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ABSTRACT
Polymers were utilized in different areas for longer periods of time. Nowadays,
biodegradable polymers such as poly (lactic acid) (PLA) are highly applicable. To
increase the application of PLA for diversified purposes, its poor crystallinity and
insulating property needs to be improved, using green synthesis approaches. Glyceryl
lactate (GLY-LAC) with different chain lengths (1:3, 1:6, 1:9 and 1:12) was derived from
glycerol and lactic acid through a condensation reaction, then purified through solubility
in two different miscible liquid methods and used as a nucleating agent (NAs) to increase
PLA crystallinity. Silver nanoparticles (AgNPs) which was synthesised from silver nitrate
(AgNO3) through a biological method using Vernonia amygdalina (V. amygdalina) leaf
extract as reducing, stabilizing and capping agents was used for improvement.
The formation and synthesis of GLY-LAC was confirmed through acid value calculation
and 75.73%, 137.44%, 148.66%, 157.08% and 33.023%, 89%, 92.54%, 112.86% was
calculated for before and after purification. NMR and FTIR analysis also confirmed the
formation and synthesis of GLY-LAC. Dispersions of AgNPs within the GLY-LAC matrix
were done using ultra sonication. The impacts of nucleating agent (GLY-LAC) and AgNPs
were examined through the preparation of biopolymer films, using the solution casting
method. The effects of annealing time (30, 90 and 150 minutes), annealing temperature (90
°C, 100 °C, 110 °C and 120 °C) and loading rate of GLY-LAC (1wt%, 3wt%, 5wt%, and
10wt%,) on the degree of crystallinity were examined. The conformity of green synthesised
AgNPs was done with UV-Vis, XRD, FTIR and PSA. UV-Vis spectra showed absorption
peaks at 415, 418 and 423 nm after synthesis of 6 hr, 24 hr and after 5 months.
Formations of four major peaks on XRD attributed to the formation of AgNPs and also
FTIR spectrum at 625 and 454 attributed to Ag-OH and Ag° formation. Particle size for
the AgNPs was also found to be 3.05 and 56.45 nm. The higher degree of crystallinity
achieved was 85.2% with 10wt% GLY-LAC loading at 110 °C and for 150 minutes
annealing time with using differential scanning calorimeter (DSC). The thermal
conductivity enhanced from 0.2 to 0.7 W m™ k " with 5wt% AgNPs loading, however, the
electrical conductivity was not changed, this was due to the encapsulation and shielding
effects of plant extract. Therefore, it was possible to conclude that GLY-LAC and AgNPs
were good fillers and that AgNPs dispersed GLY-LAC/PLA matrix could be used in
biomedical, packing and 3D printing areas.
Keywords: AgNPs, Bio-film, GLY-LAC, PLA, Vernonia amygdalina.
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CHAPTER ONE

1. INTRODUCTION

1.1 Background of the study

Conductive, flexible and tough polymers are nowadays very important for biomedical and
3D printing filaments as well as electrical and electronics parts. These materials are
required to fulfil the property of biocompatibility and biodegradability. The need for
replacing conventionally existing polymers (petroleum-based materials) by using
degradable, recyclable and biocompatible polymers such as poly (lactic acid) (PLA) gets
high attention from many scholars, because of the growing need of reducing the non-

degradable nature and waste generations of petroleum-based materials.

PLA is a thermoplastic polymer that possesses the ability to substitute existing petroleum-
based commercially available polymers, to overcome the accumulation of plastic waste in
landfills. PLA is produced from the monomers of lactic acid, which are obtained from
sugar-based compounds through direct poly-condensation and ring-opening
polymerization (Sin, 2012; Tarani et al., 2021; N. Wang et al., 2021; Xiaoyu Wang et al.,
2020).

Due to its production from vegetable sources, PLA has a lot of advantages such as
biodegradability, recyclability, biocompatibility, eco-friendly, and energy-saving
properties. Other properties make this polymer to be used for the application of biomedical
(compatibility in the human body), packaging materials, fibre/textile and others. Besides
those advantages and applications, PLA has some limitations that lower its further
applications such as; poor crystallinity (resulting in a long processing cycle),
hydrophobicity, poor toughness, slow degradation rate, thermal instability and insulators
for thermal and electrical conductivity. Enhancing those limitations will make PLA
applicable in different areas such as bio-3D printing materials, fashion products, ECG
applications, electrodes, pipes, apparel, home textiles and other applications (Tarani et al.,
2021; Xiaoyu Wang et al., 2020).

There are different mechanisms for improving the limited properties of PLA such as using
blending, plasticization, composition, NAs addition, cross-linking, copolymerization and
others (Rasal et al., 2010). From those techniques addition of a NAs is the new focus of the
vast majority of scientists due to its less input requirement and huge impact to speed up the



crystallization of PLA by giving low energy of obstruction to nucleation and allowing
crystallization at higher crystallization temperatures (J. Wu et al., 2020; L. Yang et al.,
2019). Some of the nucleating agents are not compatible with the PLA matrix and are less

effective on X, as well as, migrate into PLA matrix.

Therefore, it is necessary to use NAs that are compatible and do not migrate. To use PLA
in packing industries, especially in the food packing industry, its antiviral, antibacterial,
antifungal and ant parasitic effects must be improved, for this purpose using nanoparticles
will have the greatest impact. For synergistic impacts, using AgNPs with several of their
unique features will offer the potential for the combined improvement of PLA properties,
(AgNPs) has a property to improve the antiviral, antibacterial, antifungal as well as
thermal and electrical conductivity (Ding et al., 2021; Sheikh et al., 2021; Yuan et al.,
2016).

In this research, the main goal was to synthesise and purify glyceryl lactate (GLY-LAC)
NAs for the application of improving the crystallization, thermal and electrical properties
of PLA through the incorporation of AgNPs using green synthesis approaches to apply the
high compatibility, green and degradability nature of GLY-LAC and PLA matrix. GLY-
LAC has an amazing structure, with a 3-armed OH functional group which gives it the
ability to hold other additional elements or compounds that minimize the migration rate of
compounds. In these case for the study of the effects of the filler on PLA’s insulating
property (thermal and electrical), AgNPs were dispersed into the GLY-LAC matrix and
then into PLA. Here the research was conducted trying to improve the engineering
properties of PLA (crystallization, conductivity) without compromising its

biodegradability.



1.2 Statements of problem

In addition to vast applications of PLA, due to some limiting properties its application

window is limited. From those limiting properties below some of them are listed:

v" Poor crystallization rates

Slow degradation rates

Poor toughness

Low thermal stability

Poor thermal and electrically conductivity

Poor heat resistance

N NN SR

High brittleness

With those and other limiting properties PLA exhibits rapid loss of molecular weight, can’t
recycle PLA easily an and also incredibly low crystallization rates, lower PLA handling
prospects application window, bringing about a long processing time and low toughness, t
are restricting its broad applications, such as with its poor crystalllinity PLA cannot
applied in 3D printing areas, in agricultural films, as pipes and its low thermal stability
makes PLA to restrict to low service temperatures equipment. Due to its insulating
properties using PLA in electronics as well as in communication also limited. Most of
those limiting properties are directly related with crystallinity and crystallization ability,
therefore, improving the crystallinity of PLA the other performance of PLA improved. To
overcome those limitations and apply them for wide applications using different nucleating
agents is a current and very effective method to control the crystallization process and

crystallinity.

The other problems related with the nucleating agents, most of the existing nucleating
agents were non-degradable, require high cost of synthesis because during their synthesis
they need catalyst and surfactants, and also they became toxic because they leached out
from the polymer due to lack of host matrix, therefore degradable, biocompatible and

environmental friendly nucleating agent are required.



1.3 Research question, hypothesis and choice of systems

Research questions: this research work aims to answer the following major research

questions

Can it possible to synthesise and purify biodegradable 3-armed macromolecules
from lactic acid and glycerol which can be applied as polymer additive?

Is it possible to form a stable dispersion of AgNPs in synthesized 3-armed
biodegradable macromolecules and disperse it into a PLA matrix?

Is it possible to enhance the slow crystallization of PLA using 3-armed GLY-LAC?
Is it possible to improve the thermal and electrical conductivity of PLA using

nanomaterial dispersed 3-armed biodegradable macromolecules?

From the above research questions the choice of the systems, methodology and

characterization techniques are framed as follows:
o PLA, GLY-LAC and AgNPs are selected based on: -

PLA is a biodegradable and biocompatibility polymer synthesized from
renewable resources such as corn. PLA is now produced on a large scale
and can be used for various applications in different fields: electrical and
thermal conductive instruments (biosensors, electronics, energy,
biomedicine, chemical industries, and aerospace) packaging,
pharmaceutical, agriculture, 3D printing, different films (in mulch film and
in medical films).

GLY-LAC is selected due to its production from renewable resources,
which is obtained from the esterification reaction between lactic acid and
glycerol. GLY-LAC is biodegradable, non-toxic, and biocompatible with
PLA and other natural products.

AgNPs are selected due to their highest thermal and electrical conductance

among all metals (420 W m™ k™ and 62.1 S/m respectively).

Hypothesis: if the stable dispersion of AgNPs in the GLY-LAC is successfully

incorporated into the PLA matrix, the crystallization, thermal and electrical conductivity

and other properties of PLA can be enhanced.



1.4 Objectives

1.4.1 General objective

The general objective of this research work is to synthesise, purify and characterize AgNPs
dispersed glyceryl lactate based nucleating agents and study their effects on crystallization,

thermal and electrical conductivities of PLA.

1.4.2 Specific objectives

The specific objectives of the research work were
Synthesis, purification and characterization of glyceryl lactate (GLY-LAC).
Synthesis and characterization of AgNPs.
Study the stability of AgNPs within purified glyceryl lactate (GLY-LAC).
Study the nucleating effect of GLY-LAC on crystallization properties of PLA
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Investigate the effects of AgNPs dispersed GLY-LAC on the thermal and electrical
conductivity of PLA.



1.5 Significance of the study

Due to low crystallinity, low toughness, thermal instability and thermally and electrically
insulator properties of PLA, the application areas are limited, therefore, if improvements
will take place on those properties PLA applications become expanded for further use.
Greenly synthesized AgNPs using V.amygdalina plant leaf extract which contains different
phytochemicals as reducing agents and a stabilizing agent, used as conductive fillers to
improve PLA’s insulating properties, due to its multifunctional properties such as
antimicrobial, excellent thermal and electrical conductivity and also its higher surface area

to volume ratio their impacts as conductive filler will be great.

If GLY-LAC will be successfully incorporated into the polymer backbone it allows PLA to
be modified for specific applications. GLY-LAC which is made from the combination of
glycerol stereoisomers and lactic acid, make it biocompatible with PLA. The ease of
incorporation of various nucleating agents into PLA allows for the control of the
crystallization rate. GLY-LAC acts as a crystallizer, plasticizer and also carrier matrix for
the AgNPs dispersion. Due to its end chain of GLY-LAC (OH), it could be easily
compatible with AgNPs for uniform and stable dispersion. Its impact on the improvements

of poor properties of PLA will be interesting.

Therefore, incorporating those two multifunctional fillers into PLA to improve its limiting
properties through ultra-sonication and solution casting method will be effective after
AgNPs dispersed uniformly within GLY-LAC. The application areas of the PLA become
increased if those poor property improved and it could be applied in different applications,
such as packing, 3D printing, the medical industry, tea bags, different films (in mulch film,

medical films), biodegradable cups and others.



1.6 Scope of the study

The study covers analysing effects of NAs starting from its synthesis from glycerol and
lactic acid through poly-condensation reaction and purification using solubility in two
different miscible liquid methods and also characterizes the final product GLY-LAC,
which is within different mixing ratios. The other focusing areas are:

v' These researches also focus on the preparation of AgNPs through a biological
method, with the consideration of the impacts of the plant extract.

v' Study the physical (Viscosity and AV) and chemical (functional group) properties
of prepared NAs through different characterizing instruments.

v The researchers also focus on the study of the effects of NAs on PLA properties
with each parameter on the degree of crystallinity of PLA.

v’ Study the effects of biologically synthesized AgNPs on PLA properties, such as
thermal conductivity, and electrical conductivity through dispersing AgNPs with
different ratios.

During the research work, there were some limiting properties which limit the study to go
further beyond all of the above areas. These limitations include a lack of characterizing
instruments such as TEM, SEM (nano scale), stability characterizing instruments and

others.



CHAPTER TWO

2. LITERATURE REVIEW

2.1 Overview of PLA

Generally, there are two major categories of polymers; natural and synthetic polymers
which are also categorized as; non-degradable and biodegradable. Those polymers are
made of different raw materials. Biodegradable polymers can be partitioned into two
classifications petrol determined and microorganism-inferred biodegradable polymers (Sin,
2012; Trifol et al., 2019). People have been utilizing polymers for millennia. In old
occasions, normal plant gum was utilized to follow bits of wood in house building.
Around then individuals didn't have the foggiest idea about the degree to which polymers
could be put to utilize, so their utilization was restricted to quite certain applications (Sin,
2012). The first synthetic polymer was invented by Leo Hendrik Baekeland in 1907. In
past years, the quick improvement of polymers has made a huge commitment to
innovation with the development of a profoundly viable polymerization measure (Sin,
2012; Trifol et al., 2019).

Nowadays, degradable polymers are getting high intention from many scholars due to their
environmentally friendly; one of them is PLA. Because of its, slow crystallization
behaviour, high brittleness, poor barrier properties, low heat distortion temperature and
longer crystallization time, PLA is not highly commercialized. The other important
properties required from PLA are its thermal and electrical conductivity. By its nature,
PLA is an insulating polymer, but by incorporating conductive fillers it became conductive.
From many properties crystallization and conductivity properties of PLA are highly related,
when PLA become highly crystallized it becomes a good conductor, due to the orderly
arrangement of the PLA matrix. Its biodegradability, flexibility, ease to process and stretch
ability using PLA in electronic, communication as well as the medical application as a

conductive polymer make it a very interesting polymer (Xiaoxue Wang et al., 2018).

PLA is completely bio-based, biodegradable and harmless to the ecosystem because it is
made from sustainable resources and can be produced through ring-opening
polymerization and condensation polymerization. PLA can't be considered a new polymer.
As ahead of schedule as 1845, PLA was integrated by Theophile - Jules Pelouze by the
build-up of lactic acid The base material of PLA is a lactic acid monomer, which is



obtained from normal assets like corn, wheat, rice and so on, and is acquiring the common
consideration (Sin, 2012; Zhao et al., 2017).

Biopolymer films are polymer-based thin films for different applications, especially in
medical applications; they are produced from different biodegradable as well as petroleum-
based materials such as living organisms, and microbial systems, from plants and also can
be synthesized chemically from biological systems. Polymer-based films are one part of
the polymer's form of application as PLA-based films can be manufactured for packaging,
especially for edible food packaging. The PLA-based thin film could be used for different
PLA properties (Rebelo et al., 2017).
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Figure 2-1: Polylactic acid (PLA) production process
2.2 Crystallization property of PLA

PLA is utilized in the worldwide market because of its mix of awesome properties and
minimal cost. PLA is a semi-crystalline polymer, a large number of its properties rely upon
its glasslike attributes, which can be altered through various mechanisms and procedures.
The addition of nucleating agents will prompt a more uniform precious ordered size and
gem structure. This will initiate a higher crystallization temperature, which ultimately will
bring about a more limited crystallization time. Upgrades in the mechanical and thermal
properties incorporate expanded modulus without forfeiting way strength, expanded
thermal solidness and expanded clearness for extraordinarily enhanced visualizations while

concerning the optical properties (Botkin et al., 2002).

In industry, quick crystallization is regularly required. At present, the crystallization rate of
PLA is excessively low contrasted with modern requirements (Carbone et al., 2015). To be
appropriate for specific biomedical applications, the PLA has been modified mainly

concerning two aspects: bulk properties and surface chemistry (Jinhao Sun et al., 2019;



Xiao et al., 2012). PLA ordinarily has low crystallinity, which restricts the scope of
utilization in different areas. Therefore, a great deal of exertion in scientific research was
taken to upgrade the cores thickness or nuclei density and the general crystallization. PLA
with a specific measure of crystallinity is needed for commercial application. Then again,
the mechanical properties and biodegradability of PLA are perfectly subject to the crystal
morphology and structure, while, it is trying to foster high crystallinity. Along these lines,

enhancing PLA crystallinity is required (Jing et al., 2016).

Various techniques help to enhance the crystallization properties of PLA as shown in
figure 2-2, methods of crystallization enhancement can be broadly classified as surface
chemistry modification and bulk properties modification. Surface chemistry modification
is a process of modifying the surface of a material instead of using it as it is; such
modification includes topography, surface chemical functionalities, hydrophilicity,
roughness and smoothness, and surface energy. Bulk properties methods focus in detail on
the modification of biodegradability, thermal stability, crystallinity and others properties of
polymers, through the changing polymers tacticity and also structures. There are two ways
of bulk modification system, physical and chemical method, under physical there are
different nucleating agents, which are highly applicable in many research areas as well as
industrial scales due to their fast response and little amount requirement. Chemical
methods include copolymerization and cross linking, which focus mainly on structural
modification of PLA (Jin et al., 2019; Saeidlou et al., 2012; Xiao et al., 2012).

2.2.1 Nucleation mechanisms

From the above mentioned methods, NA is the new and the vast majority of the scientists
centre on this strategy. Adding NAs is one of the simplest, recent and most proficient
approaches. NAs are used to speed up the crystallization of PLA by giving a low energy
obstruction to nucleation and allowing crystallization at higher crystallization temperatures
(H. Bai et al., 2014; Jin et al., 2019; Wei et al., 2019). NAs would reduce the nucleation
induction period and increase the number of primary nucleation sites. In a general
classification, nucleation can be either physical/epitaxial nucleation or chemical nucleation
(Saeidlou et al., 2012). Considering the chemical nucleation, the NAs typically disintegrate
in the polymer solution and respond with the polymer chains, bringing about another

nucleation substance on which other polymer chains could nucleate.
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The scission of polymer chains is going with the result, bringing about the decrease of
atomic weight. In terms of the epitaxial nucleation mechanism, polymer crystals grow on
NA substance by physical interaction. Currently, the epitaxial nucleation mechanism based
on lattice matching was widely used to explain the enhanced crystallization of polymers
with NAs (Wei et al., 2019). Specifically, there are three methods of incorporating NAs
with PLA as shown in figure 2-3.

Methods of Enhancing

Crystallization
Surface chemistry Bulk properties
modification Modification
Physical modification Physical modification
. Blending —
— Surface coating
Plasticization —
— Entrapment .
Composition —
—PI treatment :
asma freatmen Nucleating agent ——
Chemical modification Chemical modification
Cross-linking —
Copolymerization —

Figure 2-2: Methods of enhancing crystallization

1) Melting mixing: PLA beads are first melted at high temperatures then the NAs are
incorporated within it during melting. Melt blending is performed at different temperatures
based on the materials' properties. During melt blending the higher molecular NAs are

became flexible at high temperatures within the PLA matrix.

2) Solution mixing: it is a very simple method in which the biocompatibility of the solvent

and the polymer give homogenous dispersion of fillers through agitation, after the NAs
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and polymer are mixed, they are cast or processed with different mouldings. Then solvent

will be evaporated slowly or at high temperatures (Jingru Sun et al., 2011).

3) In-situ polymerization: is also used for the dispersion of NAs within the PLA matrix,
this process works through side by side formation of polymer from the monomers, at the
instantaneous formation of polymers through the polymerization process, the NAs are

dispersed then the composite is formed, on this method heat used as an initiator.

Melt mixing Solution blending In-situ plymerization
a) Polymer melt b) Polymer solution ¢) Monomer
Tnh *
ﬂ Extrudation [l Solvent evaporation ll Polymerization
—

Polymer with nucleating agent

Figure 2-3: Nucleation mechanisms (Source:(Althues et al., 2007))

Based on the above studies on the nucleation mechanisms as well as crystallinity
improvement by NAs, different nucleating agents have been used to enhance the slow

crystallization behaviour of PLA as well as to improve its crystallization time.
2.2.2 Nucleating agents and crystallization enhancement of PLA

Among the previously mentioned improving strategies for crystallization of PLA, the
expansion of NAs modification has the attributes of less expansion, huge impact and
usefulness, later and at present viable (K. Li et al., 2021). The NAs have a beneficial
outcome on crystallinity and mechanical properties, which increase with the nucleant
concentration (Aliotta et al., 2017; L. Yang et al., 2019). Indeed, even in industrial
production, the crystallinity control of infusion-shaped PLA can be accomplished by

adding NAs during expulsion which is biocompatible NAs (Lim et al., 2008).
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Different NAs have been reported to be effective in increasing crystallinity content in PLA
such as talc, calcium carbonate, and boron nitrate (Jin et al., 2019; L. Yang et al., 2019)
(Aliotta et al., 2017). The addition of a NAs is an effective means to control the
crystallization process which enables improvements in PLA by providing a low energy
barrier for nucleation and permitting crystallization at higher crystallization temperatures
(Tc) (H. Bai et al., 2014; L. Yang et al., 2019). The NAs could push down the nucleation
energy boundary and initiate crystallization at higher temperatures after cooling (Urayama
et al., 2003). There are different NAs based on different criteria. Based on their properties
they are classified as degradable and non-degradable NAs, as well as based on methods of
production they are classified as, bio-based and synthetic NAs. Based on their origin they

are classified as inorganic NAs and organic NAs.

Of synthetic NAs, GLY-LAC is one of them, which is an organic and biodegradable NAs

and also it is prepared through green method.
2.2.3 Comparison of different nucleating agents

Based on the improvement on crystallization time and crystallization performance of PLA
different NAs are compared. Below some are listed.

(Jinhao Sun et al., 2019) studied the effects of POCFA derivative on flame retardancy and
crystallization behaviours of PLA. POCFA was synthesized using furfuryl amine (FA) and
phosphorus oxychloride (POC). The t,,, of PLA is 6.41 minutes and with crystallinity (X¢)
of 38.9%, which means PLA needs a relatively long time to complete this much
crystallization. When POCFA is added to PLA, the half-life (t;,,) decreases rapidly with
its content increasing. The t, , of PLAS (95% PLA with 5% POCFA) is decreased to 1.27
min while the X is increased to 50.0%, suggesting the crystallization rate and crystallinity
are both improved (Jinhao Sun et al., 2019). In table 2-1, there are different NAs with their

impacts on the degree of crystallinity.
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Table 2.1: Comparison of different nucleating agents

Nucleating agent T,.(°C) Crystallinity Half-life (min)  Reference
(%)
Neat PLA/PB 169 9 (Ding et al.,
2021)
5% diatomite 105.47 5 (Ding et al.,
2021)
5% talc 105 60.8 (Ding et al.,
2021)
Neat /PLAO 105 38.9 6.41 (Jinhao Sun
etal., 2019)
5% POCFA 105 50.0 1.27 (Jinhao Sun
etal., 2019)
Neat PLA 103 broad crystallization 146.9 min (H. Baietal.,
peak 2014)
0.2% TMC-306 132 much sharper 0.5wt% TMC- (H.Baietal.,
306- 8.8 min 2014)
Neat PLLA 110 35.2 (Wei et al.,
2019)
PLLA/Zn(L-Ala); 108 51 (Wei et al.,
2019)
PLLA/Zn(D-Ala), 109 49 (Wei etal.,
2019)
PLLA/Zn(DL- Ala)2 107 50 (Wei et al.,
2019)
PLLA/Zn(L-Pro), 108 50 (Wei et al.,
2019)
PLLA/Zn(D-Pro), 105 51 (Wei et al.,
2019)
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PLLA/Zn(DL-Pro), 98 45 (Wei et al.,

2019)

PLLA/Zn(L-Phe), 100 48 22.2 (Wei et al.,
2019)

PLLA/Zn(D-Phe), 94.5 56 1.8 (Wei etal.,
2019)

PLLA/Zn(DL-Phe), 102 51 15.8 (Wei et al.,
2019)

Neat PLA 113 10.5% (Sheikh et

al., 2021)

Ag nanoparticles 104 7.9% (Sheikh et

al., 2021)

PCNAg5 Ag (wt %)
=5, 94 (Wt%) PLA,
CNF (wt.%) =1

Recently, synthesizes of glycerol-based macromolecules are extensively studied targeting
different applications to expand the application areas of waste glycerol. Nowadays one of
the targets is the development of degradable nucleating agents for polymers, such as GLY-
LAC, which is produced from waste glycerol, GLY-LAC is an organic and bio-degradable
nucleating agent.

2.2.4 GLY-LAC bio-conjugate as a nucleating agent
Different NAs have been reported to be effective in increasing crystallinity content in PLA
such as talc, calcium carbonate, and boron nitrate. The addition of a NAs is an effective
means to control the crystallization process which enables improvements in PLA by
providing a low energy barrier for nucleation and permitting crystallization at higher
crystallization temperatures (T¢) (H. Bai et al., 2014; L. Yang et al., 2019). Three-armed
GLY-LAC is a type of evolved branching polymer with a hyperbranched core and liner
arms. Here focus would give to using of glycerol and lactic acid-based NAs. Conversion
of glycerol to other products is used widely; however green way of synthesizing glycerol-
based macromolecules with branched structure can have the possibility to be used as a bio-

based macromolecule targeting different engineering and medical applications.
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Additionally, it can also be applied as a plasticizer to enhance the flexibility of different
polymer matrices. In recent years, the development of fully bio-based materials has been
the core research direction. Among these materials, the development of fully
biodegradable and compatible structurally controlled viscoelastic materials is a need in the
development of base matrix for skincare products as well as for polymer additives. We
focus on using three armed GLY-LAC as a NAs for PLA crystallizer through the

development of glycerol as a base matrix using lactic acid as a growing chain.

The reaction between glycerol and lactic acid is between the three OH groups of glycerol
to react with 3-molecules of Lactic acid via a condensation reaction. In this case, there is
the possibility of ester bond formation. This bond is formed by either the reaction between
the hydroxyl group of glycerol and a carboxyl group of lactic acid or by the reaction
between the hydroxyl groups of one lactic acid monomer. The other properties of PLA
which rely on the degree of crystallinity will be discussed in detail below. The more the
crystallized polymer matrix is the more the chance of improvement in the conductive

network formation between the polymer matrixes due to order arrangement.
2.3 Conductivity Properties of Poly Lactic Acid (PLA)

In the early stages polymers are considered insulators (Akande et al., 2021; A. K. Mishra,
2018; Park et al., 2010; Sury et al., 2021), but because of their advanced properties
inclusive of a wide range of controllable conductivity, low price relative to metals, smooth
synthesizing techniques, huge industrial viability and optical properties transforming those
polymers into thermally and electrically conductive polymers can open up opportunities
for advanced thermal and current managements (Inzelt, 2012; Taghizadeh et al., 2020),
(Anis et al., 2020; Mekonnen et al., 2016).

The era of CPs started in 1962 by John Pople and S.H. Walmsley (Grancari¢ et al., 2018;
Rasmussen, 2018), and Shirakawa prepared the first polymer capable of conducting
electricity which is polyacetylene (Akande et al., 2021; A. K. Mishra, 2018). Conductivity
is a measure of thermal and electric conduction within the materials, which indicates the
capacity to pass heat and current (Diantoro et al., 2016; Lakatos, 2018; Qu et al., 2019).
When metal conductors (He et al., 2020; Ye et al., 2020) and conductive polymers are
compared, CPs composites have the advantages of low density, ease of shaping, and an
enormous range of thermal and electrical conductivities with corrosion resistance (Anis et
al., 2020; J. Chen et al., 2019; Yaqun Wang et al., 2019). CPs are expected to control the
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generation of heat in electronic devices as heat dissipating material which prevents devices
from failure or used to increase the lifetime of the materials (Fallahi et al., 2017; Lule et al.,
2019; Shen, Wu, Liu, Wang, & Zhang, 2020; Shen, Wu, Liu, Wang, & Huang, 2020).

CPs give us the potential of having both metals properties (highest thermal & electrical
conductivity) and conventional polymers properties (flexibility, ease of process, stretch
ability) (Halvaee et al., 2017; A. Li et al., 2017). Due to the requirement for flexible,
stretchable, lightweight, thermally and electrically conductive devices brought about the
generation of smart substances referred to as conductive polymers (CPs) (S. Kumar et al.,
2021; Lee et al., 2019; Nezakati et al., 2018), Besides to those interesting advantages most
of the polymers have drawbacks (Carbone et al., 2015), such as most of the polymers are
produced from petroleum-based materials which makes them non-biodegradable (Tarani et
al., 2019; Tarani et al., 2021) and environmental problems as consumption rate of synthetic
polymers increasing, therefore to solve those problems using biodegradable polymers are

used as one alternative way (Demirci et al., 2020; Tarani et al., 2021).

Nowadays electronic wastes are the most abundant wastes in the world (Ambaye et al.,
2020; Dev et al., 2020; S. Mishra et al., 2021). There is a need to replace them as much as
possible with green, renewable, biocompatible and biodegradable materials (El-Taweel et
al., 2020; Y. Li et al., 2018; W. Wu et al., 2017). Electronic wastes are generated due to
the usage of petroleum-based products for computers and other electronic parts. Additional
costs are also required for the removal of those non-degradable electronic parts (Arroyo et
al., 2018; Terzopoulou et al., 2019). PLA can be used as thermally conductive but
electrically insulating or electrically conductive but thermally insulating or can be used as

both conductive, based on the end application its properties also changed.
2.3.1 Thermal and electrical conductivity of PLA

As shown in figure 2-4, to conduct thermal as well as electrical conductivity within a
polymer arranged conductive networks are required, and to create such network
conductive fillers are also required. Polymer-based thermally conductive materials are
therefore often desired in many applications, to control overheating of electronic materials
required to dissipate heat within the materials which was created by temperature difference

that comes through movement or vibration of particles.

In order to increase the service life and operating temperature of PLA based electronic and

communication products, the removal of heat which was generated during device usage
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time is very important (Shen, Wu, Liu, Wang, & Zhang, 2020), (Anis et al., 2020), (A. Li
et al., 2017). For this purpose, the improvements of the thermal conductivity of PLA is one
of the solutions, due to the quick elimination of heat from the system (Jiang et al., 2020).
There are two modes of heat transport within the PLA: 1) by charge carriers (electrons and
holes) and 2) by phonons (thermal carriers/vibrations/phonon scattering) they are thermal
carriers in polymers (Z. Chen et al., 2018; Y. Huang et al., 2020). Previously polymers are
generally taken into consideration as thermal insulators (R. Kumar et al., 2015; A. Li et al.,
2017), and their application are confined due to their low thermal conductivity, which is
0.1-0.2 W m™* k?* (H. Chen et al., 2016; Shen, Wu, Liu, Wang, & Zhang, 2020; B. Yang et
al., 2019). Some conductive fillers are listed in table 2-2, with their enhancements on

thermal conductivity (TC).

An electrically conductive polymer (10°-10° S/cm) is a mixture of the polymer matrix
which is the insulator and conductive fillers, such as graphite, carbon black (CB), metal
and carbon nanotube. Polymers are highly required in different areas due to their
versatility in applications such as 3D printing, packaging (Namsheer et al., 2021), LED
(Evgin et al., 2016), pharmaceuticals, textiles, engineering, chemical industries,
automotive composites, and bio medicals (Grancari¢ et al., 2018; Y. Huang et al., 2020).
The formed conduction networks within the polymer matrix shown in figure 2-5, give the

polymer to change its properties from insulating to a conductive polymer.
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Figure 2-4: Thermal conduction mechanism in semi-crystalline PLA by phonon vibration
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Table 2.2: Effects of different fillers on thermal conductivity of PLA

Polymer Fillers Loading volume Thermal Reference
fraction (wt. %0) conductivity
(W/m k)
PLA Graphene 1 2.4 (Jiang et al.,
Alumina 70 2020)
PLA Boron nitride 25 from 0.71t0 1.09  (Shen, Wu,
Liu, Wang,
& Huang,
2020)
PLA Alumina 40 0.715 (Lule etal.,
2019)
PLA and poly GNPs 40 3.15 (Yichen
(butylene Guo et al.,
adipate-co- 2020)
butylene
terephthalate)
(PBAT)
PLA GNPs 4.5 0.4692 (lvanov et
MWCNT 1.5 al., 2019)
PLA GNPs 6 From 0.205 to (Ivanov et
0.577 al., 2019)
PLA GNPs 12 0.664 (Spinelli,
Lamberti,
Tucci,
Kotsilkova,
etal., 2019)
PLA MWCNTSs 12 0.365 (Spinelli,
Lamberti,
Tucci,
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Kotsilkova,

etal., 2019)

PLA Combination of 12 0.533 (Spinelli,

both Lamberti,

GNPs + Tucci,

MWCNTs (1:1) Kotsilkova,
etal., 2019)

PLA Tannic acid 125 0.47 (R. Guo et

(TA)- al., 2019)

functionalized
nano-graphite

PLA Graphite 30 0.1931t0 2.73 (Lebedev et

al., 2017)
PLA Graphite 40 (Lebedev et

CNT 1 3.8 al., 2017)

PLA/PA Boron nitride 50 phr 0.28-0.86 (Pai et al.,

2020)
o %00
00 Y% 00g00
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Figure 2-5: Electrical conduction mechanism in semi-crystalline PLA
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2.3.2 Conductive fillers

Conductive fillers: are materials which can exist in form of powders, fibres and other

forms, materials that are added to polymers for making them easier for electricity/heat, to

pass through them or to make them conductive. Based on their composition properties

those conductive fillers can be classified: a) Ceramic fillers have the capacity of thermally

Table 2.3: Effects of different fillers on Electrical conductivity of PLA

Polymer Fillers Loading Electrical Reference
volume conductivity
fraction (S/m)
(Wt. %)
PLA MWCNTSs 4.54 (Spinelli,
GNPs 12 6.27 Lambert,
Tucci,
MWCNT/GNP 0.95
Ivanova, et
al., 2019)
PLA and GNPs 40 338 (Yichen
(PBAT) Guo et al.,
2020)
PLA GNP 12 0.276 (Kotsilkova
20 etal., 2019)
PLA CNT 12 1.973 (Kotsilkova
etal., 2019)
PLA PAnNI 2.5 0.23 (Bertuoli et
al., 2019)
PLA PANI 10 0.99 (Bertuoli et
al., 2019)
PLA PEG-g-GN and GN 1 9.69 * 10™ (K. Huang
etal., 2019)
PLA Graphene (GR) 15 1.11 S/cm (Horst et
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From 10710 to
101

44 mS/cm
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85 mS/cm
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al., 2020)

(Horst et
al., 2020)

(Horst et
al., 2020)

(Kimetal.,
2020)

(Luo et al.,
2018)

(lvanov et
al., 2019)

(Ivanov et
al., 2019)

(lvanov et
al., 2019)

(Azizi et
al., 2019)

(Ceregatti
etal., 2017)

(Ceregatti
etal., 2017)

(Marmol et
al., 2021)

(Spinelli,
Lamberti,
Tucci,
Kotsilkova,
etal., 2019)
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as well as electrically conductive properties (Miranzo et al., 2017), and also they can be
produced on a large scale, because their impacts on thermal conductivity is great, b)
Carbon-based filters, all of the carbon-based fillers increase both thermal and electrical
conductivity and mechanical properties of the polymers. They are less expensive regarding
other fillers, carbon-based fillers includes carbon nanotube, carbon black and carbon fibre.
c) Metallic based fillers, are fillers which based on metals such as aluminium, silver,
copper, etc. They have the advantage of increasing both thermal and electrical conductivity
of polymers, due to their higher conductivity properties and also they have multi-

applications such as antibacterial and others.

There are three methods based on filler type dispersion and are most frequently used to
obtain a dispersion of nanofillers into a PLA matrix to produce a filament solution mixing,
melt blending and in-situ polymerization. In addition to filler type, other dispersions
methods are called intrinsic and extrinsic methods (Yonggiang Guo et al., 2020). In
intrinsic method backbone of polymers made up of extensive conjugated system, which is
responsible for conductance methods and conductive charged transfer agent are mixed
with insulating polymers. In extrinsic methods conventional polymer are mixed with a
conducting polymer either physically or chemically and also externally added ingredients
makes the polymers conductive. Polymers in which their insulating properties are

improved can be used in different areas such as the electronic industry and others areas.
2.3.3 Applications areas of conductive polymers

In most electronic devices very biocompatibility, flexible, small and highly conductive
materials are required; polymers are very interesting in such areas due to their flexibility,
lightweight, low-cost outstanding corrosion resistance, and smooth processing polymers,
which are broadly utilized in all elements of our everyday lifestyles and industry. The

details of different application areas of CP are shown in figure 2-6.

2.4 Nanoparticles/Nanotechnology

Nanotechnology refers to technology at the nano-scale level in which materials, devices, or
systems are developed via controlling matter at the nano-scale length to stimulate the
unique properties of the material at the nano-level. In our daily life, those nano-scale
materials become very important as emerging fields due to their great impacts with a small

amount of loading.
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Figure 2-6: Application areas of both thermal and electrical conductive polymers.

To consider any materials like nano, size, morphology and other size-dependent properties
are needs to be considered, the one and best properties that need to be fulfilled is their size
(<100 nm), because this is why those nanoscale materials have great effects, in nano-scale,
they have large surface areas, then high surface-area-to-volume ratio enhances the surface
properties (E. Abbasi et al., 2016; Qiao et al., 2021). In 1957 Michael faraday was the first
person to describe nanoparticles (Amechi, 2018).

Nano-materials differ in size, shape, and stability which gives them often unique and
considerably changed physical, chemical and biological properties compared to their
micron scaled particles (Baig et al., 2021). Large amounts of AgNPs can be produced
using silver nitrate and different reducing agents. This technology is an emerging field of
the present-day and they get great attention from researchers due to its many application,
currently used in various areas, such as life sciences, analytical chemistry, genetic
engineering, food and environmental industry, medicine, disease diagnosis and clinic
treatment (Pan et al., 2021; Speranza, 2021). Nanoparticles can be used in different areas
based on their conductivity range and type, whether they are electrically or thermally

conductive or both conductors.
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2.4.1 Application areas

Based on their large surface area to volume ratios nanoparticles are can be used in different
areas such as medical applications: in the medicinal application point of view nanoparticle
(NPs) interests are increasing among many researchers because of their ability to deliver
drugs in the required dosage amount. From many of application areas such as
Antimicrobial activity, anticancer activity, Anti-inflammatory activity, Antiviral activity,
Antioxidant activity, Anti-diabetic activity, Anti-plasmodial activity, Anti-diabetic activity,
are some of them (Aghebati-Maleki et al., 2020; Dulinska-Litewka et al., 2019; Nakamura
et al., 2019; Singh et al., 2018). Gold (Au) NPs efficiently convert the strongly absorbed
light into localized heat which can be exploited for the selective laser photo thermal
therapy of cancer (I. Khan et al., 2019). For applications in manufacturing and materials;
nanocrystalline materials provide very interesting substances for material science since
their properties deviate from respective bulk materials in a size-dependent manner (Qiu et
al., 2020).

Applications in the environment: the contamination of water bodies had a great impact on
human as well as aquatic life, therefore treating or removing heavy metals such as mercury,
lead, thallium, cadmium and arsenic by using nanoparticles is one solution (J. Yang et al.,
2019). One nanoparticle which is highly applicable to super-paramagnetic iron oxide
nanoparticles is an effective sorbent material for this toxic soft material (Bhateria et al.,
2019). Photo degradation is also another technique to treat those pollutants (I. Khan et al.,
2019). Applications in electronics: due to their flexibility, low cost, large area and heat
dissipation capability using nanoparticles in electronics for different purposes such as
sensors (J. Li et al., 2021) (Anis et al., 2020), is very useful. Applications in mechanical
industries: to make the materials strong a coating of nanoparticles will make them
mechanically stronger nano devices for various purposes (Brighenti et al., 2020; I. Khan et
al., 2019).

2.4.2 Methods of nanoparticles synthesis

Generally, there are two ways of silver nanoparticle synthesis: The bottom-up approach
(from the atomic level to nanoparticles) and the Top-down approach (from bulk materials
to nanoparticles). Both methods finally give the best nanomaterial and also they are
classified as physical, chemical and biological-based on their operation, reaction

conditions and adopted protocols. Physical and chemical routes required high energy and
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toxic chemicals that are expensive and difficult to scale up in large quantities (Yuliang
Wang et al., 2004). As a result of these effects, biosynthesis of nanoparticles
circumventing the aforementioned effects has been adopted recently to enhance the
properties of the nanoparticles using micro-organisms, animals’ chitin, and crude extract
from the plant's leaves. This method of synthesis is free of toxicity, biocompatible, cost-
effective, and eco-friendly (Arif et al., 2021). Methods of nano particles synthesise are
broadly classified into two: bottom-up approach and top-down approach. The methods are

summarized in figure 2.7.
2.4.2.1 Bottom-up approach

This approach is employed in reverse as NPs are formed from relatively simpler
substances; therefore this approach is also called the building up approach. Examples of
this case are sedimentation and reduction techniques. It includes sol-gel, green synthesis,

spinning, and biochemical synthesis.

Chemical Methodes; it is the most commonly known nanoparticle synthesis method; being
a low cost and high yield approach. This method involves chemical reduction by using
different reducing agents like Sodium citrate, Ascorbate, Sodium borohydride (NaBH4),
tollens reagent elemental hydrogen. Amines, alcohols and acids are used as a surfactant to
avoid particle growth and agglomeration. Toxicity, being expensive, poor reducing ability
and impurity are some of the limitations of this method (Jamkhande et al., 2019). The sol-
gel method is an effective method for the production of high-quality metal and metal oxide
nanoparticles. This process involves the conversion of monomers into colloidal solution
(sol). The solution acts as a precursor. Highly pure and transparent antimony doped tin
oxide (ATO) aerogel nanoparticles were successfully synthesized using the sol-gel method
because it has good mechanical hardness and environmental stability (Qiao et al., 2021).

Biological Methods The synthesis of metal nanoparticles may be done in a variety of
ways. Physical approaches have several disadvantages, including a greater energy need.
Although the chemical technique approach overcomes these disadvantages, it is
ecologically dangerous owing to the usage of chemicals (hydrazine). Chemical methods
include drawbacks such as toxicity, instability, and low biocompatibility (Gahlawat et al.,
2019). For nanomaterial manufacture, green synthesis refers to the use of biogenic
materials such as plant extracts, biopolymers, and microbial sources such as bacteria,

fungus, algae, and yeast.
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Figure 2-7: Silver nanoparticles from synthesis to end applications

The development of biocompatible, non-toxic and eco-friendly methods for the synthesis
of nanoparticles is a topic of concern in biological methods (Salem et al., 2021). Generally,
the synthesis of nanoparticles involves three stages, reduction of metal ions, formation of
clusters and growth of nanoparticles.

Biosynthesis involves the use of green technology such as crude extracts from leaves of
plants that are rich in metabolites such as flavonoid, alkaloid, tannin, saponin and phenolic
acid that are responsible mainly for the reduction process of metal ions into bulk metallic
nanoparticles formulation in the redox reaction to obtain nano-sized particle that is not
toxic by converting Ag* to Ag® (Aisida et al., 2019). The use of different plants as shown
in figure 2.8, for synthesising nanoparticles are rapid, low cost, eco-friendly, and a single-

step method for the biosynthesis process.

In this method presence of biomolecules which act as capping and reducing agents and are
advantageous over other methods by increasing the rate of reduction and stabilization of
nanoparticles. Among many metallic nanoparticles used in biomedical applications,
AgNPs are one of the most important and intriguing. Physical and chemical properties of
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AgNPs which include optical, electrical, and thermal capabilities, as well as strong
antimicrobial activities have been utilized for a variety of applications, such as sensory
application, cell imaging, textile, cosmetics, dye degradation, food packaging application,
antioxidant and antimicrobial agents. AgNPs role as a disinfectant and antimicrobial agent

has been given considerable application (Moradi et al., 2021).

Figure 2-8: Different plants used for the synthesis of nanoparticles (Source: (Malik et al.,
2014)

2.4.2.2 Top-down approach

In this method, a destructive approach is employed. Starting from a larger molecule, which
decomposed into smaller units and then these units are converted into suitable

nanoparticles.

Physical Methods In physical methods, metal nanoparticles like Gold, platinum, silver,
titanium, zinc, cerium, iron, thallium and their compounds are synthesized by evaporation,
grinding system, ultra sonication, mechanical milling and laser ablation present as an
attractive method for preparing nanoparticles. In the mechanical method ball milling
system bulk powder is crushed into particle-sized by using high energy vibrating ball mill.
This method does not require several reaction steps and is applicable for the large scale
production of nanoparticles but requires high energy for a long period of milling (A. M. R.
Abbasi et al., 2013). (Rafique et al., 2019) reported synthesis of nanoparticles using
continuous wave (CW) laser has been utilised to AgNPs in the de-ionized water by
comparing with a pulsed laser. A pulsed laser and continuous-wave diode-pumped solid-

state laser were used for the synthesis of AgNPs in deionized water. Then the colour
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change was indicated formation of AgNPs. Microwave assisted organic synthesis

employed in the synthesis of nanoparticles due to enhanced reaction rates, higher yields.
2.4.3 Types of nanoparticles

Organic Nanoparticles: Lipid nanoparticles (prepared from warm oil-in-water and
triglycerides/fatty acids), Nanometric protein aggregates (prepared from whey protein
water-in-limonene) (Margulis-Goshen et al., 2012), and Dendrimers, micelles, liposomes
and ferritin, also commonly know the organic nanoparticles or polymers which are
biodegradable and non-toxic. Liposomes are spherical vesicles made of one or more
phospholipid bilayers. They are used extensively as carriers for numerous molecules in the
pharmaceutical and cosmetic industries, and in the encapsulation of insoluble or unstable
compounds in pharmaceutical, food, and farming industries (Margulis-Goshen et al., 2012).
Polymeric nanoparticles are obtained from synthetic polymers, such as polycaprolactone,
polyacrylamide, and polyacrylate, or natural polymers like albumin, which improve the
pharmacodynamics and pharmacokinetics properties of different drugs (Herizchi et al.,
2016).

Inorganic Nanoparticles: inorganic nanomaterials can be synthesised with those
approaches, top-down approaches and bottom-up approaches. In the top-down approach,
particles have different size distributions and shapes, for example, etching and lithography.
Metal and Metal oxide nanoparticles are well-known types of inorganic nanoparticles and
are manufactured from metal salts to nano-metric sizes using destructive or constructive
processes. Metal nanoparticles have recently attracted a lot of attention due to their unique
properties like a large surface area to volume ratios, high stability, facile chemical
modification, enhanced permeability, and easily synthesis (Giner-Casares et al., 2016).
Nano-sized inorganic particles of either simple or complex nature, display unique, physical
and chemical properties and represent an increasingly important material. They are
applicable in several areas such as drag delivery sensor application, energy science,
cosmetic products, and cell imaging application (NUfiez et al., 2018), catalytic activity (Ko
etal., 2016).

Silver nanoparticles: Using metallic nanoparticles for the properties enhancement is very
effective due to their higher reactivity. Metallic fillers are prepared through technique
biological and physical. From metallic nanoparticles such as silver, gold, zinc, iron, and
nickel, platinum has been used for many applications over the years, through various
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syntheses. Among these, silver nanoparticles could be synthesised in different ways, the
familiar one from the chemical method is a sol-gel method, and from the biological
method green synthesis is environmentally friendly and uses different plants as reducing
agents of silver nitrate. From many of the synthesis methods, green synthesis is acceptable
due to its no-toxic properties. The synthesised silver nanoparticles can be applied in
different areas such as food, medical, antibacterial, health care as well as industrial
purpose. Silver nanoparticles can be used as conductive filler in the making of conductive
polymers (Garibo et al., 2020; Ghosh et al., 2010).

2.4.4 Vernonia amygaldiyan/Bitter leaf extract

The application of various parts of medicinal plants for the treatment of varieties of
illnesses of man has been vital and common in many parts of the world for centuries.
Ethiopia is one of the six facilities of biodiversity in the world. Traditional medicine
performs a tremendous role in Ethiopia, in which the massive majority of Ethiopia’s
population uses locally grown plant species (Desalegn et al., 2021). After thorough
bioassays and analysis, many medicinal plants have been validated in a scientific empirical
framework. A large number of medicinal plant species were successfully applied to cure
several diseases. Vernonia amygdalina Del., is one of the medicinal plants found in
Ethiopia with a significant application in traditional medicine. The leaves of Vernonia
amygdalina plant are served in soups for the people belonging to the diverse cultures of
Africa. In the present work, we selected this plant, Vernonia amygdalina to investigate the
influence of its biomolecules on the green synthesis of AgNPs and also to evaluate the
cumulative effect of biomolecules and AgNPs against a few selected bacterial strains
(Murthy et al., 2021).

Bitter leaf is a shrub of about 2-5 m high popularly found in the African continent. It has a
green leave with a bitter taste. It is often referred to as a medicinal plant because of its
therapeutic and prophylactic properties which are widely used for the prevention,
treatment of disease, and symptom relief. Dry bitter leaves (DBL) have high turbidity, and
low pH compared with the fresh BL. DBL is very rich in phytochemicals such as alkaloid,
tannins, saponins, flavonoids, and a steroid which can function as metal-reducing as well
as a capping agent on the metal nanoparticles in a single route. The bitter taste of the DBL
is a result of anti-nutritional factors, such as alkaloid, saponins, and tannins (Aisida et al.,
2019).
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1 Materials and Reagents

Reagents: For the preparation of GLY-LAC bio-conjugate, PLA based films, and for the
purification of glyceryl lactate as well as the synthesis of silver nanoparticles, different
reagents were used. All the chemicals, silver nitrate (99.5%, alpha chemika India),
methanol (99.8% Fisher chemicals), ethyl acetate (99.5%, Loba chemie Pvt Ltd chemical
manufacturer in Mumbai, India), chloroform (99.99%, Fisher chemicals the scientific UK),
L-lactic acid (88% aqueous solution, analytical-reagent grade, Loba Chemie Pvt. Ltd
chemical manufacturer in Mumbai, India), glycerol (99% Uttar Pradesh, India Rankem
Liquid Laboratory chemicals), sodium hydroxide, distilled water, sodium chloride,
potassium hydroxide, phenophtaline, hydrochloric acid, were analytical grade and they
were purchased from the local markets except the film grade PLA beads. PLA beads were
purchased from Aturker trade Istanbul Turkey and Vernonia amygdalina leaves were

collected from Adama Science and Technology University premises, Ethiopia.

Materials: Some of the materials and equipment which was used were: 500-2000 ml RBF,
measuring cylinder, horizontal condenser, temperature-controlled reactor/oven, simple
distillation apparatus, vacuum pump, chillier, separatory funnel, hot plate with a magnetic
stirrer, rod, Petri dishes, measuring balance, centrifuge, Erlenmeyer flask, Pipet, ITO
(Indium Tin Oxide) glass, XRD, DSC, TGA, FTIR, NMR, UV-Vis, PSA (particle size
analyser), QTM-500 (quick thermal conductivity meter), SP-300 Potentiostat, digital
multi-meter (DL-2080) and probe station.

3.2 Methods

3.2.1 Synthesis of glyceryl lactate/ GLY-LAC
Esterification reaction: The esterification of glycerol (99 %) and Lactic acid (88 %) via a
condensation reaction was performed in a temperature-controlled heating oven with four
different molar contents of glycerol and lactic acid (1:3, 1:6, 1:9, 1:12). The two reactants
were added into one neck round bottom flask (RBF), equipped with a horizontal condenser
for water segregation. It was then placed in a temperature-controlled oven at a temperature
of 190 °C and reaction time of 8 hr. The reaction condition was selected based on the

preliminary investigation. In the esterification process, three-hydroxyl groups in glycerol
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molecule required three moles of lactic acid, as shown below in figure 3.1. For the
commercially available 99% pure glycerol, one mole which is equal to 74 ml of liquid
glycerol. Whereas for the commercially available 88%, three moles of lactic acid is equal
to 255 ml was used. Therefore, in the case of glyceryl lactate (GLY-LAC), 1:3 bio-
conjugate syntheses of 74 ml of glycerol were reacted with 255 ml of lactic acid at a
temperature of 190 °C for an 8 hr. For the rest of the GLY-LAC, the same methods were
used, for GLY-LAC 1:6, 1:9 and 1:12, the only difference was a variation of lactic acid
510, 765, and 1020 ml which was used with a constant volume of glycerol. The water was
produced as a by-product of the reaction between the hydroxyl group of glycerol and the

molecules of lactic acid.

. vy
Lactic acid Reaction at 190 Cooli
} °C for 8 hr. ﬁf 5
—_—
Glycerol
Raw Mixing Condensation GLY-LAC
materials through string setup (Temperature bio-conjugate

controlled oven)

Figure 3-1: Synthesis of nucleating agent (GLY-LAC) bio-conjugate
3.2.2 Purification of synthesised GLY-LAC

The synthesised of GLY-LAC in this research is used as a nucleating agent. It was
necessary to purify by-products formed due to side reactions and residual lactic acid as
well as glycerol. This was performed using solubility in two different miscible liquid
methods. From the purification process, only pure glyceryl lactate bio-conjugate was
collected. During the purification, ethyl acetate was used as a solvent with a one to one

(1:1) mixing ratio with crude glyceryl lactate within the beaker.

First glyceryl lactate was dissolved with saturated sodium chloride a one to two (1:2) to
precipitate unwanted components, then the solution was poured into a separatory funnel
and ethyl acetate was added to separate the residual glycerol and lactic acid from the
solution. Due to the advantage of the insolubility of glycerol in ethyl acetate and the better
solubility of lactic acid in water than in ethyl acetate, removal of residuals took place.
After sufficient time (1 hr) was given for the solution, the unreacted lactic acid, glycerol
and sodium chloride were precipitated at the bottom of the separatory funnel and it were
removed (Yuan et al., 2016).
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Figure 3-2: Purification of synthesised GLY-LAC bio-conjugate

This procedure was repeated three times to make sure that the removal of residuals is
effective. The supernatant liquid of the upper layer, which contains ethyl acetate, water
and the GLY-LAC, was collected and then vacuum distillation or reduced-pressure
distillation was carried out to remove the ethyl acetate and water. Finally, the pure glyceryl
lactate was obtained and the sample was ready for characterization, to check its purity
using NMR and FTIR. The above mixing ratio was determined in a preliminary study. The
overall procedure of purification of GLY-LAC bio-conjugate was illustrated in figure 3-2
(Yuan et al., 2016).
3.2.3 Extraction of plant Leaf extract

For the green synthesis of silver nanoparticles, plant leaves extract was synthesised as
shown in figure 3-3, to use as a reducing agent, stabilizing and capping agent of AgNPs
from silver nitrate. V. amygdalina or Girawa leaves were collected from Adama Science
and Technology University compound, then washed and cleaned with tap water repeatedly
to remove dust particles and then rinsed with distilled water. The leaves were dried in
shade dry to remove moisture from the leaves for 15 days. The dried leaf samples were
grounded by POLYMIX® PX-MFC 90D laboratory miller, which was equipped with a 0.2
mm mesh sieve. Finally, the prepared powder was packed and stored under dry conditions

for further applications.
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Figure 3-3: Extraction process of V. amygdalina plant leaves

Methanol and distilled water were used as a solvent for the extraction process of the
crushed plant leaves, with a ratio of 40:60 ml respectively. The extraction was carried out
using 2 g of plant leaves powder. The leaves powder was soaked within a conical flask of
100 ml solvent for 1 hr. Extraction time under controlled temperatures of 40 °C, and then
the leaves extract was cooled at room temperature and filtered by using Whatman filter
paper. Then by repeating this procedure the plant leaf extract was collected and stored for
the next experiment. The overall procedure of powder preparation from V. amygdalina
leave and the detail of the extraction process are illustrated in figure 3-3. All the
parameters were adapted from the previous research, the optimizations were done for all

the parameters and solvent selection (Yodahe, 2021).
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3.2.4 Green Synthesis of silver nanoparticles (AgNPs)

The reduction of silver nitrate into AgNPs was done using the green or biogenic method
(Top-down approach), (L. Xu et al., 2021). For the synthesis of AgNPs, 20 ml of plant
leaves extract was added into an Erlenmeyer flask containing 80 ml of 8 mM AgNOs.
Then the solution was heated to a temperature of 40 °C through continuous stirring with a
magnetic stirrer for 30 minutes and the reaction was protected from sunlight to prevent
AgNQO; from photoactivation. NaOH was added in drops to the mixture to enhance the

precipitation of AgNPs and to maintain the pH at 7.

After the completion of synthesis, the precipitated AgNPs were collected and poured into
the petri-dish then put into oven at 40 °C. When the solvent was evaporated after 12 h,
again the other solution was poured into the petri-dish, and this was repeated 5 to 10 times
to collect the powder in mass. The solution was purified through centrifugation (NF 200
Bench Top Centrifuge) at 5,000 rpm for 30 min, this process was repeated 2-3 times to
ensure the removal of any adsorbed or unreacted substances from the solution through

washing with distilled water, as shown in figure 3.4.

The nanoparticles precipitate out of the reaction medium and collected, then the
precipitated AgNPs were dried by using an oven (NE9-56S model number) at the
temperature of 45-60 °C to remove liquid (Jain et al., 2009; S. A. Khan et al., 2018;
Oluwaniyi et al., 2016). All the parameters were adapted from the previous research, the

optimization was done for all the parameters and solvent selection (Yodahe, 2021).
3.2.5 Dispersions of nanoparticles within purified GLY-LAC

To get uniform and stable dispersion of AgNPs within GLY-LAC for the preparation of
biopolymer films (AgNPs/GLY-LAC). The first step was preparing of AgNPs solution,
with different ratio (1wt%, 3wt%, 5wt%, 7wt%, and 10wt%). Powder AgNPs were
dispersed and mixed with different solvents (10 ml of DW, chloroform, ethanol and
methanol), then stirred with magnetic stirrer for 1 hr and then ultra-sonicated by using
CASTELNUOVO D.BOSO (AT) ultra-sonicator, for 2 hr. Best-solubilizing solvent was
selected through physical detection (which was DW).
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Figure 3-4: Synthesis of AgNPs by using V. amygdalina plant extract

Then 10wt% of PLA (base matrix) purified GLY-LAC 1:6 was added into AgNPs solution
under the continuous stirring, and the solution was sonicated for 1 hr in 40 °C. Then stable
nanofluid was prepared. Each solution was dried for 36 hr. at 105 °C to remove the solvent.
The prepared solution was washed with chloroform and dispersed into a PLA matrix to
prepare biopolymer films through the solution casting method and stability and uniformity
of dispersion were studied. This method of dispersing nanoparticles was based on a
preliminary study through different mixing ratios. Effects of drying time on stability were
also studied for 12 hr, 24 hr and 36 hr. The detailed process of dispersion of nanoparticles

into GLY-LAC macromolecule was illustrated in figure 3-5.
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Figure 3-5: Homogenous dispersion of AgNPs within GLY-LAC bio-conjugate

3.2.6 Preparation of PLA based films
3.2.6.1 GLY-LAC/PLA based biopolymer film

Biopolymer films were prepared through the solution casting method, purified GLY-LAC
(1:3, 1:6, 1:9 and 1:12) mixed with PLA solution. Based on the PLA mass, 1wt%, 3wt%,
5wt%, and 10wt% based films were prepared for the study of the effects of mixing ratios
as well as the effects of GLY-LAC chain length on the degree of crystallinity of the PLA.
In the first step, the prepared GLY-LAC was dispersed into the PLA matrix, by preparing
PLA solution, PLA beads (3g) were pre-dissolved with chloroform (90ml) for at least 15
minutes using a magnetic stirrer at a rotational speed of 17 rpm.

As shown in figure 3-6, the dispersion of purified nucleating agent into PLA was done
with different concentrations; first five films; neat PLA, GLY-LAC 1:3, GLY-LAC 1:6,
GLY-LAC 1:9 and GLY-LAC 1:12 with same loading rate (10wt%) for each, were
prepared through solution casting method. The other films were prepared with different

GLY-LAC loading rates, the same loading and annealing temperature but at different
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annealing times as well as the same loading and different annealing temperature were
prepared. PLA solution and GLY-LAC were mixed and stirred for 3 hr. to get a well
dispersed and mixed solution, and then the mixed solutions were cast on a petri-dish and
dried under room temperature through slow evaporation for 24 hr. After the sample dried
peel off slowly from the petri-dish and annealing was do for it. Annealing was done at 110
°C temperature to select the best nucleating agent from GLY-LAC 1:3, GLY-LAC 1:6,
GLY-LAC 1:9 and GLY-LAC 1:12 nucleating agents based on their nucleation impact
(degree of crystallinity) on PLA (Yuan et al., 2016).

N 2
3gPLA Mix through N\
stirring = ———
90 ml .
Chloroform B
i

PLA solution GLY-LAC

:() I

Mixing of

GLY-LAC/PLA Solution casting GLY-LAC/PLA

based film

Figure 3-6: Preparation of GLY-LAC/PLA based biofilm
3.2.6.2 AgNPs/GLY-LAC/PLA based bio-polymer film

In the other film which was based on the presence of nanoparticles films, the preparation
method was the same; here also solution casting method was applied. AgNPs/GLY -
LAC/PLA films were prepared as discussed above in section 3.2.6.1, prepared
AgNPs/GLY solution with different Ag concentrations (1wt%, 3wt%, 5wt%, 7wt%, and
10wt% of PLA AgNPs), and they were mixed with 3 g of PLA matrix as shown in figure
3-7.
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Figure 3-7: Preparation of AQNPs/GLY-LAC/PLA based biofilm
3.2.7 Annealing of PLA based films

To study the impact of annealing temperature, annealing time and loading rate on PLA
crystallization, thermal and electrical conductivity based films, annealing was done for
those prepared films. The same amount of base material (PLA) was used; then, the matrix
with different loading rates of GLY-LAC 1:6 (Owt%, 1wt%, 3wt%, 5wt%, 7wt% and
10wt%), was mixed with PLA. Annealing was done at four different temperatures 90 °C,
100 °C, 110 °C, and 120 °C for all NAs with different loading rates of the matrix and
annealing time was 30, 90 and 150 minutes (J. Guo et al., 2021).
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3.3 Characterization of synthesized and purified GLY-LAC

3.3.1 Acid value analysis:
This analysis was done for synthesised GLY-LAC before and after purification, to study
the formation and to study effects of purification. The titration in this experiment was done
according to the ASTM D974-12 method. In this case, | g of sample was measured and
dissolved in 20 ml of chloroform. The solution was then titrated with 0.1 N KOH solutions
in the presence of 10 droplets of phenolphthalein (indicator) solution. The acid value was

calculated according to equation 3.1.

() 2 WD NKOH 561

. e (32D

m

Where; AV is the acid value (mg/g sample) of the conjugate, Vo is a volume of 0.1 N
KOH solution used to titrate the blank solution, V is a volume of 0.1 N KOH solution used
to titrate the sample, KOH — titre used for titration (0.1 N) and m is mass of the sample (1
9)-
3.3.2 Viscosity Evaluation

The bio-conjugates viscosity was determined by VK 2000 viscometer type for both
samples (before & after purification) based on the modified method of ASTM D562 and
KREBS operating method (Akanksha et al., 2009). The sample to be tested was transferred
to a clean and dry 250 ml beaker as shown in figure 3.8, and the viscosity of the sample

was determined by using a spindle N° 5 at rotation speed of 25 rpm, near 100% torque.

Figure 3-8: Viscosity measurement of the GLY-LAC bio-conjugate (A) before and (B)

after purification
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3.3.3 NMR Analysis
The idealized chemical structure and the expected LA chain length of the conjugates were
investigated by *H NMR and **C-NMR characterizations with the incorporation of DEPT-
135 analysis. The samples were dissolved in deuterated chloroform (CDClIs), filtered with
a 0.25 um filter, and transferred to a 5 mm diameter NMR tube. For this case, the samples
were completely dissolved in chloroform before the analysis. For *H NMR, chloroform (at
7.26 ppm) was used as the reference line.

3.3.4 FTIR Analysis
The existence of the expected functional groups and the expected interactions between the
alcohol glycerol and the carboxylic acid in the synthesized and purified GLY-LAC were
further confirmed by using FTIR, with model number FTIR-6600 type A FTIR
spectroscopic machine with 2 mm/sec scanning speed and the spectrum was recorded from

400 cm™ up to 4000 cm™ range with 4 cm™ resolution and 64 scan rates.

3.4 Characterization of Vernonia amygdalina (bitter leaf) plant leaf extract

3.4.1 Phytochemical screening of extract

Phytochemical screening for the extraction helps in the identification of bioactive
compounds like phenolic, saponins, flavonoids, tannins, terpenoids, alkaloids, cardiac
glycosides and anthraquione glycosides. Phytochemical screening tests of V.amygdalina
leaf extract were carried out on the selected 40/60 (M/DW) plant extract. The
phytochemical screening was done using the following standard procedures to identify the
constituents (Gul et al., 2017; Usunomena et al., 2016).

Test for Phenolic Compounds: 1 ml of plant extract was transferred to the test tube and
diluted to 2 ml of distilled water. To this, a few drops of neutral 10% ferric chloride

solution were added. The dark green colour indicates the presence of phenolic compounds.

Test for Saponins: The test for the presence of saponins is known as the frothing test.
About 5 ml of extract, a 5 ml of distilled water were added to the test tube and shaken
while heating to boil. The appearance of foam-like, when frothing was mixed vigorously

with a few drops of olive oil showed the presence of saponins.

Test for Flavonoids: The Phytochemical test for flavonoids was done by using alkaline
reagent test. Here, 2 ml of 2.0% NaOH mixture was mixed with aqueous plant leaves

extract. A concentrated yellow colour was produced, which became colourless when 2
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drops of diluted acid was added to the mixture. This result showed the presence of

flavonoids.

Test for Tannins: 1 ml of plant extract was transferred to the test tube by using a dropper.
2 mL of 5% ferric chloride was added. The formation of dark blue or greenish-black will

be observed in the presence of tannins.

Test for Terpenoids: 5 ml of plant extract sample was transferred to a test tube and
treated with 2ml of chloroform after and evaporated on the water bath then boiled with 3
ml of concentrated H,SO,. If a grey colour is formed, it shows the presence of terpenoids.

Test for alkaloids: 1 ml of the extract was stirred with 1% HCI on a water bath for 5min
and filtered. This filtrate was divided into three equal parts. To one portion of filtrate, add
1 ml Mayer’s reagent (the mercury (1) chloride solution was added by potassium iodide).
The formation of an orange-coloured precipitate indicates the presence of alkaloids.

Test for glycosides: According to Salkowski’s Test, 1 ml of plant extract sample was
added to the test tube. Then added 2 ml concentrated H,SO, to the whole aqueous plant
extract. A formation of reddish-brown colour is an indication of the presence of steroidal
aglycone part of the glycoside.

3.4.2 FT-IR analysis
The existence of the expected functional groups of pure GLY-LAC and the effect of
incorporation of GLY-LAC on PLA’s functional groups and their interactions were
analysed using FTIR. The same condtions were used as in section 3.3.4. KBr pellets was
used as a carrier.

3.4.3 Thermal degradation analysis of Vernonia amygdalina plant by TGA
The thermal degradation of bio-lubricant blends was investigated using TGA equipment
(TGA-DTA (DTG-60H), Shimdazu, South Korea). A sample weighing ~8-10 mg was
heated from 30 °C to 800 °C at the heating rate of 10 °C/min under a nitrogen (N,)

atmosphere.
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3.5 Characterization of the synthesised Nanoparticles

3.5.1 Ultraviolet-visible Spectroscopy
Synthesized Ag nanoparticles were analysed by using UV-Vis models Shimadzu UV-Vis
spectrophotometer UV-1800. The UV-Vis absorbance and reflectance spectra of the
samples were recorded in the range of 200-800 nm. The Ag nanoparticle solution was
prepared by mixing the freshly prepared AgNPs with distilled water after appropriate

dilution.
3.5.2 Particle size analyser (PSA)/Zetasizer Nano

The Zetasizer Nano series performs size measurements using a process called Dynamic
Light Scattering (DLS). Zetasizer Nano instrument (Nano ZS (Red badge)) with the model
number ZEN 3600 (Malvern Instrument Ltd. Worcestershire, UK) was used to measure
particle size. The laser used in Malvern Zetasizers was a 4 mW He-Ne laser of 632.8 nm
wavelength; the laser sources provide a stable beam of coherent monochromatic light.
There is an attenuator available to alter the power of a laser. Sample concentration was
within the range 0.1 mg/ml - 0.5 mg/ml as minimum concentration by considering density,
clean, square and disposable sizing cuvette was used as sample holder.

3.5.3 X-RAY Diffraction

XRD instrument used for the analysis of crystallographic arrangement of AgNPs with
model number XRD-700 X-RAY diffractometer, shimadzu Corporation (Japan) with a
scanning rate of 3°/min and from 10° up to 80°. XRD was a powerful technique that helps
to identify the structure, phase purity, degree of crystallinity and unit cell parameters of a
given sample. The XRD patterns were recorded by the measurements of the angles at
which the X-ray beams were diffracted by the periodicity of the sample. The relation
between the distance between two planes (d-spacing) and the angle of diffraction (20) was
calculated using Bragg's equation (equation 3.2).
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Where: d= Spacing, A= wave length of incident X-ray (0.15406 nm), n= order of
diffraction (1) and 6= diffraction angle.

The average crystalline or grain size of nanoparticle was calculated using scherrer equation
(3.3)
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Where, D= Crystallite size, K= shape factor (Scherrer constant) (0.9), A= wave length of
X-ray (0.15406 nm), f= Full width at half maximum (FWHM), 6= diffraction angle

354 FTIR
FTIR spectroscopy was used to analyse the macromolecular modification of the samples.
The expected interaction between the silver and the components of plant leaf extract in the
synthesized product was further confirmed using FTIR with the incorporation of KBr

pellets.

3.6 Stability study analysis of AgNPs within GLY-LAC bio-conjugate
3.6.1 Surface charge determination by Zeta potential

Zetasizer Nano instrument (Nano ZS (Red badge)) with model number ZEN 3600
(Malvern Instrument Ltd. Worcestershire, UK) was used to measure zeta potential.
Zetasizer Nano range options for zeta potential measurement were 3.8 nm to 100 pum size
range for Zeta potential. A minimum concentration of between 0.1 and 1% w/v is required
to obtain sufficient scattering from the solution to make a successful zeta potential
measurement. Water was used as a dilution medium which is polar dispersant with a
dielectric constant greater than 20.

3.6.2 Particle size analyser (PSA)/Zetasizer Nano
Zetasizer Nano instrument (Nano ZS (Red badge)) with a model number of ZEN 3600
which was used to measure particle size. Zetasizer nano range options for particle size
measurement size range with maximum diameter 0.3 nm to 10 um. Sample concentration
was within the range 0.1-0.5 mg/ml as minimum concentration by considering density,
cleanness, square and disposable sizing cuvette was used as sample holder.

3.6.3 FTIR
AgNPs/GLY-LAC was carried out to identify expected functional groups and their
interaction. The effect of incorporation of AgNPs on the functional groups of the base
matrix and the impacts of GLY-LAC on the stability of AgNPs was analysed. The
functional groups coated AgNPs were examined using FTIR serial number A013861790.
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3.6.4 Scanning Electron Microscopes (SEM) analysis
The surface morphology of the three films GLY-LAC/PLA, AgNPs/PLA and
AgNPs/GLY-LAC/PLA was evaluated using BENCHTOP SEM (Model JCM-6000 PLUS)
JEOL, JAPAN and their dispersions within the PLA matrix were computed. The samples
were cut from those films by scissors into a rectangular form with 10 mm width and 40
mm length, with a magnification of 20 um. The samples were placed on double-sided

carbon tape and operated at an accelerating 1 kV voltage.
3.7 Characterization of PLA based films

3.7.1 GLY-LAC/PLA based film
3.7.1.1 Thermal property analysis

Differential scanning calorimeter (DSC) is a technique used to investigate the response of
polymers to heating/cooling. Neat PLA and PLA with GLY-LAC matrix thermal
properties were analysed by DSC on a DSC-60 Shimdazu, South Korea. 6-8 mg mass of
samples were weighed and hermetically sealed in an aluminium pan; the samples were
prepared carefully through cutting by scissors. Heating and cooling rate (k) were used at
10 °C/min and -10 °C/min, respectively, which were chosen according to ASTM D3418
standard. The samples were carefully cut with the size of the sample holder, and then
heating from 25 °C to 200 °C and cooling from 200 °C to 0 °C were done to study the
influence of different chain length GLY-LAC on PLA. An empty sealed aluminium
crucible was used as a reference and dry nitrogen was used as purge gas at a rate of 50
ml/min. Finally, glass transition temperature (Tg), melting temperature (Tn) and AH,,
were determined from the DSC thermogram. Degree of crystallinity (X.) was calculated
based on the heat of melting (fusion) according to equation (3.4):
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Where: X.- degree of crystallinity, AH,,- melting enthalpy changes, AH,,- melting
enthalpy of 100% crystalline (93.7 J/g).
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3.7.2 AgNPs/GLY-LAC/PLA based film

3.7.2.1 Thermal conductivity analysis
QTM-500 is a quick thermal conductivity meter through measuring methods of hot wire
method or probe method, the probe consists of a single heater wire and thermocouple.
When constant electric power (energy) was given to the heater, the temperature of the wire
rises in exponential progression. The temperature rising curve is plotted in a linear line
with a time axis scaled in logarithm. The measuring range was between 0.023 to 12 W m™
k™ with a sample, measuring time was standard 60 sec and dimension of 100 (W) x 50 (L).
QTM-500 has three reference materials: RI-2 Clear quartz inbox, R2-2 silicone rubber
inbox, R3-2 polyethylene form inbox. The measurement was done after heating the
machine for 30 minutes and 2 minutes for cooling of the heater was also required within
each sample measurement. Finally, thermal conductivity was determined by using

equation 3.5.
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3.7.2.2 Electrical conductivity analysis

Electrical conductivity was measured with SP-300 Potentiostat equipment with an
integrated temperature sensor, up to 500 mS/cm and 0.01 puS/cm resolutions could be
reached in the measured area. The temperature measurement range is between 20-120 °C
with an accuracy of £ 0.2 °C (Chereches et al., 2019). After an electrically conductive
(EC) solution was prepared, the sample was inserted into the solution through two
methods, the first one was by preparing a solid sample in the form of film and inserting the
sample into the solution and connecting it with the electrodes then the electrical
conductivity of the sample was measured, the second one was by coating the sample on
glass materials. In addition to the potentiostat, another electrical conductivity test was
used, a digital multi-meter and probe station (Agilent B2902A precision Source/Measure
Unit (SMU).
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CHAPTER FOUR

4. RESULTS AND DISCUSSION

4.1 Synthesis and purification of GLY-LAC
A condensation reaction was conducted between glycerol and lactic acid. In this reaction,
the three reactive “OH” groups of glycerol react with three molecules of lactic acid
yielding the NAs GLY-LAC. However, there were impurities due to the possibility of side
reactions between the hydroxyl group of glycerol and the carboxylic group of lactic acid or
the hydroxyl group of one lactic acid with the carboxylic group of another lactic acid and
also impurities from unreacted lactic acid and glycerol. To remove those impurities from
crude GLY-LAC, solubility in two different miscible liquid methods was utilized with
ethyl acetate and sodium chloride. Due to the better solubility of lactic acid in water than
in ethyl acetate and the insolubility of glycerol in ethyl acetate. The synthesis and purity of
GLY-LAC were examined through NMR, FTIR, colour changes, viscosity measurement as
well as based on acid value (AV).

4.1.1 Acidvalue of GLY-LAC
In the condensation reaction, the ratio of reacted carboxylic acid to initial carboxylic
groups was related to the degree of esterification and purification of the condensation
reaction. Therefore, the degree of esterification and purification was estimated by the free
acid value through the titration method. The AV of GLY-LAC 1:3, 1:6, 1.9, and 1:12
before and after purification are tabulated in table 4.1. These data give us information on
the formation of esterification reaction, removal of unreacted lactic acid, unreacted
glycerol and lactic acid oligomers. Due to the presence of carboxylic acid on lactic acid, as
the amount of carboxylic acid decreased it indicates the consummation of the acid by
glycerol and more ester bond was formed, which was why the amount of carboxylic acid
decreased after purification. Again as the acid amount diminished it indicates the removal
of lots of LAOLG and unreacted lactic acid, because large amount of carboxylic acid is
available on both of them. This analysis was supported by the change in viscosity, as the
chain length of the matrix increased after purification took place.

4.1.2 Viscosity and colour change
During the condensation reaction of glycerol with lactic acid, the insufficient reaction time,
temperature and imbalance of reactive hydroxyl or carboxyl group to perform further
reaction between the two reactants were leading to the formation of lower molecular

weight molecules, which decreased the viscosity.
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The viscosity of the conjugate was increased with the molar ratio; this was due to the
availability of enough amounts of reactive groups in the system. The more the
concentration of the reactant there was the more the reaction rate and the more product

formation.

Table 4.1: Acid values of GLY-LAC before and after purification

Samples Acid value (mg/g) Method
Before After
purification purification
GLY-LAC 1:3 75.73 33.023 Titration
GLY-LAC 1:6 137.44 89 Titration
GLY-LAC 1:9 148.66 92.54 Titration
GLY-LAC 1:12 157.08 112.86 Titration

The viscosity of the conjugates was dependent on the chain length of the GLY-LAC arm
before and after purification. The measured viscosity of the four different GLY-LAC
matrixes (1:3, 1:6, 1:9, and 1:12) before purification was below 5,270 cP, which was 268,
298, 354, and 376 cP respectively. The lower viscosity was due to the higher amount of
unreacted lactic acid monomers. But after purification, the viscosity of all GLY-LAC
matrixes becomes more than 5,270 cP (maximum measurement by the instrument),
because of the removal of unreacted lactic acid and lactic acid oligomers as well as due to

having enough reaction time and temperature.

The other physical confirmation for the purification of the GLY-LAC was the colour
change, as shown below in figure 4.1. The colour of GLY-LAC after purification became
dark brown from a light yellowish colour. This was due to the removal of unreacted lactic
acid, lactic acid oligomers and a change in macromolecular transformation. In addition to
these, the detailed analysis regarding chain and structural analysis was done through
proton and carbon NMR, which highly confirms the formation and purification of the

matrix.
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Before purification After purification

Figure 4-1: Colour change of GLY-LAC 1:6 during purification
4.1.3 Structural analysis of purified GLY-LAC 1:6 bio-conjugate/NMR

The proton NMR (*H NMR) spectra and carbon NMR (**C NMR) are particularly useful
in identifying differences between the four glyceryl lactate matrix (1:3, 1:6, 1.9, and 1:12)
before and after purification, to find out the impacts of purification on those matrices.
From that matrix, GLY-LAC 1:6 matrix was selected for the next detailed NMR structural
analysis due to its higher improvement on degree of crystallinity (X.= 85.2%). Due to the
complexity of NMR analysis for each of the GLY-LAC bio-conjugate, therefore for the
simplicity of discussion, the next detailed explanation focuses on GLY-LAC 1:6. The rest
of NMR data for the other GLY-LAC was attached to the appendix part (Appendix 2-
Appendix 8), but the explanation method was similar for all of GLY-LAC. The removal of
free lactic acid, free glycerol and lactic acid oligomers from the glyceryl lactate matrix

were analysed before and after the purification.

The removal efficiency was obtained from the analysis of Lactic Acid Oligomer NMR
(LAOLG), GLY-LAC 1:6 matrixes NMR before and GLY-LAC 1:6 matrixes after
purification. Comparison was done based on the removal of existing peaks, formation of
new peaks, increase or decrease in intensity, and change in chemical shift values of the
spectrum. The difference in intensities for the three NMR spectra and the position of peaks
was very crucial as shown in Scheme 1.1 and 1.2. The reason behind focusing on the NMR
spectra of LAOLG was the availability of the excess amount of lactic acid during the
production of glyceryl lactate. It was possible to expect lactic acid as free unreacted lactic

acid and lactic acid oligomer.
4.1.3.1 Structural analysis of LAOLG

Proton NMR (*H NMR) of Lactic acid; it is known that 90% of lactic acid aqueous
solutions contain a series of oligomers at equilibrium with lactic acid. The latter is the

predominant species that contain the smallest monomer up to the tetramer oligomers. As
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shown in Scheme 1.2 presence of methine (CH) and methyl groups (CH3) on LAOLG
monomer, dimmer, trimmer, and tetramer, occurred in four distinct positions of the (CH)
and (CHjs). These were in the free LA monomer, terminal position near COOH group or
OH end groups and in the middle chain. These were further confirmed by H-NMR spectra
of LAOLG as shown figure in 4.2 and the peak position is also tabulated in table 4.2. As
the chain length of the LAOLG increases, the chemical shifting values of the chemicals

became greater or move to the left for all hydrogen types.
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Scheme 1-1: Reaction Scheme for the synthesis of GLY-LAC 1:6 bio-conjugate

GLY-LAC

3

In general, most of the chemical shift values of the purified GLY-LAC 1:6 conjugate were
shifted to the lower, as shown in figure 4.4 when compared with LAOLG (figure 4.2) and
non-purified GLY-LAC (figure 4.3). This implies confirmation of the removal of free and
oligomerized lactic acid from the system. When LAOLG and other impurities were
removed the peak intensity of the purified GLY-LAC 1:6 was increased. Because the
protons on the pure GLY-LAC had a chance of becoming intense this is previously

masked by impurities.
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Scheme 1-2: Peak position for the synthesis of Lactic Acid Oligomer (LAOLG)

Table 4.2: NMR chemical shifts (in ppm) of CH and CHg; protons in A-T units of L- Lactic

Acid Oligomer
Hydrogen Monomer  Dimmer Trimmer Tetramer Polymer
type
A B C D F G J
CHs 1.27 1.38 1.27 1.44  1.40 140 127 1.46
CH 4.03 492 419 420 498 499 420 51

For example, the internal chain (4.18-4.27 ppm) was increased after purification took place,

which indicates the removal of a mass of bonds of free lactic acid as well as oligomerized
lactic acid (Borowicz et al., 2019).
There are new and less intense multiplet peaks at 1.12-1.14 ppm which resembles triplet

peaks during expansion. Those peaks were not available on both the non-purified and

LAOLG NMR spectrum. These triplet's peaks occurred likely due to -CHjz; groups
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connected to -CH, methyl functionalities of residual ethyl acetate that was not removed
during purification. This explanation could be supported by Distortionless Enhancement
by Polarization Transfer (DEPT) analysis of *C NMR. DEPT analysis there were three
downward peaks (-Ve), which resembled the presence of two carbon from CH; and also
the other peak was for the impurity of ethyl acetate. Supported by the data on Chemical
Book in which ethyl acetate was found at 0.9 (Beavers et al., 2009).
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Figure 4-2: *H-NMR Spectra for LAOLG Bio-conjugate

The four different doublets peaks occurred at 1.28 ppm, 1.33 ppm, 1.38 ppm, and 1.43
ppm attributed to methyl group protons (CHjs). The presence of hydroxylated doublet peak
at 1.28-1.29 ppm was responsible for the unreacted methyl group of lactic acid of
monomer, dimmer and trimmer chains and the doublets indicate that these methyl groups
are near a—CH group which was more shielded, which shifted to up-field depending on the
location of repeating units concerning chain ends. The other three doublet peaks which
appear in the 1.33-1.34 ppm, 1.38-1.40 ppm, and 1.43-1.45 ppm range are responsible for
esterified methyl group protons in the main chain. Those three doublets are attributed to
six single CHj3 groups of the purified GLY-LAC 1:6 conjugate.

These results are in agreement with the reports in the literature (Beavers et al., 2009; Gross
et al., 2018; Rashkov et al., 1996). Here those four doublets peaks were available for both
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NMR (LAOLG and non-purified GLY-LAC 1:6), in figure 4.2 and figure 4.3 but with
different intensity and peak positions. The area under the peaks which give rise to that
signal was higher in purified GLY-LAC 1:6 conjugate due to the removal of the large
chain of free and oligomer lactic acid. This created the chance for reacted glycerol and
lactic acid to become shine sharply. The number of protons increased for the purified
GLY-LAC 1:6 methyl group.

The removal of oligomerized lactic acid CH which is carboxylated within the internal main
chain (methine group in the lactic acid), that occurred at the resonance of 5.07-5.16 ppm
range was confirmed by the decrement of those multiplet peaks on the purified GLY-LAC
1:6 conjugate. It had only three peaks at a resonance range of 5.01 ppm and 5.06 ppm. A
literature study also expected methine group in chemical shift environments of 5.09 - 5.21
ppm (Roméan-Ramirez et al., 2018).
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Figure 4-3: *H NMR spectra for non-purified GLY-LAC 1:6 bio-conjugate

The other evidence is the peak area, the area under peaks which directly indicates the
number of equivalent protons that give rise to that signal. Regarding these when
considering the methine (CH) group of LAOLG and purified GLY-LAC 1:6, the number
of the proton was decreased by 64.3% after purification that indicating a mass of bonds

was removed. In addition to these the chemical shift values of the purified matrix were
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decreased to the lower values. Which resembled the indication of the removal of LAOLG,
due to this electron from the pure product GLY-LAC hydroxyl end highly shielded (up-
filed) the proton-nucleus and the proton experience a lower magnetic field. Therefore the
proton resonance at a lower frequency had lower chemical shift values (Espartero et al.,
1996; Rashkov et al., 1996).

Regarding methine group proton (CH) in the Tetramer of lactic acid, only proton which
was OH free signal of internal ester bonds in CH existed at 4.20 ppm in the chain after
purification. The other hydrogen in CH at 4.99 ppm was absent, which confirmed the
reaction between the glycerol and lactic acid took place. On literature also reported the

absence of the peak at this ppm (Rashkov et al., 1996).

These explanations also work for dimmer and trimmer lactic acid chains in which only
shielded methine protons have occurred at 4.18 - 4.20 ppm of the chain. This result was
supported by a study by (Rashkov et al., 1996), in which methine protons were considered
to be in the range of 4.23-4.29 ppm. The de-shielded protons which were expected at 4.98-
5.0 ppm were absent for the three of NMR spectrum, which was used as a supporter for the
formation of glyceryl lactate. For monomer carboxylated free lactic acid end units whose
methine protons should appear at 4.03 ppm in the terminal CH chain were also absent
which indicates the absence of unreacted lactic acid monomer for the three (LAOLG, non-
purified GLY-LAC 1:6 and purified GLY-LAC 1:6 conjugate) NMR spectrum, in which
confirm this study (Rashkov et al., 1996).

A new singlet peak at 4.08 ppm methine group proton (CH) which is not found on the
LAOLG resembled the internal ester bonds at the hydroxylic end chain of the purified
GLY-LAC 1:6 conjugate as shown in figure 4.4. This peak was also found on non-purified
GLY-LAC 1:6 with a higher chemical shift value (4.10 ppm) with a de-shielded proton
nucleus. The doublet signal peaks at 4.25 - 4.27 ppm belong to the methylene group proton
of the internal chain ester bonds of the reacted glycerol. This is not completely formed on

the free and oligomer lactic acid.

The presence of OH ended a group of the conjugate was proofed by the occurrence of new
small signals at 3.46-3.63 ppm. There was a singlet and less intense peak at 3.83 ppm for
the indication of OH end functionalization of purified GLY-LAC 1:6 conjugate chains.
This peak was also available for non-purified GLY-LAC 1:6 at 3.87 ppm, but it is not
found on LAOLG (figure 4.2). This indicates the internal ester bond formation for the
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conjugate. The other two singlet peaks that support the formation of the ester bond of the
conjugate have occurred at 1.92 ppm and 2.0 ppm which are attributed to allylic hydrogen
located on the carbon atom attached to the double bond of ethyl acetate and supported by
the data of Chemical Book with CAS number of 141-78-6.
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Figure 4-4: 'H NMR spectra for purified GLY-LAC 1:6 bio-conjugate

That showed the proton NMR peak of ethyl acetate at 2.038 ppm chemical shift value that
was adjacent to the methyl group. The two peaks were not found on both non-purified
GLY-LAC 1:6 matrix and LAOLG NMR. The peak at 5.52 ppm on purified GLY-LAC
1:6 conjugate is attributed to the double bond formation during the reaction in which
vinylic hydrogen, which hydrogen was directly attached to C=C-H (H was attached to
alkene C). This might be become from oxidation reaction with the external oxygen. This
vinylic hydrogen also occurred on LAOLG at 6.75 ppm, which was very di-shielded,
indicating the more electronegativity of the hydrogen, but on non-purified GLY-LAC 1:6
(figure 4.3) vinylic hydrogen presented at 5.64 ppm (Faller et al., 1989). Besides to the
proton NMR analysis for the confirmation of synthesis and purification of the GLY-LAC
matrix was done using carbon NMR (**C NMR) analysis to know the removal of different

carbon components from the GLY-LAC matrix.
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Table 4.3: *H NMR Chemical shifts (ppm) value of purified GLY-LAC 1:6 conjugate

Chemical shift values (ppm)

Free lactic acid Oligomer Reacted LA within the Peak type
lactic acid chain
1.14 - 1.12 Purified 1:6 Triplet
GLY-LAC (New peak)
Absent on non-Purified 1:6
GLY-LAC
1.28-1.29 Doublet
CHs Purified
1.30 - 1.32 non-
Purified
1.33 - 1.34 Purified Doublet
1.35 - 1.37 non-Purified
1.38 - 1.40 Purified Doublet
1.41 - 1.43 non-Purified
1.43 - 1.45 Purified Doublet
1.46 - 1.48 non-Purified
3.63 - 3.46 Purified Multiplet
3.50 - 3.67 non-Purified
OH 3.83 Purified Singlet
3.87 non-Purified
4.27 - 4.25 Purified Multiplet
CH, 4.28 - 4.29 non-Purified
4.03 (absent) -
4.08 Purified Singlet
Absent for non-Purified
4.20-4.18 Multiplet
CH Purified
4.27 - 4.20
non-Purified
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5.0-4.98 -
(absent)
5.06 -5.01 Multiplet
Purified
5.08 -5.02
non-Purified
Allylic 1.92 Purified 1:6 GLY-LAC Singlet
hydrogen (New peak)
(C=C-C- Absent for Non-Purified
Hs) 2.0 Purified 1:6 GLY-LAC Singlet
(New peak)
Absent for Non-Purified
Vinylic 5.52 Purified 1:6 GLY-LAC Singlet
hydrogen 5.64 for non-Purified
(C=C-H)

4.1.4 Chain Length Analysis

From the *C-NMR spectrum in figure 4.6 and table 4.4, it is possible to find out the
carbonyl bonds within CO, CH, CH,, and CHg carbons that are present in the structure of
GLY-LAC macromolecules, resembled the purified GLY-LAC 1:6 conjugate, which was
determined with the incorporation of carbon peaks on Distortion less Enhancement by
Polarization Transfer (DEPT-135) NMR (Baran et al., 2018). The comparisons of the
spectra of the three *C-NMR were done based on the same criteria of the *H NMR
analysis for the three matrixes. In *C-NMR spectrum analysis, the intense peaks at
characteristic chemical shifts of 16.44 — 19.77 ppm resembled the two carbons of methyl
groups (CHs). In which they associated for unreacted free lactic acid on monomer and

reacted lactic acid within the core of the chain respectively.

The other carbons shifted to the higher chemical shift values are due to the attachments to
the hydroxyl group at the end of the lactic acid oligomer chain located at 66.32 — 68.89
ppm in figure 4.5. The peak was attributed to the o methine group (-CH-OH), the carbon at
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the peak of 66.85 ppm resembled the methine group (CH) of free lactic acid. Whereas the
other carbons belong to the conjugate chain as well as lactic acid within the internal chain

and the methine group that de-shielded to the downfield of the higher chemical shift values.

Due to the presence of ester bond (-C(O)-O-CH(CHjs)-) attachment at 68.89 ppm carbons
of the a-methine group at the ester group. The presence of methylene carbons in the main
chain was supported by evidence from DEPT-135 NMR analysis (Appendix 6). DEPT-135
was used to check the nature of these carbon peaks. From the DEPT-135 spectrum two
methylene carbons reactions (-CH,-CH-CH, -), shown by two downward peaks (-Ve peaks)
at 62.74 ppm and 65.26 ppm attributed to the methylene group in the product, gave

evidence for the presence of significant reaction (Rashkov et al., 1996).

As shown in figure 4.6, the peak areas of the carbonyl group on the conjugate in the **C-
NMR spectra were found between 160 and 180 ppm. From the figure 4.6 letter “D”
belongs to the free lactic acid monomer carbonyl group in carboxyl groups (C=0)-OH) at
177.61 ppm. Whereas this signal is at a lower intensity on LAOLG (figure 4.5), due to the
oligomerization reaction, that was why it increased after purification. Because the reaction
between glycerol and lactic acid took place, which decrease the chance of oligomerization

reaction.
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Figure 4-5: 3C-NMR Spectra for LAOLG bio-conjugate
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In figure 4.6, carbons of the carbonyl groups in ester groups (-C=0)-0-) that were adjacent
to the hydroxyl group show two sharp peaks at 172.84 and 172.8 ppm symbolized by “C”.
This was the main evidence for the occurrence of the reaction between glycerol and lactic
acid. Only one peak was found on the NMR of LAOLG (figure 4.5) which was also
evident for the esterification reaction for the formation of product GLY-LAC. In figure 4.7
these signals had lower intensity on non-purified GLY-LAC 1:6, but after the purification,
those signals become very intense due to the removal of impurities (free lactic acid and
oligomer of lactic acid) (Espartero et al., 1996).

Again from figure 4.6, the carbonyl signal of the lactic acid end group that was on an area
of letter “B” is observed at 174.58 -175.01 ppm. This signal was from the carbonyl group
adjacent to the ester oxygen for glycerol-based and lactic acid oligomer. But here it cannot
distinguish between the LA oligomers reacted and not reacted with glycerol. Only a single
peak was observed on the NMR of LAOLG (Figure 4.5).
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Figure 4-6: "*C-NMR Spectra for purified GLY-LAC 1:6 bio-conjugate
Carbonyls which were assigned by the letter “A”, the two signals resembled carbons in the
lactic acid branch and the lactic acid oligomer at 169.52 -170.37 ppm. On figure 4.5

LAOLG NMR analyses were very intense peaks, due to the absence of the main reaction,

only oligomerization reaction took place. But the NMR of the non-purified conjugate in

59



figure 4.7 peaks was almost the same as with purified GLY-LAC 1:6 conjugate. There was
only a little intensity difference. The other signal were due carbons from solvent at 76.84 -
77.48 ppm of Deuterated chloroform (CDCls) (Borowicz et al., 2019; Paciorek-Sadowska
etal., 2019).

Furthermore, the synthesis and purification were confirmed and supported by the FTIR
analysis for the GLY-LAC 1:6 before and after purification, there were peaks in which

their intensity increased or decreases due to the removal of unwanted impurities.
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Figure 4-7: **C-NMR Spectra for non-purified GLY-LAC 1:6 bio-conjugate

4.1.5 Macromolecular arrangements of purified and non-purified GLY-LAC

1:6 bio-conjugate

The other supporting information for the purification of GLY-LAC 1:6 is the analysis of
the FTIR spectrum of purified and non-purified GLY-LAC bio-conjugates through a
comparison of their response for IR as shown in figure 4.8. On both bio-conjugates, all
necessary characteristics of transmittance peaks have existed. The presence of the OH
functional group was evidenced by a broad peak found at 3415 cm™ in non-purified bio-
conjugates. This broad peak was found on the purified bio-conjugate with a slightly sharp
and shifted peak position, and also the intensity of the peak on the non-purified bio-

conjugates was lower than that of the purified matrix.
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On both bio-conjugate, there was stretching of CHs at 2929 cm™ but the peak found on the
purified conjugate was highly intense than on the non-purified conjugate. The main
indicator for the formation of the GLY-LAC matrix was the existence of a carbonyl group
(ester functional group). The ester bond occurred for both bio-conjugate at 1743 cm™. As a
result of the purification process, unreacted lactic acid and glycerol, oligomerized lactic
acid and other impurities were removed from the bio-conjugate. These phenomena were

confirmed by the formation of a highly intense and very sharp peak on purified conjugate.
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Figure 4-8: Functional group analysis for GLY-LAC 1:6 before and after purification

But on a non-purified matrix, this peak was less intense and their intensity also lowers due
to the presence of unreacted lactic acid and glycerol. This shields the ester bond from
becoming intense. In another case, a transmittance peak was observed at 940 cm™ for the
C-O stretching of the primary hydroxyl group from glycerol. This peak was observed in
GLY-LAC bio-conjugates. The other peak found at 1048 cm™ was attributed to C-O
stretching in the secondary OH group of glycerol. Therefore, it was possible to confirm the
formation of GLY-LAC and also the removal of unwanted impurities. Therefore, FTIR

analyses supported the NMR analysis.
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4.2 Analysis of Plant Leaves Extract

The components of the V. amygdalina (bitter leaf) plant leaf were analysed by using
phytochemical screening, FTIR and TGA.

4.2.1 Phytochemical screening Analysis

Phytochemical screening tests were done to determine the class of compounds present in
the extract. Phytochemicals were a large number of secondary metabolites or bioactive
compounds found in plants. Phytochemical screening of methanol with distilled water
(M/DW) based extracts followed standard protocols are described in table 4.4. The
phytochemical screening gives positive results within the ferric chloride test of phenols,

frothing test, an alkaline test of flavonoids, and Tannin preliminary phytochemical tests.

Table 4.4: Phytochemical screening of V. amygdalina plant leaves extract

No. Phytochemical Results Methods of Tests
Compounds

1. Alkaloids + Meyers reagent test
2. Saponins + Frothing test

3. Flavonoids + Alkaline test

4. Tannins + Ferric chloride test
5. Terpenoids - Salkowski’s test
6. Phenolic + Ferric chloride test
7. Glycosides - Salkowski’s Test

Where: “+” indicates the presence and “-” indicates the absence

The phytochemical screen for secondary metabolites revealed the presence of phenolics,
saponins, flavonoids, and tannins in the M/DW extract. The phenolic compounds which
are tabulated in table 4-4, which were split into phenolic acids and polyphenols were the
major class of secondary metabolites. These molecules can be discovered in combination
with mono and polysaccharides, connected to one or more phenolic groups, or as
derivatives such as ester or methyl esters (Minatel et al., 2017). Ogdid and his co-workers

also show phenolic phytochemical components in vernonina amygdalina. Saponins were a
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complex and chemically diverse group of bitter-tasting surface-active agents (surfactants)

that may cause a lot of foaming activity in aqueous solutions (Ogidi et al., 2019).

Saponins are starch glycosides with three hydroxyl groups connected to complicated sugar
components. Flavonoids are a class of natural chemicals with a phenolic structure that
varies. Flavonoids occurring in V. amygdalina have been identified with luteolin, luteoiin
7-O- B glucuronoside, and luteolin 7-O-B glucoside (lgile et al., 1995). Tannins are
commonly denoted as tannic acids, they were derived from phenolic acid. Tannins are
water-soluble polyphenols that were present in V. amygdalina (Ali et al., 2020). Methanol-
based extract of V.amygdalina shows positive results for phenolic, saponins, flavonoids,

tannins, and alkaloids which were fitted with the literature (Ekam et al., 2010).

4.2.2 Macromolecular arrangements of V.amygdalina plant

Furthermore, the phytochemical screening was supported by FTIR analysis of bitter leaf
powder; the organic compounds were clearly shown. The main target for FTIR analysis
was to check the compositions of V.amygdalina plant leaf extract. As shown in figure 4.9,
the presence of saponins (O-H stretching and N-H group of amide) within the
V.amygdalina plant was identified through the occurrence of the peaks at 3387 cm™ and
the peak at 2932 cm™. The peaks are indicating the presence of C-H stretching of the
alkanes, which is supported by a phytochemical screening of frothing test. The stretching
of the carbonyl group (C=0) from proteins of plants existed at the spectrum of 1600 cm™
indicates the presence of flavonoid compounds (Aisida et al., 2019).

Carbohydrates of the plant extract existed at a peak of 1338.55 cm™ indicating the CHs
group. The fingerprint region of the spectra (1268 cm™) accounts for the presence of OH
(phenolic hydroxyl group stretching) and the peak at 1076 cm™ indicates absorption
spectra alkaloid compounds of the C-N group. The existing peak at 824 cm™ area was
related to the C=H stretch. FTIR of result confirmed the presence of phytochemical
components, phenol, saponins, flavonoids, and tannins, which are stabilizing, capping and

reducing agents (Liu et al., 2020).
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Figure 4-9: Functional group analysis for V.amygdalina plant leaf extract

The degradation temperature of the plant was found by the analysis of TGA and also TGA
supported the presence of the phytochemical components when the temperature of the
system increased the specific components at each temperature were identified.

4.2.3 Thermal degradation analysis of Vernonia amygdalina by TGA

Thermal stability analysis of the plant leaves (Vernonia amygdalina (bitter leaf) or Girawa)
was investigated by using TGA (Thermal Gravimetric Analyser). TGA thermo-grams
plotted through recording of weight loss of the leaves sample as the temperature increased,
through the temperature increments. It was possible to determine the maximum
temperature that the plant could resist (for calcination purpose the plant from of AgNPs),
as well as the derivative of TGA also plotted on the same thermo-gram. As shown in figure
4.10 the maximum temperature at which the leaf's maximum amount of degradation
occurred was 680-700 °C. Due to the presence of water, the initial decomposition of the

plant leaves started at around 133 °C.

Four stages of DTG curves were observed for Vernonia amygdalina plant leaf in figure
4.10. The first stage occurred from 30 °C to 187.77 °C, which is caused by the 25.95 %
loss of water molecules and Saponins of Vernonia amygdalina. The second stage curve
occurred at the temperature starting from 187.77 °C to 234 °C, here around 8.7 %

flavonoids contained in lignin parts, then the DTG curve broadly increases on the third

64



stage of the curve. This indicates that large weight loss occurred around 47.18 % of
polysaccharides and glucose was removed at a temperature of 234 °C to 431.11 °C in which

the DTG curve occurred.

The last degradation step in which 16.4 % loss has occurred at 541.8 °C to 666.38 °C
temperatures. This corresponds to the loss of lignin-containing tannins composites at high
temperatures; due to its complex aromatic structure of tannin this is the reason why it
resists degradation at high temperatures. Around 680 °C complete degradations of the plant
occurred in which the organic compound of the plant was completely converted to ashes
(Lisperguer et al., 2016).

I T T I I I
100 - e L 0.0
80 - L 0.1
S
2 60 - L 0.2 9
= 0
S 40 - 030
(D]
=
20 - L -0.4
0 - --0.5

] - ] - ] - ] - ] - ] - ]
100 200 300 400 500 600 700
Temperature (°C)

Figure 4-10: TGA and DTG Graph of the Vernonia amygdalina plant leaf

4.3 Analysis of Green Synthesized AgNPs
4.3.1 UV-Vis analysis of AgNPs

The reduction of silver ions (Ag") to the silver nanoparticle (Ag®) through the green
synthesis method by adding V. amygdalina leaf extract into silver nitrate solution was
confirmed using a UV-Visible spectrophotometer within range of 200800 nm. The bio-
organic compounds present in V. amygdalina were responsible for the mediated synthesis
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of metal salt into Ag*and finally into Ag’. This was confirmed by colour change due to the
availability of free electrons on metal nanoparticles giving surface plasmon resonance

absorption band.

The peak of AgNPs occurred at 415 nm and 423 nm in figure 4.11, resembling for
absorption spectrum during the synthesis stage of silver ions. At an aqueous solution of
silver nitrate during the reaction with Vernonia amygdalina leaf extract. The other
maximum absorption spectrum which occurred at 423 nm was observed after completion
of the reaction (after 6 hours). Therefore wavelength of AgNPs stabilizes at 423 nm, which
confirmed the formation of the cluster stage by the addition of plant extract which is
acting as a reducing agent, capping and stabilizing agent due to its phytochemical
components (E. Abbasi et al.,, 2016). AgNPs are synthesized through three stages:
reduction of silver nitrate, formation of cluster and growth of AgNPs (1. Khan et al., 2019).

The synthesised AgNPs were characterized after five months with and without calcination,
to check the capping efficiency of the V. amygdalina leaves extract. The UV-Vis response
of AgNPs without calcination occurred at 418 nm which indicates very high capping as
well as stabilizing efficiency of V. amygdalina extract. The absorption spectrum obtained
was within the range of AgNPs. The colour changed from colourless to brownish colour
also indicators for AgNPs formation, first the reddish-brown colour was observed, and as
the reaction precede reddish-brown colour was changed to dark brown. This strongly
indicated the formation of silver nanoparticles as shown in figure 4-12.

Different scholars reported that due to the surface plasmon resonance of AgNPs, the
absorption peak of AgNPs occurred at about 400-450 nm. Confirming the formation of
AgNPs (Hug, 2020).

The Ag* was reduced into AgPby the process of binding on the bulk surface of Ag* by the
bio-organic and bioactive compounds present in the Vernonia amygdalina plant extract,
which have hydroxyl and ketonic groups. The reaction mixture has an absorption

maximum of 415-423 nm suggesting the formation of Ag nanoparticles.

Ag* + e~ (bio — organci compounds) — Ag°
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Figure 4-11: UV-Vis absorption spectrum of biosynthesised of Ag-NPs after 6 hr, 24 hr,
and 5 months

Figure 4-12: Colour change during bio-synthesis of AgNPs, (A) Silver nitrate solution (B)

Plant extract and (C) Mixture of both solutions.

Figure 4-13 shows calcined AgNPs spectra; there were two bands at the wavelength of 381
nm and 271 nm, which were attributed to Ag nanoparticles and Ag oxide respectively. Due
to the removal of V. amygdalina plant extract, AQNPs became pure metal. This pure

AgNPs metal gets the freedom of reacting with external air and also due to its high
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hygroscopic properties it absorbs moisture from the atmosphere, that was why two peaks
were observed on calcined AgNPs (T. Xu et al., 2022).
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Figure 4-13: UV-Vis absorption spectrum of calcined AgNPs after 5 months

The main issue of the nanoparticle synthesis was their size, because they are nanoparticles,

therefore in this research; the size of AgQNPs was determined using PSA.
4.3.2 Particle size distribution of AgNPs

As shown in figure 4.14, the Particle size distribution (PSD) of AgNPs was recorded by
PSA. A polydispersity of two peaks, peak-1 had 56.45 nm particle sizes with 66.5%
intensity and the second peak was recorded with a very lower particle size of 3.05 nm with
33.5% intensity. The reason for the small AgNPs size was probably due to the negative
charges of the particles (-27.2) as shown in figure 4-18 in section 4.4.1. That led to an
additional force for the Ag particles to repeal each other and the surface charge of AgNPs
(Dieckmann et al., 2009).
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Figure 4-14: Particle size distribution (PSD) of AgNPs

4.3.3 Crystallographic arrangements of AgNPs analysis

The crystalline structure of AgNPs with and without calcination was identified by using
XRD as shown in figure 4-15. The XRD pattern of AgNPs without calcination was
characterized by six intense peaks. This is attributed to Ag nanoparticles and bio-organic
phase in the whole spectrum of 20 values ranging from 23 to 80 degrees that were
synthesized by using Vernonia amygdalina plant leaves extract. From the two XRD
patterns, AgNPs with and without calcination was compared targeting to analyse the
impacts of V. amygdalina plant leaves extract on AgNPs synthesis.

The peaks position of 20 values 38.23°, 44.42°, 64.58°, and 77.51° are attributed to
calcined AgNPs and 38.18°, 44.19°, 64.58°, and 77.33° resembled AgNPs without
calcination respectively. This indicates that the formation of silver nanoparticles (Desalegn
etal., 2021).

These results of 26 value are in good agreement with the data of JCPDS/ICPD file card no.
00-004-7383 (Fm-3m) (Sadeghi et al., 2015).
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In addition, the XRD results of AgNPs agreed well with the literature on the green
synthesis of AgNPs using Vernonia amygdalina plant extract (Aisida et al., 2019). The
other peaks were attributed to the formation of the bio-organic phase from organic
compounds present in the Vernonia amygdalina plant extract. This was responsible for
reducing Ag ions, stabilizing and capping agent of synthesized nanoparticles. Those peaks
have occurred at 27.82°, 32.23°, and 46.36° peak positions. The other small impurity peaks
may be due to the coupling reaction with the polyphenolic (OH) group and due to the
highly hygroscopic nature of Ag nanoparticles (Aisida et al., 2019).

The comparison of the two XRD results for calcined AgNPs and AgNPs without
calcination was done based on the shifting of 20 values, crystallite size, and d-spacing of
AgNPs. The average crystallite size of AgNPs with and without calcination calculated
Scherrer equation is 26.71 nm and 30.48 nm, respectively, as shown in table 4-5. The
crystallite size values are in good agreement with the study in the literature (Yazdanshenas
et al., 2012), in which they reported the crystallite size of Ag 21.33 nm, 26.66 nm and
53.32 nm with different alkali pre-treatment.

The details of crystallite size are calculated and tabulated in appendix 11 and 12. The

major 26 values of AgNPs without calcination were shifted to the lower 26 values due to
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the presence of Vernonia amygdalina plant leaves extract. As shown in figure 4.16 the
plant extract enters into the inner part of AgNPs grain with a different spatial arrangement,
then forces the nanoparticles to expand or to increase in diameter. That is the reason for the
occurrence of broadening peaks (black line in figure 4-15).

Whereas when the nanoparticles were passed through the calcination process to remove
the organic components that come from the plant, the crystallite size of the AgNPs was
decreased. It was possible to understand the influence of the plant leaves extract on the
synthesis of AgNPs. The indications for the removal of plant leaf extract during
calcination were that some intense peaks on AgNPs without calcination were partially
removed and for some of them, there was a decrease in intensity also during calcination.
The removal of plant extract gave a chance for AgNPs to become highly intense and
exposed (peak at 44.19°).

External surface of AgNPs

Internal surface of AgNPs
Bio-organic compounds

Figure 4-16: Effects of bio-organic compounds on AgNPs

The d-spacing calculated by using Bragg’s equation of AgNPs with and without
calcination, the results became 0.203 nm and 0.220 nm respectively. The details of the d-
spacing calculation are tabulated in appendix 13 and 14. From the above three results (260
values, crystallite size and d-spacing of AgNPs), it could be concluded that the addition of
Vernonia amygdalina plant leaves extract increases the d-spacing of AgNPs and caused

the shifting of 26 values to the lower.

This indicates the amygdalina plant leaves extract was placed in the inner parts of AgNPs,
due to that, the pressure from plant extract AgNPs tends to expand and causes the

increasing (broadenings of peaks) of the d-spacing, shifting 26 to the lower values for
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AgNPs without calcination. The d-spacing of AgNPs is agreed with the values reported in
the literature (Krithiga et al., 2015). The crystallite size of AgNPs without calcination also
increases, it was understandable that the great impacts of plant leaf extract on the AgNPs
synthesis, stabilizing and capping agent, which is supported by literature (Nzekekwu et al.,
2019).
4.3.4 Macromolecular arrangements of greenly synthesized AgNPs

The functional group for the formed AgNPs and the presence of the plant components on
the AgNPs were examined by using FTIR analysis, with the comparison of calcined
AgNPs, FTIR of plant and AgNPs without calcination. As shown in figure 4-17, the
functional groups of pure plant extract, the interaction between green synthesised AgNPs
and plant extract and calcined AgNPs were analysed by FTIR spectroscopy. During the
synthesis of AgNPs, reactions took place between silver nitrate and Vernonia
amygdalina leaf extract. V. amygdalina act as reducing, capping, and stabilizing agents,
therefore, FTIR measurements were carried out to identify the possible impacts of

biomolecules before and after bio-reduction, which showed significant changes.

The presence of a capping agent on AgNPs or the presence of bio-organic functional
groups that were responsible for bio-reduction was confirmed by the FTIR spectrum and
showed peaks at 3303 cm™, 1588 cm™ and 1110 cm™, the spectrum at 3303 cm™ is due to
the existence of OH stretching from phenolic compounds, it bonded directly to an intense
aromatic hydrocarbon group at 1110 cm™. The availability of a peak at 1588 cm™ which
was attributed to amide protein supported the above discussion. The availability of the
FTIR spectrum peaks at 3303 cm™, 2932 cm™, 1588 cm™, 1385 cm™ and 1116 cm™

indicating the presence of a capping agent within the AgNPs.

Generally, on the calcined AgNPs some of the bio-organic compounds of the plant extract
were completely removed and some of them are decreased in intensity on the calcined
AgNPs of the fingerprint region. However, the peak areas of pure AgNPs and Ag oxide
bond were highly shined which were masked by plant extract. This discussion is supported
by XRD the peak at 44.19°, which shined during calcination. From figure 4-17 in the
calcined AgNPs and plant leaf, there were sharp peaks around 3420 cm™ and 3380 cm™
respectively. There are shifted and a highly broad peak in calcined AgNPs, indicating
hydroxyl groups OH stretching (Karthik et al., 2020).

Because the wavenumber in the calcined AgNPs is less than (larger wavelength) that of

AgNPs without calcination, a broad OH peak occurred. Whereas a very weak peak was
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created on the AgNPs without calcination. This implies that the peak difference between
the two materials was due to the presence of plant leaf extract on AgNPs without
calcination and the removal of plant leaf extract during calcination (Cal. AgNPs). Our
discussion is supported by the study of the green synthesis and characterization of AgNPs
using bitter and Neem leaf extract by Nzekekwu Ak. et al. (Nzekekwu et al., 2019).

In calcined AgNPs the stretching vibrations of OH bonds were observed at 3488 cm™-3420
cm™, because of the availability of the -CH (CH3)-OH functional group, this was due to
the removal of V. amygdalina leaf extract, the bonds between the AgNPs are free to stretch
in all directions. There was a peak at 2078 cm™ which is attributed to CHs (Aisida et al.,
2019; Huq, 2020).
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Figure 4-17: FTIR spectra of synthesized AgNPs (blue line), calcined AgNPs (red line),
and V. amygdalina plant extract (black).
The peaks which occurred at shifted peak 1588 cm™ were attributed to the stretching
vibration of C=0 (carbonyl group) in AgNPs due to the presence of —-CH CO-O-
functional group, which was shifted on Cal. AgNPs (1633 cm™) from the plant spectrum.
In the fingerprint regions of the FTIR, the stretching vibration of C-N bonds (alkane) was
at the same wavenumber around 1385 cm™ for three of them (AgNPs, calcined AgNPs, and

Vernonia amygdalina plant) due to the availability of aromatic amines functional group.
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However, the intensity of this functional group decreased on the calcined AgNPs spectrum,
which indicates the removal of bio-organic compounds in some amount from the
nanoparticles. The bending vibrations of Ag-O-H bonds were represented by a peak at 625
cm™ for AgNPs, without calcination which was shifted to 611 cm™ for calcined AgNPs,
which was attributed to the presence of the Ag-O bond. The pure metal Ag® (AgNPs)
occurred at 454 cm™. This discussion is in good agreement with the study of (Aisida et al.,
2019) in which they found the Ag-O bond at 682 peaks.

4.4 Stability of AgNPs within GLY-LAC matrix
4.4.1 The effects of surface charge on dispersions and stability of AgNPs

The stability and uniform distribution of AgNPs within GLY-LAC were described with
zeta potential, SEM, FTIR and particle size distribution. The magnitude of the zeta
potential indicates the potential stability of the colloidal system; a colloidal system is a
system when a solid is dispersed within a liquid. According to the Malvern user manual
(MANO0485 Issue 1.1 April 2013) and a lot of works of literature, particles with zeta
potentials more positive than 30 mV or more negative than -30 mV are normally
considered stable. This is related to the charge density on the surface. Zero becomes the
least stable point (Isoelectric point), and a less negative and less positive number indicates
unstable suspensions. Based on these, when referring to the zeta potential values of the
AgNPs in colloidal nature as shown in figure 4.18, the value became -27.2 mV which is
close to -30 mV.

Because of the availability of the plant extract on the surface or within the AgNPs as
stabilizing and capping agent, gave the nanoparticles different properties such as long term
stability, colloidal nature, and high dispersity of green synthesized Ag nanoparticles within
the GLY-LAC (Ahmadi et al., 2020), (P. Kumar et al., 2013), (Jemilugba et al., 2019).
When comparing our result with those literature values, the zeta potential value which we
get is very large, therefore, the stability of AgNPs with V. amygdalina leaf extract was
high.
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Figure 4-18: Zeta potential of synthesized AgNPs with calcination

The negative sign on zeta potential values indicates the net charge on the surface of AgNPs
including up to the slipping plane, therefore, it had the potential of attracting positively
charged particles from the external surface (dispersed solution). As shown in figure 4.19,

due to the surface charge on AgNPs the positively charged particles were highly
accumulated and attached to AgNPs.

Slipping plane

Surface charge (-Ve)

Stern layer

Figure 4-19: Colloidal dispersion of AgNPs (zeta potential)

The AgNPs particles in GLY-LAC suspension had a large negative zeta potential (-27.2
mV), which indicates the degree of electrostatic repulsion with similarly charged other

AgNPs atoms adjacent to it within the dispersion. Therefore those nanoparticles tended to
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repel each other and there was a big tendency for AgNPs to be well dispersed within the
solution. This means that the AgNPs were neither flocculated nor agglomerated and settled
down; the AgNPs resisted aggregation. The details of zeta potential measured data by the
Malvern instrument were attached to the appendix part (Appendix 10).

From the data, the zeta potential of AgNPs is large; therefore there is no force to prevent
the particles from well dispersed, as shown in figure 4.20. The synthesized Ag
nanoparticles were well dispersed and stable even at room temperature, which means it
was electrically stabilized. The stability of AgNPs within the GLY-LAC matrix is
supported by a PSA analysis of the AgNPs dispersed matrix below.

Figure 4-20: Resistance of AgNPs from the formation of agglomeration through repulsion

The surface charge of the AgNPs which was dispersed in the GLY-LAC highly affects the
size of AgNPs as it is dispersed in the matrix, therefore the particle size of AQNPs/GLY -
LAC was analysed by using PSA.

4.4.2 Particle size distribution of AgNPs within GLY-LAC
As shown below in figure 4-21, the particle size distribution of the nano-silver particles
prepared was mono-dispersed within GLY-LAC. The particle size distribution was
uniform which was confirmed by PSA analysis. It was obvious that uniform and stable
dispersion of nanoparticles depend on the particle size of the particles. As the size of the
particle become smaller its specific surface area to volume ratio became larger. Finally, the
dispersion became stable because the higher the surface energy there was the greater the

intermolecular force between those particles.
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As shown in figure 4.14, the Particle size distribution (PSD) of AgNPs without dispersion
within GLY-LAC was recorded with poly-dispersity of two peaks; peak-1 had 56.45 nm
particle sizes with 66.5% intensity. The second peak was recorded with very lower particle
size 3.05 nm with 33.5% intensity. But when the particle size distributions of AgNPs
dispersed GLY-LAC was measured, as shown in figure 4-21 the size was increased to 33
nm, due to the availability of GLY-LAC matrix which is used as a carrier matrix and
prevents the migration of nano-silver particles by carrying through its OH end functional
group as well as due to the presence of GLY-LAC (Dong et al., 2019). The details of PSA

measured data by Malvern instrument were attached in the appendix part (Appendix 1).
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Figure 4-21: Particle size distribution of AgNPs within GLY-LAC matrix

The macromolecular arrangement of AgNPs dispersion within the GLY-LAC was
analysed with different drying times to study the effects of drying time on the dispersion of
AgNPs into GLY-LAC.

4.4.3 Macromolecular arrangements of AgNPs within GLY-LAC

FT-IR spectroscopy was used to characterize the chemical structure between the AgNPs
and GLY-LAC at different drying times (12 hr., 24 hr., and 36 hr.). The strong absorption
peak at 3462 cm™ corresponds to the stretching vibration of the hydroxyl group of water.
The functional group of GLY-LAC was analysed in figure 4.8 in section 4.1.5, in which
the main indicator for the formation of the GLY-LAC matrix was the existence of an ester
functional group or a carbonyl group. The ester bond occurred for both bio-conjugate at
1743 cm™ and this peak was slightly shifted to 1748 cm™ after AgNPs were incorporated as

shown in figure 4.22. The presence of the OH functional group was evidenced by a broad
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peak found at 3415 cm™ on the FTIR spectrum of GLY-LAC conjugate, whereas when the
bio-conjugate was incorporated with AgNPs, this peak was shifted to the higher position to

3465 cm™ due to stretching by a huge OH functional group from AgNPs.

During drying of the matrix, for 36 hr., these OH peaks had very lower intensity relative to
12 hr. and 24 hr. drying time. This was very important for the dispersions and stability of
AgNPs within GLY-LAC. Whereas during 12 hr. drying of the matrix, the OH functional
group was at a very broad and intense peak which indicates that there was a large amount
of OH functional group within the matrix, which did not interact with AgNPs. In another
case, a transmittance peak was observed at 940 cm™ that was for the C-O on GLY-LAC
but during the mixing of AgNPs with GLY-LAC, there was a slight shifting of peak
position, and the peak was found at 1048 cm™ due to C-O stretching in secondary OH
group of glycerol.
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Figure 4-22: Functional group analysis for synthesized AgNPs with 12 hr., 24 hr., and 36
hr. drying time

The stretching of CHsat 2929 cm™ for GLY-LAC was changed position to 2990 cm™ due
to the presence of nanoparticles. All the transmittance peaks attributed to pure GLY-LAC
macromolecules were found on the FTIR spectrum of the AgNPs/GLY-LAC matrix. In the

FTIR spectrum of AgNPs which was discussed in section 4.3.4, the formation of silver
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nanoparticles was confirmed by the bending vibrations of Ag-OH bonds represented by the
peak at 634 cm™ for AgNPs. This was attributed to the presence of the Ag-O bond as
shown in figure 4.22. Due to the presence of AgNPs and due to the hygroscopic nature of
the silver, the OH group circled the nanoparticles there was a suppressed interaction

between C=0 and OH bond, which is why those peaks decreased in intensity.

Therefore for the dispersions as well as for stability issues of AgNPs within the GLY-LAC
matrix, drying the mixtures (AgNPs/GLY-LAC) for 36 hr. is best to have more stable and
uniform dispersions of nanoparticles within the bio-conjugate as shown in figure 4.23. It is
easy to understand that physically there were uniform dispersions of nanoparticles, which
were dried for 36 hr. in an air-drying oven from prepared film and supported by figure
4.22 FTIR spectrum analyses.

As wavenumber increases wavelength decrease but the energy and frequency also directly
increase with wavenumber, this means that the interaction between C=0 with Ag forms
hydrogen bonding. Due to the formation of hydrogen bonding, the energy requirement of
AgNPs stabilizes its dispersion within the base matrix (GLY-LAC) also increases. This is
supported by the shifting of the wavenumber to higher as drying time increases from 12 hr.
to 36 hr. The intensity ratio regarding the shoulder peak at 1643 cm™ to the peak at 1748
cm™ for 12 hr. drying was higher than those two peaks which means that the (C=0) major
peak was bigger than the shoulder peak, but in the two peaks of 24 hr. and 36 hr. drying
time. This explanation became reversed, as the drying time increased the major peak (C=0)
intensity diminished, but the shoulder peak became increased in intensity.

This was due to the formation of stable point AgNPs with GLY-LAC matrix as the drying
time gets increased, (C=0) and AgNPs get the chance to interact with each other, in which
hydrogen bonding was formed between AgNPs and GLY-LAC. From the shifting of the
(C=0) peak through increased drying time, the peak for 12 hr. drying was at 1748 cm™ and
for 24 hr. and 36 hr. drying time the peak was shifted to 1752 cm™. Therefore it is possible
to conclude that the mass of the (C=0) molecule was reduced and the interaction of
AgNPs and GLY-LAC was favoured. This discussion is supported by the green synthesis
of silver nanoparticles by OT Jemilugba and they reported that the C=0 ester bond shifted
from 1713 cm™ to 1705 cm™ due to the incorporation of AgNPs with C=0 (Jemilugba et
al., 2019).

79


https://scholar.google.com/citations?user=NnPY3EYAAAAJ&hl=en&oi=sra

Ultra-
sonication,
Oven drying

Figure 4-23: Dispersions of AgNPs into GLY-LAC bio-conjugate

Finally, the dispersions of AgNPs within GLY-LAC were confirmed by using SEM
analysis for the three samples, GLY-LAC/PLA, AgNPs/PLA and AgNPs/GLY-LAC/PLA.

4.4.4 Morphological analysis of AQNPs/GLY-LAC

The dispersion of Ag nanoparticles within the GLY-LAC matrix was evaluated using SEM.
Uniform and well dispersion of AgNPs was required for its effectiveness within the PLA
matrix; there was a poor dispersion of AgNPs within the PLA when only pure Ag was
dispersed, because of the agglomeration of the Ag nanoparticles. Due to this, the expected
network within PLA was disrupted as shown in figure 4.24 (B). The comparison regarding
dispersions was done for the three matrices, (A) SEM image of GLY-LAC/PLA, (B) SEM
image of AgNPs/PLA here dispersions was done without the addition of GLY-LAC matrix,
and (C) AgNPs/GLY-LAC/PLA, the fourth (D) was scanned at 5 pm with the same
sample with (C) for magnification to show in detail.

Figure 4-24, (A) was used for the confirmation of the dispersions of pure GLY-LAC
within PLA. The SEM image showed a clear structure of GLY-LAC. “B” shows the
dispersion of AgNPs into PLA without GLY-LAC, the dispersions were not good because
of the particles dispersed as apart to each other on some parts (as shown by arrows) of the
PLA, due to the lack of GLY-LAC as a base matrix.

80



AgNPs 5

20/pm
%650 16/05/2022

"‘"" —204m L 'y e oo

A, 3 IR S, 14 R 3
High»v&.” SED P;C—S}d.’ 10KV, ‘# * x 100D : ¥16/056/2022 §High-vac, 'S U7 C—stg, 90 KV x 5000 * 8 16/05/2022
10% Ag ¥ p £ g * ) & el 10% Ad >3 £ :

Figure 4-24: SEM images of (A) GLY-LAC/PLA film, (B) AgNPs/PLA film, (C) AgNPs/
GLY-LAC/PLA and (D) AgNPs/ GLY-LAC/PLA at5 pm

As shown in (C) due to the presence of the GLY-LAC matrix as a carrier matrix the
uniform AgNPs dispersion was occurred throughout the entire PLA surface, because of the
base matrix the GLY-LAC has a long chain and OH end group which made it to act as a
lubricant/carrier by creating a room for the nanoparticles, so that they slide one to another
then no agglomeration was formed. A homogenous and stable dispersion was formed, here
gives information on AgNPs embedded within PLA. As described in section 3.2.5 the
dispersion was done by magnetically stirred solution and was passed through an ultra-
sonication process. But when the base matrix which was GLY-LAC removed, the AgNPs
were agglomerated within some parts of PLA (as shown by arrow on “B”). These stable
dispersions of AgNPs showed in detail on a 5 um image (Pinto et al., 2017).

After the confirmation of well, uniform and stable dispersions of AgNPs within the GLY-
LAC, their individual as well as combined effects of the PLA were studied through
preparing biopolymer film in the solution casting method.

81



4.5 Nucleation effect of GLY-LAC on the crystallization of PLA

DSC analysis was taken to study the effects of nucleating agents (GLY-LAC) on the
crystallization behaviour of PLA. From the DSC plot (thermo-gram) it was possible to get
the melting temperature (T,,), melting enthalpy (AH,,), glass transition temperature,
crystallization temperature (T), crystallization enthalpy (AH;) parameters, which were
finally used to calculate the degree of crystallinity (X.) of PLA. Below in figure 4.25, DSC
curves of neat PLA and mixtures of PLA with 10wt% loading of GLY-LAC
(1:3,1:6,1:9,1:12) were shown, and the annealing was taken place at 110 °C for 150
minutes. The calculated degree of crystallinity and other numerical values from the heating
curve were summarized in table 4-5. The degree of crystallinity of PLA and PLA/GLY-
LAC composite films were calculated using equation (3.5) (Farhoodi et al., 2012; Srithep
etal., 2013).

From the existed solid NAs, GLY-LAC nucleating agents differ in their synergetic
properties, which act as crystallizers as well as plasticizer agents within the PLA matrix.
Because only the PLA matrix chains were going through crystallization, not the
incorporated nucleating agent, therefore the nucleating agent could freely move within the
PLA matrix. The main difference between those nucleating agents (GLY-LAC 1:3, GLY-
LAC 1:6, GLY-LAC 1:9, and GLY-LAC 1:12) was their chain length, as the mixing ratio
of lactic acid to glycerol increases, the chain length also increases. Depending on the chain
length of GLY-LAC, the formation of the amorphous and crystalline structures formed
also varied. By its nature, PLA is a semi-crystalline polymer that has an amorphous and

crystalline region, in its amorphous state no crystallization occurs during fast cooling.

When the nucleating agent (GLY-LAC) was incorporated with PLA, the crystalline region
of PLA become more crystallized by initiating its crystallization using GLY-LAC, so that
the crystallization of the PLA became more improved and also in the amorphous region of
PLA, the nucleating agent promotes or increases the tendency of amorphous state by
acting as a plasticizer. During solution casting the previous thermal history of PLA was
erased which means PLA’s become completely amorphous from its semi-crystalline nature
so that PLA starts crystallization after incorporation of the nucleating agent from zero
(Aliotta et al., 2017).

The comparisons for those four nucleating agents were done based on their percentage of

the degree of crystallinity on PLA and the values were used to quantify the effectiveness of
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the four nucleating agents with constant parameters. During one variable at a time study
(OVAT), the first two parameters (temperature and time) were taken as constant at 110 °C

and 150 minutes, respectively.

Based on the neat PLA crystallization temperature and the requirement for a longer
crystallization time due to its slow crystallization, literature reported that PLA starts
crystallization at 110 °C (Bhandari et al., 2019; Simmons et al., 2019). The advantage of
improving the degree of crystallinity of PLA is that there was a decrease in the PLA
degradation rate: when PLA had semi-crystalline properties its degradation rate in 60 days
was 30%, whereas amorphous samples reached 60% degradation in only 35 days (Pérez-
Fonseca et al., 2016).

From the calculated degree of crystallinity of the neat PLA and PLA with the GLY-LAC
nucleating agent, it was possible to conclude that the incorporation of the nucleating agent
significantly enhanced the crystallization of PLA and GLY-LAC served as a nucleating
agent. With the incorporation of GLY-LAC 1:3, GLY-LAC 1:6, and GLY-LAC 1:9 within
PLA there was an increment in degree of crystallinity of 68.8%, 85.2%, and 71%
respectively, when compared with the neat PLA which was 61.8%. However, for the
GLY-LAC 1:12, the crystallinity was decreased even from the neat PLA as shown in
figure 4-25.

Table 4.5: Calculated degree of crystallinity of annealed neat PLA and GLY-LAC /PLA

Sample T,(°C) AH,,(J/9) T, (°C) X:(%)
Neat PLA (with) 56.71 58 154.69 61.8
PLA/GLY-LAC 1:3 45.56 64.5 150.83 68.8
PLA/GLY-LAC 1:6 45.034 79.8 150.67 85.2
PLA/GLY-LAC 1:9 44.71 66.56 150.83 71
PLA/GLY-LAC 1:12 47.13 40.2 151.21 42.9
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These results indicated that the crystallization degree of PLA was improved with the
incorporation of the nucleating agent that had a medium chain length, but when the chain
length of the nucleating agent becomes larger (as the chain extended highly), the
nucleating agent (GLY-LAC) hinders the polymer from crystallization. It is possible to
conclude that the nucleating agent (GLY-LAC 1:12) was attributed to the plasticizer
instead of the crystallizer, the plasticity property of GLY-LAC 1:12 was also advantageous
in improving the higher brittleness of PLA (Lule et al., 2018).

As the chain length becomes large the OH functional group of the 3-armed GLY-LAC
become a lot and then those OH react, attached, and entangle the matrix of PLA which
produce folding, which favours the increment of the amorphous part rather than forming a
crystalline region. They also provide a large free volume within the PLA matrix then
GLY-LAC 1:12 nucleating agent makes the PLA matrix become very flexible and slide
one over another, which means that GLY-LAC 1:12 acts as a lubricant also. That was why
the degree of crystallinity was becomes lower (42.9%). This analysis was supported by the
increment of glass transition temperature from 44.71 °C to 47.13 °C, which means that
chain movement or the flexibility of PLA increased with the addition of GLY-LAC 1:12,
in which it embedded itself between PLA chains and created a large free space to make the
PLA move freely (Lule et al., 2018).

Therefore GLY-LAC 1:6 was selected for the next study among other NAs due to its
higher degree of crystallinity (85.2%), to use it as the best NAs. These measurements were
repeated three times to confirm the quality of the result and the averaged degree of
crystallinity was taken for a GLY-LAC 1:6 film sample. This improvement was supported
by the study which focuses on annealing, only by using annealing the degree of
crystallinity of PLA was improved from 16.39% to 49.56% (Srithep et al., 2013).

The incorporation of GLY-LAC within the PLA matrix improves both the glass transition
(decreased by GLY-LAC) and melting temperature of PLA; indicating that GLY-LAC acts
as an efficient NAs. On the endothermic process during heating, a melting peak was
observed for the entire matrix including neat PLA, those peaks occur at about 150-154 °C,

and the peaks occurred because of the enhanced crystallinity of PLA (melt crystallization).
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Figure 4-25: The heating cycle of neat PLA and PLA/GLY-LAC (GLY-LAC 1:3, 1:6 1:9,
1:12)

That was why the melting process requires a large amount of enthalpy as shown in table
4.9 to convert crystalline solid PLA into a liquid, 64.5 J/g, 79.8 J/g, 66.56 J/g were
enthalpy for GLY-LAC 1:3, 1:6 and 1:9 respectively, however for the neat PLA and GLY -
LAC 1:12 the melting enthalpy requirement was small, which indicate the neat PLA was in

a semi-crystalline state, these are why requires less amount of melting enthalpy.

As glass transition temperature was decreased from 56.71 °C to 44.71 °C and the melting
temperature also decreased from 154.69 °C to 150.83 °C, due to the relaxation of the PLA
matrix, it requires a lower temperature to melt, but as Ty increased for GLY-LAC 1:12 the
Tm also increased. The observed melting peaks were used as evidence for the indication
that all of the GLY-LAC nucleating agents expect the GLY-LAC 1:12 matrixes to promote
the crystallization rate of PLA, whereas their nucleation capacity varied with their chain
length. These discussions were supported by the study in which they examined the poly
(lactide) stereo-complexes nucleating agent influence on the crystallization behaviour of
poly (lactide), the four-armed PLA enhance the degree of crystallization, this was due to

the chain length of four-armed PLA stereo-complexes (Ji et al., 2019). Therefore due to the
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improvement of PLA crystallinity, its mechanical properties also improved its application

area become expanded such as in the piping industry, 3D printing, and others.

From the thermo-gram plot in figure 4-25 of the heating curve, the T4 (glass transition
temperature) of neat PLA was larger (56.71 °C) than those PLA with a nucleating agent.
This implies that without a nucleating agent PLA was in its rigid state (higher T) or higher
Ty, the chain mobility of PLA was reduced, which means that it requires a large amount of
energy to become flexible/soften from its rigid state property. However, after the addition
of different nucleating agents (GLY-LAC), this rigid part of PLA shifted into the softened
(flexible) state, which made the Ty of the PLA lower.

Here also the energy (enthalpy) requirement of the PLA changed from a rigidity state into
a soft state was very low but in neat PLA this energy requirement was very high. Glass
transition temperature is a temperature range in which polymer is transformed from a rigid
state into a flexible state. The above discussion could be in good agreement with the study
which was focused on the effects of alumina loading percentage on PLA properties, in
which the incorporation of alumina there was a shifting in Ty of PLA to the lower

temperature (Lule et al., 2018).

Due to GLY-LAC 1:12 having lower crystallization ability, the glass transition
temperature becomes lower when compared with neat PLA. These analyses agree with the
discussion which focuses on using DEET (N,N-diethyl-3-methylbenzamide) as a
plasticizer for PLA, which efficiently decreases the glass transition temperature of the PLA
from 62 °C to 50.5 °C (Du et al., 2020). The main advantage of the decrement in Ty was it
provides a faster crystal growth rate because polymer chains are free to move and made
easier the formation of ordered chains, but here it takes a longer nucleation time.

Effects of annealing on neat PLA

Treating materials, especially polymers with isothermal as well as non-isothermal
temperatures completely had a great impact on the physical and chemical properties of the
materials. As shown below in figure 4-26 and the tabulated numerical values, when the
neat PLA was annealed at 110 °C isothermal temperatures for 2 hr. 30 minutes, during
annealing the glass transition temperature was decreased from 61.6 °C to 56.71 °C, which
indicates the formation of regularly arranged crystals, therefore due to annealing, the Tq
became lower which means that the PLA became soften at a lower temperature, which was

very advantageous regarding energy cost.
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As shown in table 4-6 the melting temperature was also increased from 143 °C to 154.69
°C, in which a large amount of energy was required during the process of annealing PLA,
because of the formation of a higher crystallized structure, a large amount of energy was
required to melt the crystallized part. Annealing of PLA had improved the chain
arrangement of polymer into the regularly ordered matrix, which was why the thermal
properties of annealed PLA were improved. The crystallinity of neat PLA without

annealing was lower than that of annealed PLA (33% to 61.8%).

Neat PLA non-ANN.
Neat PLA ANN.

Heat flow (mW)

Tm
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Figure 4-26: The heating cycle of neat PLA without and without annealing

Table 4.6: Calculated degree of crystallinity of neat PLA with and without annealing

Sample Te(°C) AH,(J/9) Tm (°C) X:(%)
Neat PLA (non-annealed) 61.6 31 143 33
Neat PLA (annealed) 56.71 58 154.69 61.8

Research that focuses on the study of the annealing effect on PLA properties by A. A.
Perez-Fonseca, on their study they found that degree of crystallinity of neat PLA before
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annealing was 47.7% and after annealing was done for the same neat PLA degree of
crystallinity become 51.5% (Pérez-Fonseca et al., 2016). After the best nucleating agent
was selected (GLY-LAC 1:6) from the four nucleating agents, the annealing effects at

different time was examined.
45.1 Effects of annealing time on the degree of crystallinity of PLA

It was obvious that GLY-LAC improves the crystallization properties of PLA, but to
achieve a high degree of crystallinity heat treatment was required, which was annealing.
The tabulated data in table 4-7, showed that the increased degree of crystallinity of PLA is
improved with the increasing annealing time; it gives a long cycle time for crystallization
of PLA. Treating the sample with heat reduces the surface free energy (volume) and the
boundary between PLA chains and gives a chance for nucleation and enables
crystallization. During annealing as an indication for crystallinity, there was a change in
colour of the PLA film from transparent white to slightly opaque and also changed from

very soft to hard film.

When the annealing time increased from 30 minutes to 150 minutes, the degree of
crystallinity also increased from 74.7% to 85.2%, as PLA gets enough time its slow
crystallization properties changed to good crystallization, which strengthen its structure,
and the details of the DSC data is plotted in figure 4-27. This discussion is supported by
the study which focuses on annealing, in which the annealing time and temperature
impacts were studied on poly (lactic acid), when the time reached 10 minutes the degree of
crystallinity was 16.39% at 80 °C. But this value was shifted to 49.56% at 30 minutes of
annealing, on their research there was no nucleating agent used, this much improvement

was achieved only through annealing (Srithep et al., 2013).

Table 4.7: Effects of annealing time on the degree of crystallinity of PLA

Sample Time AH,,(J/9) T,,(°C) T,(°C) X:.(%)
(minutes)
PLA/GLY-LAC 1.6 30 70 149.4 42.8 74.7
PLA/GLY-LAC 1.6 90 75.4 150 45 80.46
PLA/GLY-LAC 1:6 150 77.22 150.67 45.034 85.2
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Annealing has a great impact on the end application of PLA by influencing Tg, thermal

conductivity, and others (Takayama et al., 2011).

By using one parameter at a time (OVAT), the effects of annealing temperature on the
degree of crystallinity were examined in by making the loading rate and annealing time

constant.
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Figure 4-27: The heating cycle of PLA/10wt% GLY-LAC 1:6 at different annealing times

4.5.2 Effects of annealing temperature on the degree of crystallinity of PLA

The addition of a nucleating agent (GLY-LAC) well improved the degree of crystallinity,
in addition to these the impacts of annealing the PLA at different temperatures were
analysed here. As shown below in figure 4-28 the degrees of crystallinity were increased
during annealing as the temperature increased from 90 °C to 110 °C, all the calculated

numerical values were tabulated in table 4-8.

The highest degree of crystallinity which was 85.2% achieved at 110 °C with the addition
of 10wt% of GLY-LAC, but after annealing temperature of 110 °C the degree of
crystallinity was decreased to 65.63%, because of the approaching of this annealing

temperature (120 °C) to the normal melting temperature of neat PLA which were around
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140 - 150 °C, therefore it degrades easily above this temperature. Annealing the PLA
further above this temperature made it lose its physical as well as chemical properties
(Simmons et al., 2019).

Table 4.8: Effects of annealing temperature on the degree of crystallinity of PLA

Sample Temperature T,(°C) AH,,(J/g) Tn(°C) Time X (%)

(°C) (minutes)
PLA/GLY-LAC 1:6 90 52 66.5 150.5 150 71
PLA/GLY-LAC 1:6 100 54 69.8 150.5 150 74.5
PLA/GLY-LAC 1:6 110 45.034 77.22 150.67 150 85.2
PLA/GLY-LAC 1:6 120 48.5 61.5 151.90 150 65.63

As the annealing temperature increased the nucleating agent (GLY-LAC) became more
flexible within the PLA matrix and it act as a nucleation initiator. The crystallinity of PLA
becomes improved. Whereas beyond 120 °C of the annealing temperature, the GLY-LAC
became highly flexible and also loses its physical properties, then it becomes a plasticizer
than a crystallizer. Because the PLA matrix started to move freely due to the temperature
that it annealed was approached the melting temperature of PLA. The added GLY-LAC
also became movable which is why the decrement in crystallinity above 120 °C occurred.
This discussion is supported by the study on the annealing impacts of blends of poly(lactic
acid) (PLA) and poly(e-caprolactone) (PCL), and the degree of crystallinity is shifted from
11.4% to 45.6% (Takayama et al., 2011).

Beyond the effects of annealing temperature on the degree of crystallinity, another factor
that needs to be taken into consideration for the degree of crystallinity of PLA is the
loading rate of GLY-LAC. The percentage of nucleating agents on PLA properties had a
great impact directly or indirectly.
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Figure 4-28: The heating cycle of PLA/10wt% GLY-LAC 1:6 at the different annealing

temperature

45.3 Effects of loading rate of GLY-LAC on the degree of crystallinity of
PLA

The loading amount of GLY-LAC on crystallinity percentage was studied at constant
annealing time (150 minutes) and constant annealing temperature (110 °C). As shown in
figure 4-29 and table 4-9, the addition of 1wt% of GLY-LAC leads to the increment in
crystallinity to 62.9%, in which the percentage of increment is 1.74% concerning neat PLA,
in which its degree of crystallinity was 61.8% (see table 4-6 and figure 4-26). The melting
temperature was shifted from 154.69 °C to 145°C, which improve the energy requirement
of PLA to melt it; indirectly the reprocessing of PLA became very easy. Yu et al. reported
that as the talc loading rate was increased from 3wt% to 6wt% the degree of crystallinity

was also shifted from 3.6% to 11.4% (Yu et al., 2019).
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Table 4-9: Effects of loading rate of GLY-LAC on the degree of crystallinity of PLA

Sample Loading rate T, (°C) AH,,(J/9) T,,(°C) X:.(%)
(wWt%)
PLA/GLY-LAC 1:6 1 57.2 59 145 62.9
PLA/GLY-LAC 1:6 3 53 61 142.5 65.1
PLA/GLY-LAC 1:6 5 55.5 62.9 145.4 67.18
PLA/GLY-LAC 1:6 10 45.034 79.8 150.67 85.2

The increment of the concentration of the GLY-LAC increases the degree of crystallinity
due to the higher chain mobility of GLY-LAC within the PLA matrix. As the GLY-LAC
get the chance of free movement within the PLA, they are directly attached to the PLA
matrix and become initiators for nucleation and made fast propagation as well as
nucleation growth. Finally, the overall crystallinity becomes improved as NAs additions
increased, but due to the cost of the NAs, the highest effects or impact with small loading
of NAs were always required. The highest degree of crystallinity occurred with 10wt%
loading of GLY-LAC (Lule et al., 2018).
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Figure 4-29: The heating cycle of PLA/10wt% GLY-LAC 1:6 at different loading rates
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4.6 Thermal and Electrical conductivity of AgNPs/GLY-LAC/PLA based films
4.6.1 Thermal conductivity analysis

By their nature many polymers are thermal insulators, however, after the addition of
different conductive fillers such as AgNPs, their insulating properties changed into
conductors. Here the nano-particles serve as energy carriers (phonons) which were useful
in energy transport (heat transfer). When an electrical current was passed through the
heater probe, there was a temperature drop (dT) on the film during heating (Q). In our case,
the supplied current was 1> = 0.6250 ampere. The thermal conductivity (A) of PLA is
initially increased from 0.2059 W/m K to 0.7 W/m K with AgNPs loading up to 5%, but
beyond these limitations, the thermal conductivity decreased to 0.6220 W/m K with 7%
AgNPs loading.

This was because of the formation of agglomeration within the AgNPs (thermally
conductive filler), because of these the conductive network chain becomes distracted.
Therefore, its thermal conductivity becomes lower or lower heat flow took place within
PLA. However, when the AgNPs amount becomes small the thermal conductivity also
becomes lower, due to the difficulty of the formation of a thermal conductive network,
which became difficult for the fillers to contact and form a network with each other, (A. Li
et al., 2017) also reported in their review of graphene polymer composites paper that to
have thermal conductive materials, there must be a thermal conductive network between
those fillers as well as polymer. If there is a mismatch between graphene and the polymer

the conduction was disrupted or there was phonon scattering (A. Li et al., 2017).

These improvements in thermal conductivity were reached due to the improvements in the
degree of crystallinity of PLA and also because the polymer which becomes an orderly
arranged the chance of having a conductive network was very high. The literature study
reported that the crystallinity of polymers had a great impact on the conductivity of
polymers; they reported that as the thermal conductivity of PLA increases, the degree of
crystallinity also increased (L. Bai et al., 2018).

In our thermal conductivity study of PLA, there were significant improvements when
compared with the neat PLA. The increments in thermal conductivity through the AgNPs
loading were not linear, as the loading of AgNPs was low there was a rapid increment of

thermal conductivity around 65.8wt% with 1wt% AgNPs loading.
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Whereas when the loading becomes 3wt% the slope of thermal conductivity slightly
increased slightly then decreased to 4.2%, this was due to the formation of agglomeration
between the fillers. Again the thermal conductivity rose when the AgNPs content increased,

due to the good formation of a heat conduction network.

This discussion is supported by the study of (Tessema et al., 2017), in their study, they
tried to find the effect of silica filler loading, as an initial step when the filler amount was
lower the thermal conductivity was also increased by 35% with 2wt% silica loading and
then loading percentage rose into 4wt% the thermal conductivity decreased to 14% and

finally increased when the amount of loading reached 6wt%.

AgNPs contents
m Neat PLA B 1% AgNPs m 3% AgNPs
B 5% AgNPs B 7% AgNPs m 10% AgNPs

Figure 4-30: Thermal conductivity (A) of AgNPs/GLY-LAC/PLA at a different loading

rate

Due to the formation of a conductive network within the PLA matrix, the heat flow was
conducted, and the electrical conductivity also requires this conductive network between

the polymers, the final result of AgNPs as filler was discussed below.
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4.6.2 Electrical conductivity analysis

Polylactic acid (PLA) is an excellent electrical insulator, but with the addition of different
conductive fillers, this property changed into more electrical conductive properties. In this
research, the impact of greenly synthesized AgNPs on the electrical conductivity of PLA
was studied. The samples were prepared through different methods, 1) solution casting for
the digital multi-meter test,2) coating on ITO (Indium Tin Oxide) glass for electrochemical
impedance spectroscopy (EIS) test and 3) coating on insulator glasses for probe and station
(Agilent B2902A precision Source/Measure Unit) test. With these testing machines the

electrical conductivity was not improved (the prepared samples were not conductors).

During testing through a digital multi-meter (DL-2080) with power supply (DL 1013T1
DE LORENZO) for checking continuity test with different DC supply (from 5 volts up to
100 volts), no reading for voltages as well as the current was detected with open as well as

short circuit methods, as shown below in figure 4-31.

Voltage

Current

Figure 4-31: Continuity test of AQNPs/GLY-LAC/PLA biofilm by digital multi-meter

Measurement for EIS was performed in two ways, the first one was by coating the powder
on ITO glass, which was conductive on one side as shown in figure 4.32 and the second
method was done by preparing biopolymer film (AgNPs/GLY-LAC/PLA), again here also
a meaningless signal for resistivity were detected for both samples as shown on figure 4.33.
The other testing method was using a mini digital multi-meter (DT-9205A) for continuity

checking purposes, here also no meaningful signal was observed.

95



Solutions of Cal. AgNPs Ultra-sonication for Coating on ITO glass Dried sample
& AgNPs 2hr.

Figure 4-32: Sample preparation for EIS test (coating process on ITO glass)
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Figure 4-33: Electro impendency spectroscopy (EIS) testing

Finally, a conductivity test for the raw material (AgNPs) itself was performed. Then when
the continuity test was done for the powder AgNPs through a mini digital multi-meter
(DT-9205A) as shown in figure 4.34, no continuity signal was observed; therefore, now
the main problem was reached out. The next step was testing the continuity of calcined
AgNPs powder at 700 °C to remove the encircled or encapsulated plant leaves extract from
AgNPs. The result showed us there was a continuity signal as well as there was a
numerical value reading and also there was a beep sound for the indication of the
continuity test for calcined AgNPs. But there was no numerical value reading as well as a
beep sound for AgNPs without calcination, which indicates AgNPs were an insulator when
the plant leaves extract was incorporated within it. The numerical value one (1) as shown
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in figure 4.34 (a) on the digital multi-meter was an indicator for open system (non-

conductor) instead of conductivity.

For conformity, the conductivity test was done for both calcined AgNPs as well as AgNPs
by using a probe station (Agilent B2902A precision Source/Measure Unit) instrument. For
these measurements, the samples were prepared by coating on insulator glass as shown in
figure 4.32 (the same step was also used here, the only difference was the glass, here
insulator glass was used). There was a linear relationship between supplied voltage and
measured current for calcined AgNPs, which was without plant extract (black line in figure
4.35).

\
DT-9205A {

() —_—

b
AgNPs (t)

| | Cal. AgNPs

Figure 4-34: Continuity test of (a) AgNPs without calcination (b) Calcined AgNPs by

digital multi-meter

But for green synthesized AgNPs without calcination, there was a deviation of signal (no
reading for current conductivity, red line) from the expected linear graph as shown in
figure 4-35; literature reported that the increment of current was the result of increased

voltage.

The main reason for the non-conductivity of greenly synthesized AgNPs was due to the
hole or gap formation between those nano-particles, because of the presence of plant leaf
extract within the AgNPs. The charge which was supplied doesn’t have a network to
fellow through the PLA matrix, which indicates that the conductive network was not
formed, due to the discontinuity of the electric charge. The formed hole was due to the
capping ability of plant extract, AgNPs were shielded by the plant extract during the green
synthesis of nanoparticles and therefore it can’t conduct the supplied electric current. But

after the calcination process took place to remove those plant leaves extract from powder
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AgNPs, there was the conduction of electric current between those particles as shown in
figure 4-35.

As far as our knowledge no literature was found regarding greenly synthesized AgNPs for
the application of electrical conductivity improvements, but there were a lot of research
papers regarding green synthesized AgNPs for other applications such as antimicrobial

study, drug carriers, thermal stability study, drug carriers, and others (Garibo et al., 2020).
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Figure 4-35: 1-V Curve of AgNPs with and without calcination

It is possible to use AgNPs/GLY-LAC/PLA films in thermal conductive but electrically
insulator application areas such as electronic packing, thermal management, Printed
circuited boards (PCBs) and integrated circuits (Lin et al., 2017; Zhang et al., 2018).
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CHAPTER FIVE

5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

From these research work interesting impacts of GLY-LAC on degree of crystallinity as
well as conductive filler (AgNPs) on thermal conductivity was archived. The general ideas
of this research work are summarized below:

v A 3-armed bio-based NAs GLY-LAC was perfectly synthesized through the
condensation reaction between lactic acid and glycerol at 190 °C and 8 hr. NMR
showed that the formation of GLY-LAC bio conjugates.

v Through purification, LAOLG, free lactic acid and unreacted glycerol impurities
were removed and the removal was confirmed by decrement in AV and viscosity as
well as NMR and FTIR analysis showed their removal.

v" AgNPs was synthesized through biological method using V. amygdalina plant
leaves extract for capping, stabilizing, and reducing agent, due to its phytochemical
components. UV-Vis analysis showed the formation of AgNPs between 415-423
nm absorption peaks.

v" FTIR spectrum also showed the formation and interaction of AgNPs and plant
extract. During XRD analysis four peaks were shown for AgNPs at 38.18°, 44.19°,
64.58°, and 77.33°.

v’ Stable dispersion of AgNPs into GLY-LAC was studied using zeta potential
analysis (-27.2 mV), SEM and FTIR analysis also showed uniform dispersion of
AgNPs. The size of AgNPs was confirmed by PSA which was 3 nm and 56 nm.

v The impacts of GLY-LAC on the crystallization of PLA were studied with a DSC
instrument. GLY-LAC 1:6 was selected as the best NAs due to its higher degree of
crystallinity (X, = 85.2%) relative to neat PLA. Effects of annealing time,
annealing temperature and loading rate of GLY-LAC were optimized using GLY-
LAC 1:6 and 150 minutes, 110 °C and 10wt% loading rate were optimized
parameters, respectively.

v" AgNPs/GLY-LAC/PLA biopolymer film was prepared and the thermal
conductivity of PLA was improved from 0.2 W/m K to 0.7 W m™ k™ with 5wt%
AgNPs loading. Whereas, the AgNPs don’t enhance the electrical conductivity of
PLA, because of the presence of phytochemical components on AgNPs surface,

which shield the EC conductivity properties of AgNPs.
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5.2 Recommendations

In this research work, both products (3-armed GLY-LAC and AgNPs) were synthesized

with a green synthesis method. Glyceral lactate has biodegradability and biocompatibility

properties, due to its synthesis from organic materials. It was used as a nucleating agent

(crystallizer) to solve the poor crystallinity properties of PLA and also it was used as a host

matrix for AgNPs. AgNPs were used as conductive fillers in the PLA matrix to study their

effects on thermal and electrical conductivity. Both products had multi-functional

properties, interesting physical and chemical properties and good compatibility with each

other, due to this awesome property below are recommendations for future work:

X/
L X4

X/
L X4

Due to the good heat-conducting property of green synthesized AgNPs, it will be
good if research is conducted in detail regarding the electrical conductivity
property of AgNPs with another synthesis method.

Due to the biocompatibility of AgNPs with GLY-LAC, using the matrix as a
thermic fluid (heating oil) will be a good research area, especially on an industrial
scale.

Besides the thermal conductivity properties of AgNPs, it also has good magnetic
properties, but a detailed study will be required.

Dispersions and stability issue of AgNPs within GLY-LAC was physically very
attractive but needs to be supported by TEM, and SEM on the nano level.

There was an indication for the improvement in mechanical tests (elongation at
break from 2.935 mm to 4.264 mm) wih10wt% AgNPsGLY-LAC loading, but
detail research will be required on individual effects of AgNPs.

The effects of AgNPs on the degree of crystallinity of PLA require detailed

investigation there was an indication of improvement (Appendix 9).
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APPENDIXES

Appendix -1: Particle size analyser (PSA), the particle size distribution of AgNPs
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Appendix -4: *C-NMR Spectra for GLY-LAC 1:12 bio-conjugate
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Appendix -6: DEPT 135-NMR Spectra for GLY-LAC 1:6 bio-conjugate
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Appendix -8: *H-NMR Spectra for GLY-LAC 1:12 bio-conjugate
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Appendix -9: Effects of AgNPs on the degree of crystallinity of PLA
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Appendix -10: Zeta potential
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Appendix -11: Crystallite size of AgNPs without calcination

Peak position Theta FWHM Crystalline size D average
in (26) () (nm) (nm)
23.65496 11.82748 0.28794 28.18855036
27.8273 13.91365 0.28814 28.40433972
32.23213 16.116065 0.2882 28.69278162
38.17864 19.08932 0.28778 29.21178353
44.19857 22.09928 0.28778 29.79431345
46.36427 23.182135 0.28789 30.01863759 30.48
54.92921 21.46461 0.28836 31.04928024
57.55987 28.77994 0.28777 31.49704557
64.58311 32.29155 0.28783 32.65030618
77.33263 38.66631 0.28814 35.31123185

Appendix -12: Crystallite size of Cal. AgNPs

Peak position Theta FWHM Crystalline size D average

(e (©) (nm) (nm)

27.85612 13.92807 0.25982 31.50233492

32.2534 16.1267 0.27743 29.8082519

38.23444 19.11722 0.26306 31.96223282

44.42306 22.21153 0.34383 24.95724586

46.22356 23.11178 0.31755 27.20053584

54.79137 27.39568 0.34869 25.66113869 26.71

57.45679 28.728395 0.36237 25.00050237

64.57817 32.289085 0.40863 22.99753227

77.51906 38.78953 0.47875 21.28011421

123



Appendix -13: d-Spacing values of AgNPs without calcination

Peak position in Theta _ni Average d-Spacing
(26) (®)  2sin (nm)
27.85612 13.92807 0.375819328
32.2534 16.1267 0.320345277
38.23444 19.11722 0.277501553
44.42306 2221153 0.235535674
46.22356 23.11178 0.204751195 0.2204129
54.79137 27.39568 0.195678808
57.45679 28.728395 0.16702061
64.57817 32.289085 0.159996922
77.51906 38.78953 0.144189438

Appendix -14: d-Spacing values of AgNPs with calcination

Peak position in Theta _ ni Averaged-Spacing
(20) ®) 2sinf (nm)
27.85612 13.92807 0.320020391
32.2534 16.1267 0.277323403
38.23444 19.11722 0.235204753
44.42306 22.21153 0.203768461 0.2030518
46.22356 23.11178 0.196241666
54.79137 27.39568 0.167408148
57.45679 28.728395 0.160259431
64.57817 32.289085 0.144199274
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