X-ray diffraction analysis (XRD) is a technique that uses X-rays to analyze and
identify compounds and crystal structure of compounds present in the sample for both
qualitative and quantitative. X-ray diffraction analysis technique is based on the principle
of firing incident X-ray radiation on the sample that cause diffraction and different angle
reflection with a signal probe (detector) as a receiver, as shown in Figure 12.
Composition and structure of a substance have X-ray diffraction degrees at different
angles depend on the composition, shape and nature of the crystal that the result can
indicate the type of compound present in the sample and can be used to study in detalil
the crystal structure of the sample. In addition, it can also be studied and analyzed as

crystallinity, crystal size, crystal integrity and compound stress in the sample when
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analyzing with accessories such as cooling-hot equipment can study the changes in the

crystal structure in the test conditions change [34].

Video monitor for
sample alignment

X-ray source

Optics

2D detector
Goniometer

Figure 12 Schematic representation of XRD machine [34].

This technique is based on constructive interference of monochromatic X-rays

with a crystalline sample, as follows:

A=2d};.; Sin(6p) (1)

This equation is Bragg's law and it relates the wavelength of the electromagnetic
radiation (}\) with the diffraction angle (93) and the distance between two adjacent
atomic planes (dhkl) with indexes (hkl), according to the scheme presented in

Figure 13 [29].
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Figure 13 Scheme of X-ray diffraction (XRD) beam working principle [29].

2.11 Ultraviolet-Visible Spectroscopy (UV-Vis)

UV-Vis spectrophotometer is an instrument used in the analysis of substances
based on the radiation absorption principle of substances in the ultraviolet (UV) and
visible (Vis) range of wavelength- approximately 190-1000 nm is mostly organic,
inorganic and complex compounds. both colored and colorless. Each substance
absorbs radiation at a different wavelength and the amount of absorption depends on
substance intensity. The absorption of various substances is directly proportional to the
concentration of the substance that it can be analyzed in terms of both quality and
quantity. This is a technique that provides better condition and widely used. The results
obtained from this technique analysis show the relationship between the absorbance
and wavelength, which is called the spectrum. A main component of a UV-Vis
spectrophotometer is a light source. A radiation source is the part that emits radiation at
the desired wavelength continuously as well as having enough light intensity. There are
many types of radiation source lamps according to the radiated wavelength, such as the
UV range, the H2 and D2 lamp are used for the wavelengths in the 160-380 nm and the

Visible range uses Tungsten/halogen lamps that provide wavelength in the 240-2,500
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nm. There are two light sources; one for ultraviolet light and one for visible light
according to Figure 14. A mirror is used to select the proper light source. The diffraction
grating is the monochromator that selects specific wavelengths of light. The two
detectors are coupled so that reference absorptions can be subtracted from sample

absorptions [35].

Light Source UV
Diffraction | \ _
Grating | [I Mirror 1
Slit 1 /

Slit 2 === Light Source Vis
Filter 1
Reference
Mirror 4 Cuvette Detector 2
Reference _I o]
Beam \j 0
Lens 1

/ C’-ﬁ Mirror 2 Sample
/ Cuvette Detector 1
¥ Sample ﬂ iy |
% Mirror 3 Beam U Lens 2 .

Figure 14 Diagram of Ultraviolet-Visible spectrophotometer [35].
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2.12 Water Vapor Transmission Rate (WVTR)

Water vapor transmission rate (WVTR) refers to the speed of water vapor
penetration through a material in a unit of grams/square meter/day. The water vapor
permeability was measured in the equilibrium state at 38°C and at 90% relative humidity,
the steam permeability of food-containing plastics that used for dry food packaging
design as it is important for the shelf life of food. This machine will generate moisture or
steam through a moisture generator by using nitrogen gas leads to moisture or steam
enters the machine on top of the film where the humidity above is high humidity and
below it carries nitrogen gas that pure nitrogen gas does not pass moisture. This
machine continues testing in this state will find that the moisture above will gradually
seep through the film wall by work must also depend on time. Therefore, the
measurement equation has to time and area as a factor setting the values that WVTR is

required to determine the permeability of water vapor [36].

2.13 Water Contact Angles (WCA)

The contact angle is usedto measure the wettability of surfaces of materials. The
wetting of a liquid drop above the material surfaces. How the droplet spread out and the
boundary surface deposited on the material is measured. The wetting is determined by
measuring the contact angle, which the liquid forms in contact with the material. The
wetting trend to be larger, the smaller of the contact angle or the surface tension which a
wetting liquid is a contact angle with the material is smaller than 90° whereas a non-
wetting liquid creates a contact angle with the material is between 90° and 180°, as
show in Figure 15. The traditional definition of a contact angle is the angle a liquid

creates with the solid or liquid when it is deposited on it [37].
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Figure 15 Water contact angles on surface of materials; (a)<90° is wetting (b)=290° is

non-wetting [38].

2.14 Antioxidant

An important cause of food quality deterioration is lipid oxidation. Lipids are
receptive to oxidation processes in the presence of catalysts such as heat, light,
enzymes, metals, metalloproteins and microorganisms, which cause distorted flavors in
food and loss of essential amino acids [39]. Therefore, the idea was to bring
antioxidants together with food 'such as polyphenol compounds, vitamins C and E and
carotenoids to support mechanisms in preventing oxidation [40]. Many oxidation tests
use lipid oxidation stimulation using high temperature and high oxygen content which
carries the risk of deterioration at the time of testing. The DPPH free radical method was
chosen which eliminates the risk of degradation the thermal condition of the molecule
[41]. DPPH is stable free radical and appears purple. DPPH assay is the principle that
when DPPH solution is mixed with a substance capable of donating hydrogen atoms, it
produces a reducing form with a purple loss [42]. DPPH accepts a hydrogen atom (H)
from a scavenger molecule i.e. antioxidant, resulting in change a purple color to yellow.
The discoloration is investigated by spectrophotometer and used to determine of

parameter for antioxidant properties [43].
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CHAPTER 3
LITERATURE REVIEWS

3.1 Lignin Precipitation

The structural difference of lignin is based on its separation process, which has
been developed over many years in the separation of wood to extract lignin [44].
Typically, lignin is approximately 10-100 um. The large amounts of lignin can be effect to
mechanical properties. Therefore, it' be used in appropriate amounts to polymer
development [45]. Nowadays, organic acids are used to purify lignin, where organic
acids are low-cost and non-polluting for precipitation and extraction to obtain lignin [46].
Kamble et al. [47] reported the best condition of lignin precipitation used acetic acid at

9 pH, temperature 50°C for maximum yield, as shown in Figure 16.
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Figure 16 %Yield of black liquor by different acids [47].

3.2 PLA Casting Films

PLA can be molded by extrusion, injection molding, injection stretch blow
molding, casting, blown film, thermoforming, foaming, blending, fiber spinning, and
compounding [48]. The preparation PLA films can be performed in multiform, typically
using solvent-casting film preparation method [49]. Youngjae Byun et al. [50] reported

PLA films using methylene chloride: acetonitrile based-solvent had the highest
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crystallinity, which results was brittle in mechanical properties, while the use of
chloroform and methylene chloride was less crystalline, resulting in ductile mechanical

properties, as shown in Figure 17.
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Figure 17 X-ray diffraction of the different based-solvent PLA films [50].

3.3 PLA/Lignin Composite Films

The use of lignin as a filler-in polymer provides a lot of enhancements such as
anti-oxidation and UV absorption, thus increasing the value of the product [51]. Xiang Li
et al. [52] reported PLA did not have UV protection because it was translucent in both
the visible and UV ranges, but when added lignin it reduced the light transmittance in
the UV range. Weijun Yang et al. [563] reported PLA composite films were reduced
optical transparency when increased LMP contents and retain almost 100 wt% of UV-C
and UV-B irradiation according to Figure 18. Shiv Shankar et al. [54] reported the
aromatic ring in the lignin structure helps to absorb light during ultraviolet region. Yong
Qian et al. [55] reported lignin containing methoxyl group to help the substance to
prevent UV better. Tatiana Dizhbite et al. [566] reported lignin has a phenyl propane

structure which was able to interact with DPPH, and its antioxidant performance
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depended on the rate of hydrogen atoms from the phenyl group and the stability of the
resulting radicals. Sandra Domenek et al. [6] reported the neat PLA did not change but

the least residual DPPH’ is lignin 10 wt% film which down to 42% of residual DPPH’ as

detailed in Figure 19.
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Figure 18 UV-Vis spectra of neat PLA and PLA composite films [53].
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Figure 19 The free radical DPPH’ of neat PLA, various of lignin-PLA in methanol/DPPH’
solution and a second time 10 wt% 24 h lignin-PLA after being extracted in

ethanol/water (95/5 v/v) [6].



24

3.4 Beeswax Coating

PLA has some limitations in use due to its relatively low resistance to oxygen and
water vapor permeability [57]. Film development using edible coatings is a combination
of polymer matrix and hydrophobic components where the coating blocks moisture
transfer [58]. Monica Oliveira Reis et al. [59] reported that trays of thermoplastic starch
(TPS)/PLA blends film coated with beeswax demonstrated WVP ranging from 7.9x10" "

to 0.2x10 " g/m.s.Pa (reduce to 65%, when compared with uncoated) because

beeswax is more hydrophobic properties, as shown in Figure 20.
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Figure 20 Effect of the water vapor permeability(WVP) and the solubilization capacity in

water(SCW) for the trays [59].

It was considered that dipping in hexane removed the low MW components and
also able to enhance the molecular arrangement of conjugated polymer thin films
effectively [60]. Manlin Tan et al. [61] reported that two solutions were compared:

FDTS/n-hexane and FDTS/Vertrel XF solution when the film was dipped in FDTS/n-
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hexane solution, the CA and roughness values were higher than FDTS/Vertrel XF

solution because rather rough morphology, as shown in Figure 21-22.
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Figure 21 The changing in the water contact angle with the concentration of FDTS/n-
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CHAPTER 4
METHODOLOGY

4.1 Materials
4.1.1 Poly(Lactic Acid) (PLA)

PLA (commercial name is Ingeo biopolymer 2003D) was produced by Nature

3

Works LLC. PLA has melt flow index and specific gravity of 6 g/10 min and 1.24 g/cm
respectively.

4.1.2 Lignin

At 50°C, 100 ml of black liquor was stirred and 1 ml of acetic acid was dropped
at a rate of 1 ml/min. Acetic acid at 50°C is the ideal temperature for achieving a high
percent yield of lignin [47]. The mixture-was then blended for 10 minutes, and the pH
was 9. It was left overnight after measurement. Finally, the lignin particles were removed
using a Buchner funnel and Whatman No 41 filter paper before the pH was adjusted to

neutral. The pH of the precipitation-has no effect on the yield percentage or purity. [46].

4.1.3 Beeswax

Beeswax was imported from Germany where it was purified. It is insoluble in
water and insoluble in cold alcohol. Beeswax has a melting point of 62-64°C. The

relative density at 15°C is 0.958-0.970 g/Cmg.

4.2 Sample Preparation

4.2.1 Preparation of PLA films

PLA 1.2 g was dissolved in 20 ml chloroform and agitated at room temperature
until completely dissolved. After that, the solution was placed in a petri dish and kept at
room temperature, covered with foil, until the solvent had completely evaporated. For 24

hours, the films were continuously dried in a 60°C oven. PLA was mixed with lignin
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concentrations of 0.5, 1, 3, and 5 phr. PLA/lignin composite films were created in the
same way that PLA films were.
4.2.2 Preparation of PLA/lignin films

Lignin 0.5, 1, 3 and 5 phr was mixed with PLA and apply everything as in PLA
films. After complete solution was pour on a petri dish and leave complete evaporated
as same as preparation PLA films.

4.2.3 Preparation of PLA/lignin films coated with beeswax by dipping coating

The prepared PLA/lignin films ‘were coated beeswax by dipping in beeswax at
the concentrations of 5, 10, 15 and 20 wt%. The beeswax was melted in hexane at 70°C,
then the film was dipped for 2 minutes [9, 62]. After that, the coated film was dried

overnight at room temperature.

4.2.4 Preparation of PLA/lignin films coated with beeswax by rod coating

The prepared PLA/lignin film was coated with beeswax, which used a groove
size of 40u. Beeswax 10g was melted at 70°C. When completely melt, the solution was
pour onto the prepared film and use groove size at 12, 24,40 and 50y to evenly spread.

Then leave it until the coating is completely dry.

4.3 Sample Characterization
4.3.1 Scanning Electron Microscopy (SEM)

SEM (MIRA3, TESCAN, Czech) was used to observe the morphology and
distribution of lignin particles in the PLA matrix and beeswax coating, as shown in Figure
23. All specimens were sputter coated with gold and were detected by Secondary

electrons (SE) and Backscattered electron (BSE) with an accelerating voltage of 5 kV.
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I

Figure 23 Scanning electron microscopy (MIRA3, TESCAN, Czech).

4.3.2 Universal Tensile Testing

Universal tensile testing (Tinius Olsen THE 1000N universal testing machine)
was used to observe the mechanical properties of the composite films following ASTM
D882, as shown in Figure 24. The specimen size was 50 x 15 mm?’ and gage length 50
mm. The tensile test was performed at a crosshead speed of 5 mm/min and preload

0.01 N. The results obtained represented the average triplicate specimens.

Figure 24 Universal tensile testing (Tinius Olsen THE 1000N universal testing machine).



29

4.3.3 Thermogravimetric analysis (TGA)

TGA (SDT Q600, TA Instruments, UK) was used to characterize thermal
properties of the composite films, as shown in Figure 25. The composite films were cut
into small pieces of a mass range between 10-20 mg then it placed in aluminum pans.
The measurement was carried out in a nitrogen atmosphere at a temperature range of

50-600°C at a heating rate of 10°C/min.

Figure 25 TA Instruments (SDT-Q600, UK).

4.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR (Nicolet iS5 spectrometer) -was used to measure the chemical structures
and functional groups of the samples in-a range from 400 to 4000 cm™ as shown in

Figure 26.

Figure 26 TA Instruments (SDT Q600, TA Instruments, UK).
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4.3.5 X-Ray Diffraction (XRD) Spectroscopy

XRD (D8 advance, Bruker, USA) operates at 40 kV and 30 mA with a wavelength
of approximately 0.154 nm. It was used to examine the sample diffraction pattern. The
sample was scanned from 4° to 80° with a step size of 0.02°.

4.3.6 Ultraviolet-Visible Spectroscopy (UV-Vis)

Investigation of film blocking properties, the specimen is cut into 2x2 cm’
rectangle and placed in a spectrophotometer test cell directly and air was used as a
reference. The absorbency of the film was recorded in the range of 200-800 nm using
UV-Vis spectrophotometer (VARIAN, Cary 5000), as shown in Figure 27. UV-Vis
spectrophotometer (T92+, PG Instruments, UK) was measured UV absorbance at 518
nm to determine the DPPH scavenging activity of the composite films, as shown in

Figure 28.

Figure 27 UV-Vis spectrophotometer (Cary 5000, Varian, USA).

Figure 28 UV-Vis spectrophotometer (T92+, PG Instruments, UK).
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4.3.7 Water Vapor Transmission Rate (WVTR)

Water vapor transmission was measured using MOCON Permatran-W Model 398
as shown in Figure 29. The measuring the transient water vapor transmission of a
polymer film by directing the liquid water to either side to producing saturated vapor and

investigate the water vapor transmission rate (WVTR) as a function of time.

Figure 29 MOCON Permatran-W Model 398.

4.3.8 Water Contact Angles (WCA)

The water contact angles were measured with 20 pyL deionized water using
DinoliteCapture 2.0 software (Dino-Lite & Dino-Eye). The average contact angle value of
water was obtained by measuring at five different positions for the same sample.

4.3.9 Antioxidant Activity Assay

The antioxidant activity of the films were assessed by DPPH (2,2-diphenyl-1-
picrylhydrazyl) free radical scavenging assay. Cutting the film into small sizes around
weight 0.2 g add with methanol 4 ml and let it at room temperature for 24 hours. The

extract was taken 1ml, added to the DPPH solution in methanol (0.0634 mM) and kept in



32

a dark place at room temperature for 30 min. The following, the absorbance was

measured 518 nm.

The reduction in radical scavenging activity (%RSA) is calculated as follows:

Ab\ank_Asample
% RSA=100 — (A—) x100 (2)
blank
A an _Asam e
Inhibition %= (M) x100 (3)
Aplank

Where A, is the absorbance of the DPPH solution and A is the

sample

absorbance of the DPPH solution containing the extracted film.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Characterization of the Lignin

The production of kraft pulp produces black liquor as a by-product, which
contains lignin. To obtain the lignin, black liquor was precipitated with organic acids.
Figure 30(a-b) shows a SEM image of precipitated lignin with a particle size of about 15
pgm. The structure of lignin did not show cavities and cracks when precipitated with an
organic acid, acetic acid. Precipitation lignin has increased cavities and cracks, which
will affect the plastic. This can cause the plastic from the internal cavity to deform [63].
The occurrence of cavitation .can support the inference that organic acids modify lignin

in the kraft during precipitation. Therefore, the extracted lignin does not result in the

polymer deforming.

SEM HV: 5.0:}/ WD: 8.94 mm SEM HV: 5.0 kV WD: 8.95 mm | |
View field: 208 ym Det: SE View field: 20.8 ym Det: SE 5 pm
SEM MAG: 1.00 kx BI: 3.00 Silpakorn University SEM MAG: 10.00 kx BI: 3.00 Silpakorn University
(a) 1000x magnification (b) 10000x magnification

Figure 30 SEM micrographs of the lignin particles.
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The lignin was precipitated that is type L lignins (Guaiacyl-Syringy! lignins).
Lignin  mainly contain guaiacylpropane unit, syringylpropane unit, some p-
hydroxyphenylpropane units. As shown in Figure 31, FTIR spectroscopy was used to
compare functional groups of lignin structures to the lignin standard. The peak at 3400
cm’ represents the OH stretching vibration in aromatic and aliphatic OH groups, and
the intensity of this peak varies depending on the process of lignin precipitation. The
peaks at 2938 cm” and 2850 cm”' are caused by CH stretching in aromatic methoxy!
groups as well as methyl and methylene side chain groups [64]. The fingerprint of lignin
is approximately 1800-900 c¢m’' [63]. The extracted lignin was compared with standard
lignin. A common peak at approximately 1600, 1525, 1440, 1217 and 1034 cm’', which

generalizes the monomers of the guaiacyl and syringyl backbone of the lignin particles,

are observed.
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Figure 31 FTIR spectra of standard lignin and precipitated lignin from the black liquor.



35

5.2 Characterization of PLA/Lignin Composite Films
5.2.1 Morphology

SEM is used for analysis of the surface and the distribution of filler in polymer
matrix [65]. The images of SEM indicate PLA, PLA/lignin 0.5, PLA/lignin 1, PLA/lignin 3
and PLA/lignin 5 for top bottom and cross-section surface as illustrated in Figure 32(a-
0). Upon referring to the top surface of the film, increasing the lignin content causes the
surface roughness to rise. On the upper surface, the SEM picture reveals a considerable
amount of lignin and agglomerate particles [65]. The distribution and interface between
PLA and lignin may be seen on the bottom surface and cross-section surface. Figure
32(e,k) shows an increase in rough voids at 0.5 and 3 phr at the bottom surface,
compared to neat PLA in Figure 32(b). Because of the smaller lignin distribution size
and better interface, PLA/lignin films at 1 and 5 phr exhibited fewer gaps, as illustrated
in Figure 32(h,n). The lignin cross-sectional surfaces at 0.5 phr and 3 phr in Figure
32(fl). It is clearly observed that large agglomerates of lignin and forming a void are
found in the PLA matrix. For the addition of lignin at 1 phr and 5 phr, it was found that
lignin was well distributed-in the PLA matrix, which reduced the internal voids. As a
result, if high-charging lignin in the PLA matrix does not improve the mechanical
characteristics of PLA, then an-appropriate amount of lignin'can be added to the

interface. Lignin's outstanding dispersion quality can helpimprove mechanical qualities.
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Top Bottom Cross-section

(c) PLA 5000x magnification

(d) PLA/lignin (100/0.5) 500x (e) PLA/lignin (100/0.5) 500x (f) PLA/lignin (100/0.5) 5000x

magnification magnification magnification

(g) PLAJlignin  (100/1) 500x (h) PLA/lignin (100/1) 500x (i) PLA/lignin (100/1) 5000x

magnification magnification magnification



Top Bottom Cross-section

(j) PLA/lignin  (100/3) 500x (k) PLAJlignin (100/3) 500x () PLA/lignin

magnification magnification magnification
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magnification magnification magnification

Figure 32 SEM micrographs of PLA and PLA/lignin-at different lignin contents.

5.2.2 FTIR analysis

(100/5) 5000x

FTIR spectroscopy is used to investigate the interactions between PLA and

lignin. Neat PLA shows a characteristic peaks at 2995, 2946, 1753, 1455, 1384, 1269-

1045, 921 and 870 cm’, as show in Figure 33 [66] [67]. The peak at 2995 and 2946 cm”

were -CH stretching for CH, asymmetric and CH, symmetric, respectively. The strong

absorption at 1753 cm’ was assigned to the C=0 stretching vibration of ester groups.

The bands at 1455 and 1384 cm” were ascribed the C-H symmetric and C-H

asymmetric deformations, respectively. The absorption bands corresponding to C-O
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stretching at 1269-1045 cm’. Figure 34 show two shoulders at 1753 cm” and 1748 cm”'
when the addition of lignin 0.5, 1, 3 and 5 phr was observed smoothly with increase
contents. The presence of primary band separation associated with carbonyl stretch
vibration may be due to low interaction between the lignin of OH group and PLA of C=0
group [66]. The vibration band at 921 cm™' presents a crystalline and the -C-OH bending
of the carboxylic acid groups in PLA, as shown in Figure 35 [68] [69]. The bands at 756
and 870 cm” corresponded to -C-C- stretching crystalline phase and -C-C- stretching
amorphous phase of PLA, respectively, as shown in Figure 35 [68] [70]. Examination of
the FTIR spectra of all composite films showed that the addition of lignin had no

significant influence on the PLA characteristic bands [66].
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Figure 33 FTIR spectra of neat PLA and PLA/lignin composites.



39

1748

923
[te}
~
-

——PLA

—— PLA/lignin 0.5
—— PLA/lignin 1
—— PLA/lignin 3
—— PLA/lignin 5

Aborbance

L 1 L 1 N 1 L 1 L
1800 1780 1760 1740 1720 1700

Wavenumber (cm™)

Figure 34 FTIR spectra of neat PLA and PLA/lignin-composites at 1753 and 1748 cm™.
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Figure 35 FTIR spectra of neat PLA and PLA/lignin composites in range 970-700 cm™.
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5.2.3 XRD analysis

The X-ray diffraction (XRD) analysis is used to study the crystalline
characteristics of the composite films. The results of XRD are demonstrated in Figure 36
for neat PLA and PLA/lignin composite films. The main diffraction peaks are observed at
20 = 16.5° and 18.3° for neat PLA. The addition of lignin leads to an increase in the
intensity of the crystalline peaks, reflecting that lignin acts as by a nucleating agent in
promoting the crystallinity of the PLA matrix. This is likely a result of the interaction
between the hydroxyl or carbonyl functional groups of lignin that induce hydrogen
bonding and hence crystal formation. However, a-high nucleating agent interferes with
molecular chain alignment, resulting in low crystallinity [71]. As lignin is an amorphous
matter. The amorphous phase is increased in the composite film due to the addition of

lignin[72] .

The width-at-half-height of the crystal-peaks were widened with the addition of
lignin, reflecting the lower regularity or quality of the crystal domains. The broadest
peaks, with the least order and. crystallinity, were observed when 1 phr lignin was
added. This likely-indicates high compatibility of the lignin in the PLA matrix, leading to

the interference with its crystal formation.

The crystallite size was calculated by using the Scherrer equation, as reported in
Table 1. PLA exhibited a larger-crystallite size-at 10.69 nm due to a sharper peak than
PLA/lignin 1 (crystallite size at 9.99 nm). The peaks become sharper and the crystallite

size increase, indicating a more organized structure [73].
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Figure 36 X-ray diffraction patterns of PLA and PLA/lignin.composite films.

Table 1 The crystallite size calculated from XRD.

Sample Crystallite size (nm)
PLA 10.69
PLA/lignin 0.5 phr 22.96
PLA/lignin 1 phr 9.99
PLA/lignin 3 phr 19.68
PLA/lignin 5 phr 14.06

5.2.4 Mechanical properties

The effect of lignin distribution on small (<150 um) was a larger positive
correlation with lignin dispersion than large (355-500 um), resulting in a very significant
negative [74]. This enhances stress transfer by reducing the amount of empty space on
the entire surface. The effects of the lignin contents on stress-strain curves, tensile
strength, Young’s modulus and elongation at break are examined by tensile testing, as
reported in Figure 37-40. Figure 37 depicts the stress-strain curves of PLA and

PLA/lignin films with various lignin contents. As the lignin content increased, the stress
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level reduced. This suggests that the force of PLA/lignin decreases as the lignin level
rises. The end result was achieved by applying a modest amount of stress to the film,
causing it to tear readily. In comparison to neat PLA, the strain at break reduced as the
lignin level increased. Because of the improved distribution size and interface as seen in
SEM images, the PLA/lignin 1 phr exhibits the highest percent strain. When considering
the beginning of the deformation process between lignin and PLA, the craze shape may
be torn, which gradually rips to absorb energy better [75]. As a result, as shown in
Figure 32(h), lignin acts as a nucleus formation agent as well as a hardening agent to
raise the density of the PLA matrix. Figure 38 shows the tensile strength of PLA and
PLA/lignin films at various lignin ‘concentrations. The tensile strength of the material
dropped as the lignin percentage increased. This shows that the PLA/lignin was weaker
than neat PLA. It has also been linked to lignin incorporation at increased lignin content,
which causes fissures in composite films [76]. Young's modulus of PLA and PLA/lignin
at various lignin concentrations is-shown in Figure 39. With increasing lignin content, the
Young's modulus fell, indicating that the PLA/lignin was less stiff. Figure 40 depicts the
elongation at break of a PLA/lignin composite; elongation-at break was shown to be
reduced with increasing lignin content, with-the exception of the addition of lignin at
1phr. PLA/lignin 1 _phr has the greatest elongation-at break, meaning that it can stretch

the longest before breaking.
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5.2.5 Thermal properties
5.2.5.1 TGA analysis

Thermal analysis is the change in physical and chemical properties of a material
that is observed by increasing temperature [77]. The thermal decomposition of neat PLA
and PLA/lignin composite films, as shown in Figure 41, was studied by
thermogravimetric (TG). The thermal degradation process of PLA and PLA/lignin show
two steps of degradation. The first step of both samples had a little weight loss below
100 C caused by evaporation of moisture [78]. The second step is the main degradation
step in a temperature range around 300-500° C. This is associated with the
fragmentation of inter-units- linkage [79]. In addition, improvements in the thermal
stability of PLA and PLA/lignin can be observed by initial degradation (T,) and char
yield, as shown in Table 2. The addition-of lignin'with an increased amount resulted an
increased thermal stability, which can be clearly seen with the addition of lignin at 1 phr
an initial decomposition temperature. The high initial degradation temperature is able to
maintain the thermal stability than-neat PLA. The high thermal stability of lignin is due to
the presence of complex phenylpropanoid units-consisting of aromatic phenyl groups.
These aromatic structures are very stable.. Furthermore, the presence of multiple
hydroxy! groups contributes-to their stability because unpaired electrons are also highly
stable. It increases the stability of the aromatic structure and hinders electron rupture,
which occurs only at high temperatures [80]. Besides, the yield of char in both samples
at 600 C increased with an increase lignin content due to carbon residue remaining from
lignin.

5.2.5.2 DSC analysis

DSC analysis was used to determine the thermal behavior which measured glass

transformation (T_), cold crystallization (T_) and melting temperature (T,) and final

g m

crystallinity of PLA and PLA with lignin particles [81]. The DSC thermograms of PLA and

PLA/lignin with different content are demonstrated in Figure 42. The glass transition
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behavior of PLA/lignin compared to neat PLA shows wider temperature range,
approximately 60°C. It is clearly seen that the addition of lignin at 1 and 5 phr are
formed by complex molecular structures leading to multiple relaxation phases within the
same temperature range [82]. DSC scans reported that the PLA and PLA/lignin
composites films had no effect on the melting temperature [83]. The melting point (T,)
and crystallinity of neat PLA and PLA/lignin composite films are presented in Table 3. No
significant differences between the PLA and PLA/lignin composite films was observed.
The crystallinity increased from 9.03% for neat PLA to around 10% of PLA/lignin. This is
due to the increase in cold crystallization with the presence of lignin particles [84]. With
the exception of PLA/lignin 1 and PLA/lignin 3 was decreased compared with neat PLA,
which the resulted had a tendency in the same direction with morphology and

mechanical properties.
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Figure 41 TG curves of neat PLA and PLA/lignin composite films.
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Figure 42 DSC thermograms of PLA and PLA/lignin composite films.

Table 2 The decomposition temperature of 5 %weight loss (T ) of neat PLA and

PLA/lignin composite films.

Sample T, (°C) Char yield (%)
PLA 138 -
PLA/lignin 0.5 phr 284 2.42
PLA/lignin 1 phr 318 1.52
PLA/lignin 3 phr 313 1.78

PLA/lignin 5 phr 310 3.62
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Table 3 DSC analysis of neat PLA and PLA/lignin composite films.

Sample T.,(°C) Crystallinity (%)
PLA 147.82 9.03
PLA/lignin 0.5 phr 147.77 10.41
PLA/lignin 1 phr 147.31 7.04
PLA/lignin 3 phr 147.90 11.44
PLA/lignin 5 phr 147.61 9.44

5.2.6 Optical properties

UV absorption is important for films used in food packaging [85]. PLA light
transmittance was studied in two wavelength ranges: visible (400-800nm) and UV (250-
400nm) [84]. The phenol hydroxyl groups in lignin can produce discoloration when
exposed to UV radiation. Phenoxyl radicals are formed, which are partially oxidized to
quinones. Quinones, on the other hand, are capable chromophores, and their light
oxidizing into the aliphatic acid structure causes lignin decolorization [86]. After coming
into contact with a sunbeam; this phenomenon has the potential to increase UV blocking
capacities. The UV-Vis transmittance spectra of plain PLA and PLA/lignin composite
films with varying lignin concentration are shown-in Figure 43. The UV-Vis spectroscopy
data demonstrate that tidy PLA has the highest light transmission. On the other hand,
the lignin content with increased that decrease the light transmittance. It is evidenced
that light transmittance decreases with increasing lignin, which means that lignin can

greatly block the UV light region.



49

90 ;
|
0 | UV region | Visible region /ﬁ—
|
1 [P
I L p—
B | _ O o —
70 L eeee- “
- -—— /
— —
— 060 F -—
= -
s Ve
5 50 f -7 PLA
= N £ R PLA/lignin 0.5
E ‘0 — —PLA/lignin 1
g ......... PLA/lignin 3 .
= — - =PLA/lignin 5 _..-"
B 30
—
20 . -
W
. /
10 f —_
- f :
—
—
O 2 1 1 1
200 300 400 500 600 700 800

Wavelength (nm)

Figure 43 UV-Vis transmittance spectra for PLA and PLA/lignin composite films.

5.2.7 Antioxidant activity

The definition of antioxidants is synthetic or natural chemicals added to products
for preventing or slowing down the deterioration-from oxygen in the air [87]. The lignin is
considered a natural antioxidant in a class- of polyphenols. It is known that the
hydrogenation ability of phenolic compounds results in the scavenging ability of DPPH
[88]. Cutting the film into small sizes around 5x5 mm?’ and weighing 0.2 g. Methanol 4 ml
was added and the samples were extracted. The extract was taken 1 ml, and added to
the DPPH solution in methanol. After that, the color change was observed and tested
using a UV-Vis spectrophotometer at a wavelength of 518 nm. The DPPH scavenging
can be seen by changing the color of the DPPH solution from dark purple to pale yellow
indicating scavenging ability, as reported in Figure 44. The antioxidant activity of the
lignin content added on PLA film that it was measured by evaluation of DPPH radical

scavenging activity, as illustrated in Figure 45. The result follows the same trend as the
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amount of lignin increases that also enabling scavenging activity with increase. It was
clearly observed that the over addition of lignin at 1 phr was improved free radical
inhibition by approximately 80% of inhibition. Consequently, the increasing lignin
contents is consistent with the increased UV blocking performance. Also, the increasing
potential of the UV-blocking and antioxidant association with phenolic hydroxyl groups

reduce their antioxidant properties.

Figure 44 Color change of DPPH- solutions for PLA and PLA/lignin composite films.
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Figure 45 The percent of free radical inhibition for PLA and PLA/lignin composite films.
5.2.8 Barrier properties

The main feature of food packaging materials is the ability to prevent or minimize
water from penetrating the packaging materials. Therefore, the most common barrier
property investigations are the water vapor transmission rate (WVTR) and the

hydrophobicity, in terms of water contact angle (WCA) measurement [89].

5.2.8.1 Water vapor transmission rate

The WVTR of the composite films is present in Table 4. The WVTR of neat PLA
was 142.79 g/mz—day. The PLA/lignin.composite films at 1 phr was lower at 128.09 g/mz—
day. The decrease of WVIR 'is caused by the addition of lignin to increase the
impermeable physical barriers in the PLA matrix. Then create tortuous paths and force
water vapor to oscillate around them through a more tortuous path resulting in better

water vapor diffusion protection performance [53] [90].

5.2.8.2 Water contact angle

The hydrophobic effect of the film was studied when adding the lignin by
measuring the water contact angle (WCA). Table 4 compares the WCA values of PLA
and PLA/lignin films with varying lignin'concentrations. The WCA of pure PLA was 72.9 +
0.0°, while the WCA of PLA/lignin-1-phr.was 74.7 £0.6°. The addition of lignin to PLA
had no effect on the contact angle value and only improved the hydrophobicity of PLA
somewhat. The addition of lignin of the composite films slightly modified the
hydrophobic properties of PLA, as the majority of lignin are dispersed in the PLA matrix,

not at the surface.
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Table 4 WVTR and Contact angle of PLA/lignin composite films.

Sample WVTR (g/m*-day) WCA (°)
PLA 142.79 72.9+0.02
PLA/lignin0.5 - 73.6 +0.64
PLA/lignin1 128.09 74.7 +0.63
PLA/lignin3 - 73.6 £0.38
PLA/lignin5 - 74.1£0.08

5.3 Characterization of beeswax coated films

From the results of the above analysis, it was found that the addition of lignin at 1
phr was the most suitable content. This was chosen to be coated with beeswax and
analyzed in the next step. There are 2-methods of coating: dipping coating and rod

coating.

5.3.1 Composite films coated by beeswax by dipping coating

5.3.1.1 Morphology

SEM was used to study the surface and cross-sectional area when the films
were coated with beeswax. The SEM images of PLA/lignin 1 phr films by beeswax at
different concentrations: BW5, BW10, BW15 and BW20-are shown in Figure 46. Figure
46(a, d, g, j) indicate higher surface roughness of the films after coating with higher
beeswax concentrations. In addition, the film thickness from images of the cross-
sectional is clearly affected with increased thickness as reported in Figure 46(c, f, i, |).
The surface is the visible and the irregular plate of wax crystals then distributed in an
orderly and densely manner. The higher magnifications are a similar roughness
structure that observed flower (5000x magnification) in Figure 46(b, e, h, k) by rapid

evaporation of the solvent resulting in a coarse structure of the coating [91].
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Figure 46 SEM micrographs of PLA/lignin at 1 phr films after coating with different beeswax

concentrations.
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Beeswax is a complex organic compound system, consisting of hydrocarbons,

esters and free fatty acids [92]. FTIR results of beeswax is shown in Figure 47. The

absorption bands at 2920 cm” and 2850 cm’ are hydrocarbons as asymmetric

stretching vibrations of CH, groups and symmetric stretching vibrations of CH, groups

respectively. The peak at 1739 cm” of the C=0 stretching vibrations and at 1172 cm’ of

C-H bending vibrations reflect the ester group stretching. The absorption band of fatty

acids was observed at 1714 cm™. The fingerprint of beeswax was around 1500-800 cm’

[93]. Additionally, the absorption bands in two peaks are scissor deformation vibrations

at 1465 cm™ and rocking vibrations of CH, groups at 720 cm’. Beeswax is chemically

hydrophobic due to its ester group [94].
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Figure 47 FTIR spectra of PLA/lignin 1 phr films coated by beeswax by a dipping

technique.
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5.3.1.3 Mechanical properties

The mechanical properties of films are shown in Figure 48-50. The respective the
tensile strength, Young’'s modulus and elongation of the films at different beeswax
concentrations was insignificant. The beeswax coating at different concentrations did
not affect the mechanical properties of the films. Since it was not blended in polymer
matrix also it retains the mechanical properties of the film. The films coated with
beeswax at different concentrations caused the film thickness to change. Beeswax was
blended with a polymer that reduces its mechanical properties [95]. Therefore, the
beeswax was chosen to coat the film surface to maintain the mechanical properties of
the film. The higher the concentration is the greater the thickness of the coating layer.
The films at BW5, BW10, BW15 and BW20 have a thickness around 0.07, 0.10, 0.11 and

0.12 mm respectively.
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Figure 48 Tensile strength of PLA/lignin 1 phr was dipped at different beeswax

concentration.
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Figure 49 Young's modulus of PLA/lignin 1 phr was dipped at different beeswax
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5.3.1.4 Optical properties

UV light is a high energy that can cause chemical reactions and degrade both
polymers and packaged foods. It is important to protect foods sensitive to UV light [10].
As shown in Figure 51, the light barrier property increases with increasing beeswax
coating concentration. From the figure observed in the range of 200-300 nm, the
minimum percentage of light transmittance is approximately less than 3% transmittance.
The UV light range of 200-400 nm is the range that causes lipid oxidation, resulting in
rancidity and deterioration [96]. Therefore, the addition of beeswax reduces the
transmission of UV light.. The increase of beeswax layer thickness reduces the
transparency of the film due to the resulting film to be haze so reducing light

transmission.
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Figure 51 UV-Vis transmittance spectra for PLA/lignin 1 phr films coated be different

beeswax concentration.
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5.3.1.5 Antioxidant activity

The antioxidant activity was determined by the reduction of DPPH, which free
radicals tended to decrease during storage [97]. An antioxidant test was performed by
applying the PLA/lignin 1 phr films coated with beeswax concentrations at 0, 5, 10 and
20 %wt. The different beeswax concentrations did not affect the color change, as
reported Figure 52. The percent of free radical inhibition scavenging activity assessment
is shown in Figure 53. The effect of inhibition was unchanged with increased beeswax
concentration, compared to PLA/lignin 1 phr (BWO) at around 80% of inhibition.
Therefore, the beeswax does not have the effect of a free radical scavenging [96]. The
increase in concentration of beeswax coating does not contribute to free radical

scavenging.
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Figure 52 Color change of DPPH solutions at different beeswax concentrations.
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Figure 53 The percent of free radical-inhibition at different beeswax concentration.

5.3.1.6 Barrier properties
The results of WVTR and WCA are shown in Table 5.

5.3.1.6.1 Water vapor transmission-rate

The WVTR results of the films with beeswax-coated and uncoated films
were compared. The results showed that beeswax-coated film had a decrease of WVTR
from128.09 g/mz-day to 40.15 g/m2—day, representing a percentage reduction of
approximately 6 8 % .. Since, beeswax is-more resistant to moisture transfer than other
lipid polymers [98]. It is highly resistant to moisture transfer, which reduces water vapor
diffusion [99]. In addition, beeswax is highly hydrophobic, so beeswax-coated films are

highly resistant to water.

5.3.1.6.2 Water contact angle
The water contact angle on the surface of the films coated by different
beeswax concentrations: 5, 10, 15 and 20 %wt was measured. The increasing the

beeswax concentration resulted an increase the water contact angle. The largest of
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increase beeswax concentration at BW 20 was 130.24° which is the best water
protection. From the SEM image in Figure 44, the surface of the beeswax-coated film
has a rough surface. Because its hydrophobic, it has a very high water resistance and
low surface energy [100]. Therefore, the use of beeswax coating can improve its water
resistance properties and can be used as a multilayer coating to increase water

permeability [101].

Table 5 WVTR and water contact angle of PLA/lignin 1 phr films coated with different

beeswax concentrations.

Sample WVTR (g/m*-day) WCA (°)
BW 0 128.09 74.7 +0.63
BW 5 ' 106.26 + 0.11
BW 10 - 117.10 + 0.21
BW 15 - 123.33 +0.16
BW 20 40.15 130.24 + 0.48

5.3.2 Composite films coated by beeswax by rod coating

5.3.2.1 Morphology

The beeswax coating by a rod coating machine used a groove size to help
controling the film thickness. The beeswax was coated the film used of different groove
sizes at 12, 24, 40 and 50 ym, as shown in Figure 54-55. Figure 54 shows that the
surface of the beeswax coating layers were nearly the same roughness. In Figure 55,
the cross-section of the beeswax coating indicates a coating thickness, which the larger
of the groove size effect of the greater the thickness of the beeswax. Therefore, using

the groove size of different sizes affects the thickness of the coating.
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£ ; : i e T
WD: 18.00 mm MIRAZ TESCAN SEM HV: 5.0 kV MIRAJ TESCAN
View field: 830 pm Det: SE View field: 830 pm

SEM MAG: 250 x BI: 3.00 Silpakorn University SEM MAG: 250 x Sipakorn University

SEM HV: 5.0 kW WD: 10,10 mm E MIRAI TESCAN SEMH 0 kV WD: 10.00 mm E MIRAZ TESCAMN

View field: 830 pm Det: SE View field: 830 pm Det: SE
SEM MAG: 250 x Bl: 3.00 Silpakorn University SEM MAG: 250 x Bl: 3.00 Silpakorn University

c)40 um d) 50 um

Figure 54 SEM micrographs of surface for beeswax coating by different groove size.
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SEM HV: 15.0 kV WD: 13.96 mm MIRA3 TESCAN| SEM HV: 15.0 kW WD: 14.08 mm
View field: 208 pm Det: BSE View field: 208 pm
SEM MAG: 1.00 kx Bl: 8.00 Slipakorn University SEM MAG: 1.00 kx

SEM HV: 150 kV WD: 14.26 mm | 1 MIRA3 TESCAN| ( | MIRAJ TESCAN
View fleid: 208 pm Det: BSE 50 pm View feld: 415 pm

SEM MAG: 1000 x BI: 8.00 Siipakorn University SEM MAG: 500 x Bl: .00

c)40 um d) 50 um

Siipakorn University

Figure 55 SEM micrographs of cross-section for beeswax coating by different groove

size.
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5.3.2.2 Water contact angle

The beeswax is already hydrophobic, then coated to the film. The contact angle
measurement of the beeswax coated films was measured, as shown in Table 6. The
groove size increasing led to an increasing the contact angle values. The coating layer
of 50 um were decreased in the contact angle corresponding to the effect as shown in
SEM micrographs. The optimum coating thickness is the 40 ym groove size also

increases from 72.9° to 126.5°.

Table 6 Contact angle of beeswax coating

Sample Water contact angle (°)
PLA 72.9%0.02

12 um 109.7 + 0.03

24 um 113.0 £ 0.35

40 um 126.5+ 0.11

50 pm 113.7.£ 0.07
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CHAPTER 6

CONCLUSIONS

Composite films made of PLA and lignin have been developed. Acid
precipitation was used to make lignin from black liquor. The PLA/lignin composites of
morphology and characteristics were examined. SEM micrographs revealed the
presence of lignin as agglomerates distributed on the surface of PLA/lignin. PLA/lignin1
phr revealed a finer PLA/lignin interaction. The 1 phr of lignin may be the best amount to
apply to help with interface and mechanical properties. The XRD results show that when
lignin was added to PLA the film had less crystalline. When lignin was added at 1phr
showed that the film had high thermal stability. Furthermore, lignin has UV protection
characteristics, which can aid in the preservation of food quality. The lignin that results is
capable of providing a strong UV barrier. The results of an antioxidant test with the
addition of lignin showed that at 1 phr it could improve approximately 18% of reduction
DPPH. The contact angle data show that the hydrophobic characteristics of lignin were
unaffected by its intensification. It was found that the addition of lignin at 1phr was the
optimal amount, so PLA/lignin 1 phr films were selected for beeswax coating. To study
the effect of beeswax concentrations for the coating that result was increased thickness
with the increasing beeswax concentrations. The beeswax coating does not affect
mechanical and antioxidant properties of the films. This means it retains good
mechanical and antioxidant properties. As for the UV barrier, it gives better UV effect
when coated with beeswax. The higher the concentration of beeswax, the thickness and
haze of the films with the increase, thus providing good UV protection. As for the effect
of water vapor transmission rate and water contact angle, it was found that the optimum

concentration of the beeswax coating was at 20% concentration.
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As a result, the lignin filler should be used in the optimum amount so that the
films can still be used and keep their other features. In this research, the optimum
content of lignin was 1 phr. In the beeswax dip coating, the higher beeswax
concentration so the better the UV protection properties, water vapor permeability and
water contact angle. This may cause the resulting film to become more opaque and

thicker.
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