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Abstract

Lignin, being the second most abundant natural biopolymer after cellulose, constitutes
between 18 wt.% and 35 wt.% of wood. Due to its abundance, sustainability, renewability, and
the amenability to undergo numerous modifications through chemical reactions, there is a
significant interest in lignin valorization for material applications. However, its hydrophilicity,
lack of melt processability, and poor dispersibility have hindered its wide-scale application.
Structural modifications are expected to counter its detrimental properties effectively. Thus,
the first part of this work employed a silylation reaction to successfully modify kraft lignin and
enhance its hydrophobicity for eventual incorporation in natural rubber matrix. Lignin being
the hard moiety imparted mechanical strength to the composites, while NR being the soft
moiety, provided it with elastomeric characteristics. The enhanced hydrophobicity enabled the
specimens to better disperse in natural rubber composites, with the sample consisting of 5 wt.%
modified lignin in the hydrophobic NR matrix recording a 44.4% increase in the tensile

strength.

Furthermore, the incorporation of lignin in a compostable bioplastic for sustainable and
biodegradable packaging materials was studied. Although petrochemical-derived and non-
biodegradable plastics dominate the packaging material market, an increasing interest in
sustainable alternatives is being witnessed. However, their inferior barrier properties and high
cost inhibit their widespread applications. Therefore, the second part of this study investigated
the use of lignin as a functional filler of a compostable bioplastic, poly (butylene adipate-co-

terephthalate) (PBAT), for paper coating applications. The palmitoyl chloride esterified lignin



exhibited excellent compatibility with the PBAT polymer matrix and a comprehensive
characterization recorded its enhanced dispersion in the PBAT matrix, resulting in excellent

wet tensile strength and barrier properties.

In another effort to effectively valorize lignin for packaging applications, cellulose acetate and
lignin blends were formulated. The inherently excellent mechanical properties, optical clarity,
and compostability of pristine cellulose acetate makes it a great alternative to the single-use,
petrochemical-sourced plastic materials. However, due to the lack of dimensional stability and
hygroscopic behavior exhibited by cellulose acetate specimens, its applicability in the food
packaging industry is limited. Therefore, the third study of this work investigated the effect of
blending different concentrations of lignin (oleic acid modified and pristine) with cellulose
acetate on the resulting film’s morphological, barrier, mechanical, and viscoelastic properties.
Moreover, the thermomechanical processed lignin-cellulose acetate sheets exhibited enhanced
barrier properties (UV and moisture), better tensile properties, melt processability, and a

reduction in overall moisture absorption.

Finally, the fourth part of this thesis focused on investigating the stability of lignin
incorporating oil-in-water emulsions as a renewable and non-toxic alternative to organic and
inorganic emulsifying agents. Three acid chlorides with varying aliphatic carbon chain lengths
were employed as modifying agents. Moreover, the effect of varying pH and concentration of
lignin on the stability of Pickering emulsions was studied. Post a comprehensive
characterization, it was witnessed that the esterified lignin loaded emulsions outperformed the

unmodified lignin stabilized Pickering emulsions. Overall, the rational and controlled



modification of lignin can make it a suitable functional and sustainable additive to various

materials to achieve enhanced properties.
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Chapter 1 — Introduction and Objectives

1.1. Problem statement

Conventional polymers have revolutionized human life to a great extent. From the polymer
materials utilized in food packaging to running shoes and airplane parts, their applications are
innumerable. Over the years, their fossil fuel origin, health and safety impacts, and the lack of
environmental degradability has caused immense plastic pollution spawning serious ecological
concerns. The use of synthetic polymers, such as poly(ethylene terephthalate), poly(ethylene),
and poly(ethylene-co-vinyl alcohol), have led to significant environmental concerns associated
with waste disposal, and in some cases safety (e.g., fluorocarbon) [1]. To mitigate the
environmental damage caused by traditional plastics, the development of biodegradable, non-
toxic, sustainable, and green polymeric materials is receiving substantial attention [2].

In spite of the widescale availability of numerous biodegradable polymer materials, their mass
applicability is often restricted by high cost, poor mechanical and thermomechanical properties
[3-5]. To address these limitations, fabrication of blends with natural macromolecules (e.g.,
starch, lignin, cellulose, protein, etc.) is gaining significant traction [6-10]. The composed
blends exhibit better properties and superior economic feasibility.

Lignin, being the second most abundant natural biopolymer after cellulose, constitutes between
18 wt.% to 35 wt.% of available biomass. Lignin’s availability in the biosphere is estimated to
be 300 billion tonnes, out of which 50 to 70 million tonnes of lignin exists in the black liquor
generated from the paper and pulp industry [11-14]. In a study by Dessbesell et al., the global
production capacity of kraft lignin extracted from black liquor was estimated to be 265,000 t/y

[15]. It possesses a unique and complex structure. Currently, the vast majority of the produced


https://www.sciencedirect.com/topics/materials-science/synthetic-polymer

lignin is incinerated as a low-cost fuel in power and heat generation facilities [16] and a mere
2% is employed for the manufacture of chemicals and materials, such as dispersants, adhesives,

and surfactants [11].

Due to the inherent limitations of lignin, such as high polarity, inferior compatibility with
polymers, poor melt flow properties, inferior thermal stability, structural complexity, and the
variability of chemical structure (due to differences in lignocellulosic feedstock as well as
biorefining processes), the direct utilization of lignin in materials has limited applicability [17].
To counter these limitations and enhance its utility in polymers, numerous functionalization

reactions and routes have been investigated and reported in the literature [15,18-22].

This thesis work aims to valorize lignin by developing various novel functionalization routes
and incorporating the modified lignin moieties in various multiphase polymer systems for

material applications.

1.2. Research objectives

The primary objective of this study is to develop procedures for the valorization of lignin and
its effective incorporation in materials. Unmodified lignin consists of significant hydroxyl
functional groups, which impart it with high hydrophilicity. Moreover, the resultant difference
in polarities between the unmodified lignin and nonpolar polymeric specimens deter lignin’s
uniform dispersibility in polymeric matrices. Chemically functionalized lignin moieties are
expected to exhibit better dispersibility in nonpolar polymeric matrices and in turn enhance

their performance and barrier properties.

Detailed research objectives have been underlined as follows:
2



e To investigate the effect of incorporating silylated lignin on the physico-mechancial,

thermal, morphological, and barrier properties of rubber sheets

e To study the improvement in the dispersion morphology and imparted barrier
properties of esterified lignin incorporated poly(butylene adipate-co-terephthalate)

coating formulations for paper coating applications

e To generate an understanding on the compatibility of lignin and its modified
counterpart with cellulose acetate and its impact on the hygroscopic and physico-

mechanical properties of cellulose acetate films.

e To evaluate the stabilization effect of lignin in Pickering emulsions with varying

dispersion medium pH and lignin loadings.

1.3. Outline

This doctoral thesis is composed of seven chapters. Each chapter aims to present the different

approaches undertaken by the author to effectively valorize lignin.

Chapter 1 presents the introductory text to the work. The problem statement and the research
objectives were presented. Also, the direction that subsequent chapters adhered to was

outlined.

Chapter 2 reviews the literature on lignin giving a comprehensive overview of various
physico-chemical modification and functionalization routes of lignin. The engineering of
lignin bulk structures into micro- and nanomaterials with various morphologies for advanced
material applications are covered. The most significant advances in the valorization of lignin
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including lignin-incorporated sunscreen formulations, shape-memory materials, carbon fibers,
additive manufacturing, Pickering emulsion stabilizers, self-healing elastomers, etc. are
critically reviewed. Lastly, the perspectives for future development and opportunities for the

effective valorization of lignin for material applications are discussed.

Chapter 3 covers a silylation reaction that was employed to successfully modify kraft lignin
and enhance its hydrophobicity. The modification was verified by using nuclear magnetic
resonance and infrared spectroscopies. The change in the wettability and dispersibility in
various solvent systems indicated an increase in hydrophobicity due to the modifications. This
enabled it to better disperse in natural rubber composites. Lignin being the hard moiety
imparted mechanical strength, while NR being the soft moiety, provided it with elastomeric
characteristics in the composites. The incorporation of 5wt.% modified lignin in the
hydrophobic NR matrix led to a 44.4% increase in the tensile strength. With higher loadings
of filler in composites, an increase in elastic moduli and intensity of Payne effect were
recorded. The hypothesized dispersibility improvement of the modified lignin in NR compared

to its unmodified counterparts was also evident from the morphological analysis.

Chapter 4 discusses the employment of pristine and esterified lignin samples as functional
fillers of poly (butylene adipate-co-terephthalate) (PBAT) based bioplastic paper coating
formulations. The effects of varying concentrations of pristine and esterified lignin on the
rheology, mechanical, morphology, and barrier properties of the coated paper substrate were

investigated. Comprehensive characterization of esterified lignin/PBAT coatings exhibited


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/rubber
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/flow-kinetics

enhanced dispersion of the lignin fraction in the PBAT, resulting in excellent wet tensile

properties and enhanced water, oil, and oxygen barrier performance.

Chapter 5 covers an investigation that employed lignin (pristine and esterified) as a functional
additive of cellulose acetate matrix. The effect of varying concentrations of pristine kraft and
oleic acid functionalized lignin in the cellulose acetate matrix and its effect on the resulting
film's mechanical, morphological, viscoelastic, and water barrier properties was explored.
Comprehensive characterization of the thermomechanical processed lignin-cellulose acetate
sheets revealed reduced moisture absorption, improved UV and moisture barrier, and enhanced
tensile properties with melt processability.

Chapter 6 explores the use of lignin (unmodified and esterified) specimens as an effective
alternative to conventional Pickering emulsifiers. Hexanoyl chloride, decanoyl chloride, and
palmitoyl chloride esterified lignin specimens were produced and their employability as
Pickering emulsifiers was studied. The effects of varying the concentrations of lignin
(unmodified and esterified specimens) and pH of the dispersion medium on the stability of the
produced Pickering emulsions were explored. Comprehensive characterization of the esterified
lignin stabilized Pickering emulsions exhibited enhanced stability, and smaller average oil
droplet size, resulting in stable Pickering emulsions with high zeta potential and better flow

properties.

Chapter 7 covers the concluding remarks, major contributions, short-term and long-term

future projects based upon this thesis.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/zeta-potential

Chapter 2 — Literature review'

Lignin is constituted of three monomeric units (monolignols): p-coumaryl, coniferyl, and
sinapyl alcohols (Figure 1). In nature, these monolignol units undergo random radical
polymerization to form complex 3D structures [16]. The complex chemical structure, poor
solubility in the majority of organic solvents, numerous functional groups and structural
variability due to the extraction method or the biomass source make chemical modification and

characterization of lignin and its derivatives a complex task.

H

p-coumaryl Coniferyl Sinapyl
alcohol alcohol alcohol

."

Esterification

Modified
Lignin

Incorporated
in materials

Figure 1. Valorization and functionalization of lignin

L A version of this chapter is in preparation to be submitted as a peer-reviewed review journal article.
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Moreover, the employed extraction method dictates the sulfur content in the extracted lignin
and thus creates two major types of lignin, as illustrated in Table A 1 and Table A 2
(Appendix A). The sulfur-containing lignin are comprised of kraft lignin and lignosulfonates,
and their sulfur-free counterparts include soda lignin and organosolv lignin. Kraft lignin is
derived from lignocellulosic biomass via kraft pulping process, thus, making it the most
abundantly available type of lignin. Brown in color, kraft lignin is moderately soluble in water.
As a byproduct of paper production, a vast majority of kraft lignin is burnt to supplement the
energy requirements of pulp mills [16]. Lignosulfonates are typically sourced from paper and
pulp industry too and are extracted using sulfite pulping process [10,16]. Contrary to the Kraft
lignin, sulphonated lignin is completely soluble in water. This is due to the presence of
extensive amount of sulfonate on its chemical structure [16]. Sulfur-free organosolv lignin is
a product of intentional biorefinery processes [10]. In addition, soda lignin is another type of
sulfur-free lignin that is typically extracted from annual plants employing soda process, which

is the oldest pulping method [16].

2.1. Lignin functionalization routes

Lignin has abundant functional groups, such as hydroxyl (-OH), carboxyl (-COOH), methoxy
(-OCHj3), and carbonyl (-C=0) moieties, making it amenable to various functionalization and
modifications. Functionalization platforms reported in the literature includes electrochemical
[17], biological [18], photochemical [19], depolymerization [20—24], and chemical [16,17,19]

processes. The chemical functionalization of lignin has particularly attracted substantial



interest and could be carried out by employing various approaches, including depolymerization
and fractionation, chemical modification of lignin’s active moieties, and polymer grafting, as

illustrated in Figure 2 [25].

The depolymerization of lignin entails breaking down the complex three-dimensional structure
of lignin to highly reactive smaller molecules [26]. Of the several routes to lignin
depolymerization, hydrolytic, oxidative, and reductive depolymerization have garnered
significant interest [26]. These entities could have potential value-added applications, for

instance, in the synthesis of biopolymers [26].

Various chemical modification reactions of lignin to functionalize its functional groups have
been studied, including alkylation, esterification, etherification, urethanization, and

phenolation [25,27].

The solubility of lignin macromolecules in appropriate solvents is a critical parameter for
effective modification reactions [28,29]. Conventional solvents for lignin include dimethyl
sulfoxide (DMSO), toluene, acetone, ethanol, pyridine, methanol, dimethyl formamide (DMF),
tetrahydrofuran (THF), chloroform, and dichloromethane [29-32]. Also, lignin moieties are
known to be soluble in hot alkaline solutions [30,32,33]. Additionally, the solubility of lignin

could further be improved by fractionation [29].

Esterification reactions involve the formation of an ester bond between the carboxylic acid
functional group of the esterifying agent and the hydroxyl moieties of the lignin fraction. This
modification route using fatty acids has been shown to produce modified lignin moieties with

enhanced hydrophobicity and thermoplastic properties [27,30,31,34]. In a study by Shorey et
8



al., multiple activated fatty acids with varying aliphatic carbon chain lengths were employed
to functionalize kraft lignin that resulted in modified lignin with enhanced hydrophobic

behavior and better dispersion in nonpolar polymer matrices [30].

The urethanization of lignin translates to the formation of a urethane bond between the
hydroxy! functional groups of lignin and the employed modifying agent. Silylation, which
entails the addition of substituted silyl functionalities to lignin’s hydroxyl moieties, is also
reported. Post the silylation of lignin, the derivatized samples exhibited enhanced thermal
stability, lower glass transition temperature, enhanced solubility in organic solvents, and
hydrophobicity [34]. Similar results were observed in other silylation studies making it

appealing in polymeric material applications [32].

The key challenges in lignin functionalization include heterogeneous structure, presence of
impurities, varying solubility in various organic solvents and unique chemical reactivity of the
various lignin types [35]. Another modification route for functionalizing lignin moieties is by
grafting or copolymerizing foreign monomeric units onto its structure. In such a study by Sun
et al., lignin was functionalized by grafting multiple monomeric units (lauryl methacrylate
(LMA), and tetrahydrofurfuryl methacrylate (THFMA)) employing free-radical
polymerization [36]. The functionalized lignin (Lig-g-P(LMA-co-THFMA) was melt
compounded with PLA to fabricate composites of different compositions. A significant
increase (from 12% to 204%) in the elongation at break value for 20 wt.% functionalized lignin

loaded composite over the baseline PLA specimen was recoded [36].



Figure 2. Chemical functionalization reactions of lignin.

2.2. Lignin engineered for multiphase and advanced material applications

In the past decade, the use of biopolymers in the design and manufacture of specialized
materials with controlled structures has been witnessed. Herein, the literature on the
engineering and functionalization of lignin into various structures, morphologies, shapes, and

sizes for functional material applications is discussed.
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2.2.1. Lignin-polymer blends for value-added applications

A polymer blend of two or more polymers entails interdiffusion amongst the constituent
polymer fractions [37]. Based on the interaction (mutual miscibility) of the constituent
polymers, the level of interdiffusion varies. While the polymer fractions with weak interactions
have been witnessed to result in heterogeneous blends with agglomeration sites, the

constituents with strong interactions exhibit homogeneity [37—40].

Lignin exhibits an inherent thermoplastic behavior caused by the inter and intramolecular
hydrogen bonds [41,42]. Moreover, at high temperature it displays thermosetting behavior.
This behavior is attributed to the high cross-linking reactions that lignin moieties undergo at
elevated temperatures [41,43]. This results in inefficient blending of lignin specimens with
other polymer materials. Effective methods of overcoming these processing limitations include
addition of plasticizers and chemical modification of lignin. Blends of pristine lignin and their
functionalized counterparts with various polymer materials have been reported in literature

[37].

The blends of lignin with conventional polymers have been extensively researched. In a study
by Sailaja et al., lignin phthalates were melt blended with low density polyethylene (LDPE)
fractions [44]. Amongst various formulations, maleic anhydride grafted LDPE was added to
improve interfacial adhesion, thus, acting as a compatibilizer. The resulting blend exhibited
excellent thermal, mechanical, and morphological properties. Moreover, the presence of

interlocked surfaces resulting from superior adhesion between the lignin moieties and the
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LDPE fractions in the maleic anhydride grafted LDPE compatibilized blends was recorded

[44].

In another work exploring the physical properties of lignin-polypropylene (Lig-PP) blends, the
feasibility of bromododecane modified lignin was studied [45]. It was worth noting that the
addition of lignin to PP enhanced its fire retardancy and toughness. For a 20 wt.% lignin loaded
formulation, LOI value of 25.2 was recorded. Further increase in lignin content resulted in

specimens exhibiting enhanced damping effect.

The use of lignin as a reinforcing agent in synthetic rubber matrices has been witnessed. In
such a study by Kosikova et al., styrene-butadiene (SBR) rubber was filled with sulfur-free
lignin fractions [46]. A significant improvement in mechanical properties for lignin filled SBR
composites was recorded over the baseline unfilled formulation. For instance, the 60 phr lignin
loaded specimen accounted for a 94% increment in the tensile strength at break over pristine
SBR specimen. The homogeneous dispersion of lignin spherical particles (100 nm) in the

composite matrix were observed via scanning electron micrographs.

Furthermore, the physiochemical properties of a compostable polymer matrix (PLA) with two
different lignin specimens (alkali lignin and organosolv lignin) were studied [47]. Employing
different amounts of individual lignin samples and poly(lactic acid) (PLA), various blends
were melt-blended employing a twin-screw extruder. Further, each type of lignin underwent
acetylation. As hypothesized, the acetylated lignin samples exhibited superior compatibility

with the polymer matrix than their unmodified counterparts. Moreover, the acetylated lignin
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blends displayed enhanced resistance to hydrolytic degradation, thermal stability, retained

tensile strength and increased elongation at break values [47].

2.2.2. Lignin microspheres and nanospheres

In recent times, polymer-based micro and nanospheres have garnered significant attention. For
instance, the use of polymer microspheres and nanospheres in industrial applications, including
the encapsulation and controlled release of fertilizers, pesticides, and other bioactives has been
studied [48]. The surge in sustainable practices has further fueled the transition efforts from
conventional plastics towards the employment of biobased and renewable polymer
alternatives, such as lignin in agricultural, food, biomedical, and cosmetic controlled release
applications [49,50]. The sphericity of designed micro- and nanospheres enables a
homogeneous release of active substances to the surrounding environment and the facile
manufacturing processes make them a favorable option for widescale applications [51].

Many routes for the fabrication of lignin micro- and nanoparticles have been reported in the
literature, including emulsion inversion, antisolvent exchange, acid precipitation, chemical
modification, ultrasonic irradiation, controlled drying, and a combination of multiple methods
[52-58]. To fabricated lignin-based micro and/or nano particles, the employment of antisolvent
exchange and acid precipitation techniques has been most prevalent [58]. In the acid
precipitation technique, lignin samples are initially dissolved in alkaline solution with a pH
more than 11. This is known to deprotonate hydroxyl (phenolic) and carboxylic acid moieties.
Further addition of an acidic media (pH 3) protonates the hydroxyl and carboxylic acid groups

thus, reducing the surface charge and in turn initiating particle precipitation [58]. On a similar
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note, in the antisolvent precipitation technique, the lignin moiety is dissolved in an organic
solvent (for instance THF), and with the slow addition of an antisolvent the lignin fractions
form spherical colloidal particles, as illustrated in Figure 3f.

In a work by Sameni et al., microspheres of four types of lignin were fabricated employing a
combination of the above-mentioned routes known as emulsion solvent evaporation (ESE)
[48]. The four lignin samples underwent acetylation. To emphasize the dependency of ESE
produced microspheres and the type of lignin on the choice of the appropriate solvent, four
different lignin samples including lignin isolated from industrial hardwood and non-wood
residue (Bioethanol plant, USA) (ACL1), lignin extracted from black liquor (Kraft pulp mill,
Brazil) (ACL2), commercial softwood kraft lignin (Indulin AT, Westvaco Corporation, USA)
(ACL3), and commercial non-wood soda lignin (Protobind 2000 ALM, India) (ACL4) were
employed [48]. The first step involved the addition of two phases with opposite polarities
(lignin in organic solvent (dichloromethane (DCM) or ethyl acetate (EA)) and an emulsifier
(polyvinyl alcohol (PVA)) in an aqueous phase) to a container, as illustrated in Figure 3a. The
further three steps were the emulsification of the two phases (Figure 3b), evaporation of the

solvent phase (Figure 3c), and microparticle formation (Figure 3d).
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Figure 3. Four steps of ESE: a) addition of two phases with opposite polarites, b) emulsification, c) evaporation
of the solvent phase, and d) microparticle formation, €) Lignin microsphere SEM micrographs, (Reproduced with
permission [48]), f) Lignin microparticle formation employing solvent exchange (Reproduced with permission

[59)).
Scanning electron micrographs of the prepared microparticles were recorded. As evident from
Figure 3e, microparticle sizes ranging between 1280 nm and 1349 nm for DCM and 1313-

2545 nm for EA were obtained. In another study to fabricate lignin nanoparticles, a solution of
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acetylated lignin (solubilized in THF) was precipitated with an anti-solvent (H20). Using DLS,

lignin nanoparticles with a hydrodynamic radius (Rn) of around 100 nm were recorded.

In a separate study by Saidane et al., lignin beads (micro-/nano- scale) were prepared
employing epichlorohydrin as a crosslinking agent [60]. Following the reaction (scheme
outlined in Figure 4a), smooth spherical lignin beads ranging in size between 100-800 pum
were successfully obtained (Figure 4b) [60]. The formulated beads underwent multiple

functionalization reactions for final application in scavenging carbonyl compounds [60].

In another study, lignin beads in conjunction with treated cellulose pulp were prepared and
characterized for their antimicrobial activity against Escherichia coli and Staphylococcus
aureus [61]. The preparation procedure was initiated with a dispersion of lignin (up to 40%)
and solvent treated (ethanol/HCI) cellulose pulp in an aqueous solution (constituting 12%
urea/7% sodium hydroxide) with varying solid concentration ranges. This solution was
dropped into an acidic medium to enable the lignin-cellulose bead coagulation. The inherent
fluorescence of lignin was vital in observing its distribution in the obtained beads. The
distribution of lignin in the fabricated beads was homogenous. Leaching of lignin fractions
from the beads was recorded. While the lignin-cellulose beads did not display significant
antibacterial activity against Escherichia coli, a significant reduction in the growth of
Staphylococcus aureus was observed. With an increase in the lignin fraction, the growth of S.

aureus plummeted [61].

In another work by Chen et al., the formulation of lignin beads from pine black liquor was
investigated [62]. Lignin beads ranging in size from 300-450 pum were prepared via reverse-
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phase suspension polymerization. The fabricated lignin beads displayed excellent L-Lysine

adsorption from aqueous media via electrostatic interaction.
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Figure 4. a) Reaction mechanism for Kraft lignin with epichlorohydrin, b) Scanning electron microscopy image
of a fabricated lignin bead (Reproduced with permission [60].

Lignin hollow nanospheres
Due to the inherent advantages of hollow nano- or macrospheres over their solid core

counterparts, their application in fields like coating, drug-delivery systems, catalysis, and
composite materials is gaining significant traction [63,64]. In comparison to the solid spheres,
significantly higher efficiencies in drug delivery systems employing hollow nano-spheres were
recorded. Thus, substantial effort in the production of hollow spheres with uniform structure,
desired composition, and tailored properties have been invested [63,65,66].

To further enhance the uptake capacity of hollow spheres, a subclass of hollow spheres known

as open-mouthed hollow capsules has also gained significant attention [67—70]. Various
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organic polymers and inorganic oxides have been employed in the preparation of open-
mouthed hollow capsules, including silica (SiO2)[71,72], polymethylsilsesquioxane (PMSQ)
[73], titanium dioxide (TiO2) [74], polystyrene (PS) [75], polystyrene/poly(3,4-
ethylenedioxythiophene) (PS/PEDOT) [76], chiral phenylacrylo-nitrile tartaric acids [77],
polystyrene/poly (divinyl-benzene)[78], poly(acryamide-ethylene glycol dimethacrylate) [79].
Lignin is a new entrant material for the design and fabrication of hollow nanospheres. In a
study by Xiong et al., a facile self-assembly method by dissolving enzymatically hydrolyzed
lignin in THF and adding DI water to the solution was employed to fabricate lignin hollow
nanospheres (Figure 5a) [80]. Due to m—m interactions, the layers were self-assembled from
outside to inside, with the outside layer exhibiting hydrophobicity and the inside layer was
hydrophilic. A positive correlation between the concentration of lignin, the thickness of the
shell wall, and the diameter of the nanospheres was observed. On the flip side, with an increase
in the concentration of lignin, the pore volume of nanosphere, the diameter of the single hole,
and the surface area have reduced. An average particle size of around 500 nm was observed.
Furthermore, an increment in the agitation speed or speed at which water is added to the system
resulted in a reduction of the lignin hollow nanospheres diameter, as evidenced by the SEM

micrographs in Figure 5 [80].
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Figure 5. a) Synthesis process, b) SEM image, and c) SEM images (A-D) and TEM images (E—H) at different
predropping lignin concentrations: 0.5 mg/mL (A, E), 1 mg/mL (B, F), 1.5 mg/mL (C, G), and 2 mg/mL (D, H)

(Reproduced with permission [80]).

In a work by Sameni et al., the effect of process variables (mixing time, surfactant

concentration, shear rate, and the organic solvent used) on the properties of lignin acetate

microspheres fabrication employing ESE was studied. An average particle size between 20 and

100 um was observed [75].

2.2.3. Lignin nanotubes and nanofibers

In a recent study by Ten et al., the use of lignin nanotubes as a gene delivery vehicle for human

cells was studied [82]. With the use of lignin nanotubes (LNTS), the cytotoxicity of carbon

nanotubes and the immunogenicity of viral vectors could be avoided [82]. Employing a
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sacrificial alumina template, the aromatic plant cell wall (lignin) based nanotubes were
synthesized. Five different lignin sources were selected for the isolation, including sorghum
((Sorghum bicolor (L.) Moench)), debarked stems of loblolly pine ((Pinus taeda L.)), debarked
stems of poplar (Populus deltoides W. Bartram ex Humphry Marshall; POP), brown midrib6
(bmr6) and sugar cane bagasse from sugar cane (Saccharum spp.). As evident from the
confocal micrographs (Figure 6), the presence of lignin nanotubes in the immortalized human
cell line (HeLa) cells and the nucleus of the cell without the presence of any auxiliary agents

could be observed.

In recent times, an increasing interest in the production and utilization of lignin nanofibers has
been witnessed. In a work by Gao et al., surface-initiated atom-transfer radical polymerization
(SI-ATRP) was employed to produce poly(N-isopropyl acrylamide)(PNIPAM) grafted

softwood kraft lignin nanofiber mats [83].
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Figure 6. Confocal micrographs: a) Lignin nanotubes fabricated employing isolated pine lignin and thioglycolic
acid, b) Isolated pine lignin nanotubes manufactured with NaOH (Reproduced with permission [82]), SEM
micrographs: Lignin nanofibers (c, e), PNIPAM grafted lignin nanofibers (d, f) (Reproduced with permission
[83D).
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The nanofibers exhibited diameters between 790 to 1150 nm (Figure 6 (c-f)), thus, exhibiting

potential applications in purification and separation devices [83,84].

2.2.4. Lignin filled composites in additive manufacturing applications

In the recent decade, technological advances have made 3D printers more accessible to the
general consumer, thus, in turn fueling an interest in additive manufacturing (AM) or better
known as 3D printing fabrication of materials. As illustrated in Figure 7, 3D printing
comprises of three steps: development of a CAD model, preprocessing of the model, and

additive manufacturing of the product [85].

Although the conventional fabrication materials (such as metals, conventional polymers,
inorganic glasses, ceramics, and composites) are viable options for research and development
at additive manufacturing’s advent, their utilization at the consumer level raises sustainability
concerns [86-88]. The predicted 3D printing market size between the years 2022 and 2032 is
presented in Figure 7. In the year 2032, the global AM market size is projected to be 98.3
billion USD with a material sale potential of 900 million USD [89]. Photopolymer sales are
expected to contribute the biggest fraction (350 million USD) to this value, with its primary
application being in the prototyping stage and molding application. Furthermore, AM metals
and polymer powders could contribute to 14%, and 25 % of the total AM material sales,
respectively. The remainder of sales are expected to be associated with polymer filaments
employed primarily for fused deposition modeling (FDM) [85,90]. An inclination towards the
use of naturally abundant biopolymers such as lignocellulosic materials for AM feedstock has

garnered significant attention [86,91-93]. Since its advent in the later part of the previous
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centennial, several techniques for additive manufacturing have been developed, including
stereolithography, direct ink writing, sheet lamination, binder jetting, fused deposition
modeling (FDM), powder bed fusion, and vat photopolymerization [94]. Among the various
additive manufacturing techniques, the stereolithography apparatus (SLA) is of particular

interest.

Due to the inherent advantages of SLA such as good operator control, accuracy, and superior
resolution, it can be a method of choice [95]. However, due to the ability to solely process
photoreactive resins, the choice of polymer feedstock materials is relatively narrow[95]. To
overcome this limitation, the development of modified photoreactive resins has been under
intense investigation [96-101]. The use of traditional fillers (such as graphene oxide, carbon
nanotubes, SiO2, nano clay, sepiolite nanofibers, aluminum oxide nanowires, and TiO2) in
photoreactive resins for enhancing the tensile properties of stereolithography printed products
has been recorded [97,102-106]. Although conventional fillers enhance the mechanical
properties of filled products, the associated concerns are fueling a shift towards more

sustainable alternatives [107].

The use of lignin as a filler in SLA-printed products are shown to enhance UV absorption
[108], anti-aging properties [109] and flame retardancy [110] of 3D-printed lignin-based
materials with applications in drug delivery materials [111,112] and other biomedical
applications. Due to the inherent stiffness that lignin imparts to the host polymer matrix,
several studies have covered its application in 3D printing materials. In a study by Sutton et

al., the use of methacrylic anhydride-modified lignin in conjunction with methacrylate resin to
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undergo stereolithography was explored [113]. A 300% increment in elongation at break was
recorded. This was attributed to the superior dispersibility of the modified lignin (15 wt.%) in

the filled matrix.
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Figure 7. 3D printing representation: Fundamental steps of additive manufacturing: CAD model (development,
preprocessing, and 3D printing of the product) (Reproduced with permission [85]), worldwide additive
manufacturing market size (2022 to 2032) (Adapted with permission [89] ).

FDM is another additive manufacturing technique that can utilize lignin as ink. In a study by
Mimini et al., FDM-printed samples of PLA composites with different types of lignin (kraft
lignin, organosolv lignin, and lignosulfonate) were tested for their impact and flexural
strengths [114]. A minimal reduction in both flexural and impact strength values of all the

specimens was recorded. In a study by Nguyen et al., FDM was employed to incorporate
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hardwood lignin in a nylon 12 matrix [115]. The resultant lignin (40 wt.%) loaded specimens
exhibited a tensile strength of 55 MPa with a 70% increment in Young’s modulus values. This
improvement in the mechanical properties was ascribed to the presence of extensive phenolic
moieties in the lignin specimen and potential instances of hydrogen bonding between the lignin

moieties and the amide bonds of nylon in the composite.

In another work, a similar increment in Young’s modulus and a dip in tensile strength with
higher loadings of pine kraft lignin in polylactide was observed [116,117]. In a separate study,
the use of lignin with PLA for additive manufacturing via the fused filament fabrication
technique was explored [112]. Polylactic acid pellets were coated with lignin (0-3 wt.%) and
castor oil prior to extrusion at 200 °C. The produced filament underwent fused filament
fabrication. The filaments exhibited antioxidant capabilities and were further used to design
and fabricate meshes. The 3D-printed meshes could be utilized in wound dressing and the
healthcare sector [112]. The above-mentioned studies were crucial in establishing the merits
of employing lignin in additive manufacturing operations. The complexity of the systems
arising due to the non-homogeneity of lignin, the lignin content of the formulations, the choice

of the base polymer, and the employed additive manufacturing technique were established.

2.2.5. Utilization of Lignin as a Pickering emulsifier

In recent years, the extensive use of Pickering emulsions in cosmetic, food, and pharmaceutical
industries has been witnessed [118]. The use of organic and inorganic particles for stabilization
Pickering emulsions is widely practiced [119], ranging from latex [120], silica [121], and

calcium carbonate [122], to laponite [123], etc. However, some of these particles have safety
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and sustainability concerns. For instance, the inhalation of crystalline silica dust, which can be
used as Pickering emulsifier has been proven to be a leading cause of silicosis in human beings
[124]. Also, the mining operations of crystalline silica is known to be detrimental to the
environment. Thus, there has been a growing interest in developing sustainable alternatives to

conventional Pickering emulsifiers [125].

In a study by Shorey et al., native and esterified lignin for the stabilization of oil-in-water
Pickering emulsions were studied [30]. It was observed that due to the subpar dispersibility
exhibited by the unmodified lignin in solvents, unstable Pickering emulsions were produced.
On the contrary, the esterified lignin (LigHC, Lig DC, and LigPC) with hydrophobic properties
displayed enhanced solvent dispersion and provided outstanding stability to oil-in-water
Pickering emulsions. This was substantiated by a 47 % reduction in average oil droplet size
for LigHC stabilized Pickering emulsion, as displayed in Figure 8 [30].

The use of novel Pickering emulsion formulations stabilized employing lignin nanoparticles
for controlled release of trans-Resveratrol was explored [126]. In this work, the stabilization
effect of alkaline lignin grafted poly(N-isopropylacrylamide) (PNIPAM) via atom transfer
radical polymerization (ATRP) was studied. The fabricated nanoparticles (with diameter < 160
nm) absorbed at the interface of oil-in-water emulsions, thus, exhibiting stable Pickering
emulsions with oil droplet diameter values in the vicinity of 200 um. The stabilized Pickering
emulsions exhibited stability improvement against UV radiation and exceptional controlled

release performance.
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Figure 8. Optical micrographs of unmodified and esterified lignin stabilized oil-in-water Pickering emulsions
(Reproduced with permission [30]).

2.2.6. Lignin-based carbon fibers and their applications

In recent times, an exponential growth in the market size of carbon fibers has been witnessed
[127]. Evaluated at 2.99 billion USD in 2022, the carbon fiber market is forecasted to be worth
5.83 billion USD by 2032, with a compound annual growth rate of 6.9% [127]. Comprising of
at least 92 wt.% carbon, the fibers exhibit high flexibility, low density, inertness, heat
resistance, and low thermal expansion. In comparison to steel, a 10-fold increment in tensile
strength at half the weight has been recorded for carbon fibers [128,129]. Due to their

exceptional properties, an influx of its use has been reported in various sectors, including —
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construction, automotive, aerospace, sports, oil and gas industries, etc. Amongst the various
precursors available for the manufacture of carbon fibers, Polyacrylonitrile (PAN) is the most
widely employed. The expensive PAN precursor (approximating 50% of the manufacturing
cost) renders the carbon fibers costly for widescale industrial and commodity composite
applications [130-133]. In addition, the environmental concerns posed by the use of
petroleum-derived precursors have created an interest in greener, renewable, and economical

carbon fiber precursors.

In recent times, the use of lignin as a carbon-fiber precursor has gained significant
attention[134-137]. This is primarily due to the vast availability, high carbon content, and high
post-carbonization yield exhibited by lignin [135,137]. The process of spinning carbon-fibers
from lignin includes a series of processing steps — spinning (solution spinning, melt spinning,
and electrospinning), pre-oxidation, and carbonization (low temperature or high temperature)

(Figure 9) [138].

In a study by Jin et al., a tensile modulus of 98 GPa for unmodified lignin-based carbon fibers
was obtained [139], which was perhaps one of the highest modulus values recorded for lignin.
In this work, three fractionated—solvated lignin precursors (FSLPs) with increasing molecular
weights (7200 g/mol, 13800 g/mol, and 28600 g/mol) were employed. As presented in cross-
sectional SEM micrographs (Figure 9), the lignin carbon fibers exhibited uniform diameter
(6-7 um) with no surface deformations. These diameter values were noted to be much smaller
than the values for other lignin-based carbon fibers previously reported [140,141]. Moreover,

they were in close proximity to the diameter of PAN-based commercial carbon fibers [142].
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PAN based carbon fibers exhibit tensile modulus values in excess of 200 GPa with some
manufacturers being able to achieve tensile modulus as high as 517 GPa [143]. Although the
modulus values were the highest recorded for the lignin-based carbon fibers, they were 52%
lower than the tensile modulus values required for automotive industrial applications
[84,139,144], indicating that there is a large gap that needs to be addressed before lignin-based
carbon fibers find extensive industrial applications. Other studies on lignin-based carbon fibers

are summarized in Table A 3 (Appendix A).
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Figure 9. a) Process of spinning carbon-fibers from lignin, b) Electrospinning apparatus, Lignin carbon fibers
manufactured from ¢) medium, d) higher, and e) highest molecular weight fractionated—solvated lignin precursors
(FSLPs) (Reproduced with permission [139]).
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2.2.7. Lignin-incorporated sunscreen formulations

A relationship between depleting ozone layer and increasing instances of skin cancer has been
observed [145]. Skin cancer instances in excess of 82000 (6500 cases of melanoma and 76100
cases of non—-melanoma skin cancer (NMSC)) were reported in Canada (2014) [146,147]. With
reduced exposure to artificial and natural UV radiation, most cases of skin cancer are
preventable [148,149]. The use of sunscreens as an effective UV-blocker has been widely
investigated. Since their advent in the United States cosmetic market in 1928, they have been
a huge commercial success [150]. Commercially available sunscreens incorporate various
active ingredients (inorganic and organic) and hence vary in their respective UV-blocking

mechanisms [145].

Traditionally, the use of inorganic active ingredients (including zinc oxide (ZnO), talc, titanium
oxide (TiO2), kaolin, etc.) in UV blockers are prominent [151]. These active ingredients
scatter and reflect UV rays off the surface of the skin, thus, in turn preventing the sunlight from
penetrating the skin. Although inorganic UV blockers mostly cover the broad UV spectrum,
their inferior dispersion in cream bases and the photoreactive properties that could potentially
harm cellular components make their organic counterparts an attractive and safe alternative

[152-155].

On the contrary, organic UV blockers (including benzophenones, silatriazole, bisoctrizole,
salicylates, ecamsule, bemotrizinol, etc.) work on the mechanism of absorbing the UV energy
and converting into heat energy [156]. In numerous studies, the photostability and the

synergistic effect of adding lignin to sunscreen formulations have been studied, as covered in
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Table A 4 (Appendix A). There was an increment in both the sun protection factor and
duration of protection against UV rays after the addition of lignin to creams and commercial
sunscreen formulations [157]. In a study by Zhang et al., with progressive loadings of
acetylated lignin to the substrate sunscreen lotion, a three-time increase in the SPF value (75.2
SPF) was recorded (Figure 10) [158]. This was attributed to the synergistic effect of the

acetylated lignin in conjunction with the synthetic actives.

Consumer perception for lignin-based
sunscreen
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Figure 10. a) Sunscreen formulations loaded with acetylated and kraft lignin samples (Reproduced with
permission [158]), b) Consumer perception to the use of lignin-based sunscreen formulations (Adapted with
permission [159]), and ¢) Recorded SPF values at various loading concentrations of acetylated lignin
(Reproduced with permission [158]).

The challenges for the mainstream application of lignin in sunscreen formulations are many,

including heterogeneity of the chemical structure, dark color, broadening of the SPF value in
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broad-spectrum UV blocking range, and consumer perception [160]. Fractionation of lignin
with organic solvents is usually employed to remove the condensed structures, thus, increasing
the dispersion in cream bases [155]. In a study by Tran et al., acetylation of the hydroxyl groups
of lignin specimen lightened the color for a better appeal [161]. In a separate work by Zhang
et al., the color performance of unmodified and acetylated lignin specimens in sunscreen
formulations at various loadings was compared. As it is apparent from Figure 10, sunscreen
formulations loaded with 2 wt.% of acetylated lignin demonstrated a much lighter shade than
its unmodified counterpart, thus, being more acceptable to the end-consumers. Another way
of lightening the lignin color is through grafting other compounds on the lignin structure, such
as benzophenone [162], 2,4-benzoyl-33-hydroxyphenyl acrylate (BHA) [163], and
and perception of consumers toward lignin-based sunscreen formulations were explored [159].
While the consumers in excess of 50% were willing to try lignin-based sunscreens, a mere 3%
of the potential consumers refused to try them. While consumers tend to appreciate bio-
sourced, healthy, and sustainable sunscreen alternatives, they are concerned about lower
performance and protection. Additionally, because organic ingredients are perceived as

luxurious, consumers are concerned about associated product cost.

2.2.8. Lignin-based smart materials

2.2.8.1. Shape-memory application

Shape memory polymers (SMPs) attain a temporary pre-programmed shape and return to their

original shape once an external stimulus (heat, electric field, moisture, light, magnetic field,
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etc.) is applied [165-169]. Recently, various applications of SMPs in biomedical, coatings,

textiles, and aerospace domains have been witnessed [170,171].

In a study by Shikinaka et al., the synthesis of lignin-based SMP exhibiting a dynamic shape-
recovering behavior was reported [172]. The synthesis procedure comprised mixing SESC
lignin and poly(ethylene carbonate) polymers (PEC), kneading the mixture (120 °C), and
compression molding (120 °C, 3-5 MPa) into films. Thermoresponsive shape-memory
behavior was noted in the molded films, as presented in Figure 11a. The composite films were
set into the original shape by application of heat (80 °C). Further cooling could straighten and
fix the film shape (0-10 °C) and revert to the original shape with the reapplication of heat. The
fabricated films could be remolded into different shapes many times and each shape recovery
cycle undertook less than 60 seconds to the conclusion. Poly(ethylene carbonate) sheets
exhibited thermosetting behavior. The shape memory characteristics of the baseline
poly(ethylene carbonate) sheets were attributed to the formation of hydrogen bonds under cold
conditions. The SESC lignin moieties tend to aggregate in the polymer matrix, thus, imparting
dynamic shape recovery to the specimens. Thus, the synergistic movement of the polymer
chains influenced by the presence of the lignin agglomerations resulted in the shape-recovery

behavior of the composite films (Figure 11b) [172].

In astudy by Liu et al., the effective use of lignin as a crosslinking agent to develop crosslinked
polycaprolactone (PCL) based thermal shape memory materials was explored [173]. The
multistep procedure for the synthesis of crosslinked lignin-polycaprolactone specimens is

illustrated in Figure 11c. The process was initiated with the esterification of the lignin and
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synthesis of the PCL employing bulk ring-opening polymerization. Furthermore, the obtained
PCL-OH moieties underwent a modification reaction to exhibit thiol terminal functional
groups. The synthesis was concluded by crosslinking the lignin and PCL moieties via a
photoredox thiolene reaction. The prepared samples exhibited an ability to transition between
temporary and permanent shapes, and thus, a rapid thermal shape response was recorded. A
reduction in the melting temperature of the crosslinked specimen with an increase in the lignin
loading was observed. Thus, lignin could be employed as an effective crosslinker in polymeric

matrices [173].
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Figure 11. a) Thermoresponsive shape memory behavior exhibited by the lignin composite film (Reproduced
with permission [172]), b) Molecular transformations in one shape memory-recovery cycle of lignin composite
film (Reproduced with permission [172]), and c¢) Schematics of Lignin-PCL synthesis (Reproduced with
permission [173]).
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2.2.8.2. Smart hydrogels for drug-delivery applications

Hydrogels are hydrophilic polymer material with 3D network structure. Sourced from
synthetic or natural resources, the polymerization process comprises of crosslinking a single
or multiple monomers to obtain 3D network structures [174-176]. Due to their morphology,
water retention characteristics, mechanical strength, biodegradability, and implied ability to
disintegrate to non-toxic materials, interest in their applications in pharmaceutical industry has

been observed [175,176].

In a study by Larrafieta et al., lignin-based hydrogels employing an esterification reaction were
fabricated [177]. The synthesized lignin-poly(ethylene glycol)-poly(methyl vinyl ether-co-
maleic acid) based hydrogels exhibited potential applications in medical material coatings. For
lignin loaded hydrogel formulation (between 40 % and 24 %), water uptake value of up to 500
% was recorded. The formulated gels sustainable released curcumin fractions up to 4 days post
loading [177]. As illustrated in Figure 12, lignin based photodynamic hydrogels exhibiting
self-healing properties were synthesized in another work [178]. Lignin based hydrogels were
synthesized and functionalized with Rose Bengal (RB) lignin-based silver nanocomplexes (L-
AgNCs) (Figure 12a and Figure 12b) [178]. The hydrogels constituted of 2 to 7.5 mg/mL of
lignin loadings with declining transparency for the higher loaded specimens, as displayed in
Figure 12c [178]. 85% transmittance of the light through the hydrogels was recorded for the
2 mg/mL lignin loaded samples (Figure 12d) [178]. In the SEM micrographs, an extensively
cross-linked and porous structure exhibited by the 2 mg/mL (Figure 12e) and 3 mg/mL

(Figure 12f) hydrogel formulations was observed. In addition, the fabricated hydrogels
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exhibited self-healing properties [178]. In Figure 12g, two dissected pieces of hydrogel self-
healed upon being placed together for 30 min [178]. In another study by Ma et al., the

degradability of lignin-poly (acrylic acid) based hydrogels was tested [179].

As apparent from Figure 12 (h and j), significant degradation of lignin loaded hydrogel was
recorded. While the lignin loaded hydrogel exhibited a well-defined structure before the
initiation of degradation, post 180 days the porous structure underwent severe disintegration.
On the contrary, for the baseline poly (acrylic acid) specimen no cracks or surface deformities
were recorded. The deterioration of the lignin loaded sample was ascribed to the enzymatic
and chemical degradation of the lignin-polymer chain covalent bonds. The 40% lignin loaded
hydrogel sample lost approx. 5 % weight in 35 days, varying minimally with the type of the

testing soil employed [179].
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Figure 12. Lignin-based hydrogel formulations: a) Functionalization of lignin-based hydrogels, b) Lignin based
hydrogel synthesis steps, ¢) Various lignin hydrogel formulations with different lignin loadings. d) Hydrogel
transmittance, €) SEM images of 2 mg/mL lignin-based hydrogel, f) SEM images of 3 mg/mL lignin based
hydrogel, g) Self-healing properties of lignin based hydrogels (Reproduced with permission [178]), SEM
micrographs of hydrogel recorded post different days of degradation: 40 % lignin loaded formulation (60 PAA/40
LM) h) O day, i) 35 days, j) 180 days; baseline PAA degradation: k) O day, 1) 35 days, and m) 180 days
(Reproduced with permission [179] ).

2.2.8.3. Use of lignin-based nano-materials for biosensing applications

Sensors possess the ability to convert input from their surrounding medium to a quantifiable
output signal. On the other hand, biosensors are primarily employed in the detection of
biological species [180]. Recently, the use of lignin in sensing applications (biosensors) has
been witnessed. This influx in its employment in materials for sensing applications could be
attributed to its biocompatibility, low cost, presence of various functional groups amenable to

modification, and acceptable compatibility with numerous polymer matrices [181]. Due to the
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presence of biomolecules in the system, the surrounding medium undergoes a change

(temperature, pH) and thus, generates a response signal [180].

In a study by Cerrutti et al., electrical impedance spectroscopy (EIS) based immunosensors
were fabricated [181]. These sensors constituted lignin and antigenic peptide on interdigitated
gold electrodes and exhibited anti-p17 (HIV) antibodies detection capabilities (Figure 13a).
The manufactured immunosensors could detect low concentrations of anti-bodies (0.1 ng/mL)
for up to 2 months [181]. In a separate study, Jedrzak et al. prepared biosensors based on Silica
(SiO2)/Lignin material for glucose detection [182]. The developed SiO2/Lignin hybrid material
underwent glucose oxidase immobilization, as presented in Figure 13b. Incorporating lignin
into the matrix resulted in twice (25.28 mg/g) the amount of GOx immobilization than its
baseline (SiO2) counterpart. Lignin-based biosensors demonstrated high sensitivity (0.78
HAM/M) and an ability to detect glucose in biological samples with great accuracy. Poly(3,4-
ethylenedioxythiophene) (PEDOT) in conjunction with sulfonated lignin was incorporated as
the conductive material in poly(acrylic acid) (PAA) skeleton for the fabrication of hydrogel-
based wearable sensors, as illustrated in Figure 13 (c - f) [183]. The high sensitivity of the
produced sensors was capable of detecting bodily motion, physiological signals, throat
vibrations, and pulses. Potential applications in the healthcare, sport science, and speech
recognition were proposed. Other developments in the domain of lignin-based sensing
materials have been reported. In one such work by Wang et al., lignin-based pressure sensors

for wearable electronics were developed [183]. For the prototype sensor, high sensitivity (57
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kPa™) and wide working pressure range (0 to 130 kPa) were recorded, as illustrated in Figure
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Figure 13. a) Electrical impedance spectroscopy (EIS) based immunosensors (Reproduced with permission
[181]), b) Functional GOx/silica/lignin system based Carbon paste electrode (Reproduced with permission [184]),
c) Synthesis of PEDOT:SL-PAA organohydrogel, d) Color change during synthesis, e) Morphology of
PEDOT:SL-PAA hydrogel, f) Morphology of PEDOT:SL-PAA organohydrogel (Reproduced with permission
[185]), CL/PDMS composite based wearable device: g) for wrist pulse measurement, h) for neck pulse
measurement, i) Power measurement in picking up a cup (Reproduced with permission [186]).

2.2.9. Use of Lignin in self-healing elastomers

The self-healing properties exhibited by many materials stem from the presence of
supramolecular interactions [187], such as n—m stacking [188], ionic interactions [189,190],

hydrogen bonding [191,192], metal—ligand interactions[193,194], and host—guest interactions
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[195]. These materials exhibit instantaneous self-healing properties at the expense of

mechanical strength.
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Figure 14. a) Reaction mechanism of ACN-lignin and diglycidyl ether polyethylene glycol (PEG) (melt phase),
b) Hlustration of the network formed by covalent and non-covalent bonds (Reproduced with permission [196]).

In a work by Cui et al., a reaction of diglycidyl ether-terminated polyethylene glycol with
lignin moieties was reported [196]. The existence of covalent and hydrogen bonds in the
resulting self-healing elastomers was observed, as illustrated in Figure 14a and Figure 14b.
While the lignin moieties made the material stiff, the PEG soft phase fractions enabled chain
movement [196]. An elastic modulus value of 86 MPa with a tensile strength of 12 MPa was
recorded for the 58% lignin-loaded sample. Furthermore, the 55 wt.% lignin samples were
observed to be extremely stretchable, reporting an elongation at break value exceeding 2200
%. The unfolding and sliding of polymer chains due to breakage and rejuvenation of hydrogen

bonds imparted the material with high stretchability [194,196]. As represented in Figure 15b,
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a recovery in elongation at break exceeding 50 % was recorded after 1 min for the 50 wt.%
lignin-loaded samples [196]. An inverse relationship between lignin loadings and self-healing

time was also noted.
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Figure 15. Tensile properties and recovery performance of a) 50% ACN-lignin (1 min and 30 min) at ambient
temperature and b) 55% ACN-lignin (2 h and 24 h) exposed to 37 °C (Reproduced with permission [196]).

In another work, the preparation of lignin constituting self-healing polyurethane elastomers
was discussed [197]. Good mechanical properties (tensile strength 10.77 MPa) in conjunction

with self-healing properties (in excess of 93%) were observed. Moreover, the presence of
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dynamic hydrogen and disulfide bonds has been correlated to superior thermal stability,

mechanical properties, resistance against fatigue, and self-healing capability.
2.2.10. Antimicrobial properties of lignin for active food packaging applications

Food packaging materials predominantly employ petroleum-sourced and non-biodegradable
conventional plastics. A shift towards sustainable and biodegradable packaging materials is
attracting substantial interest. However, their widescale application is primarily inhibited
owing to their high cost and inferior barrier and other physical properties. Thus, the use of
functional fillers to counter the inherent disadvantages of virgin biopolymers is gaining
significant interest. One of the crucial roles of food packaging materials is imparting defense
against microbial invaders. The choice of functional fillers for antimicrobial material is not
only limited by the enhancement in physical properties but also by their antimicrobial activity.
Of all the functional fillers available, the employment of lignin to impart antimicrobial

properties to the host packing material has been studied [198-201].

In a work by Shankar et al., the use of agar/lignin/silver nanoparticles for the fabrication of
antibacterial composite sheets was studied [198]. The use of lignin as a capping and reducing
agent for the preparation of silver nanoparticles was observed. Furthermore, the incorporation
of lignin-capped silver nanoparticles in agar matrix via solution casting to produce composite
sheets was witnessed, as evident from Figure 16a. With the addition of lignin, an increment
in the mechanical strength, UV barrier, and water vapor barrier properties of the films was
recorded, which witnessed a further improvement with the addition of silver nanoparticles. The
incorporation of silver nanoparticles up to 1 wt.% in the polymer matrix exhibited clear
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benefits; further increase in the concentration demonstrated detrimental effects. Antibacterial
activity against E. coli and L. monocytogenes was noted in the casted films and thus, their
potential application in active food packaging applications was proposed [198]. In a similar
work by Hu et al., lignin-capped silver nanoparticles were incorporated on the surface of
cellulose nanofibers (up to 2.9 wt.%) [199]. As evident from Figure 16b, the alkali lignin-
containing samples exhibited no bacterial growth in comparison to the original cellulose

sample.

A different approach was undertaken in a study by Yang et al., where the synergic effect of the
incorporation of lignin nanoparticles (LNPs) and cellulose nanocrystals (CNCs) in a polylactic
acid based (PLA and Glycidyl methacrylate (GMA) grafted PLA) matrix was investigated
[201]. The antibacterial activity of binary (PLA/3LNP) and tertiary (PLA-3LNP/1CNC) melt
extruded nanocomposite films against Pseudomonas syringae pv. tomato (Pst) was recorded
[201]. With addition of 3 wt.% LNP to PLA matrix in binary nanocomposite films, the highest
resistance to bacterial growth was observed. This was attributed to the antibacterial activity of

lignin nanoparticles (LNPs) [201].

In another work, the incorporation of varying amounts of corncob lignin nanoparticles (0.5
wt.% to 10 wt.%) in cellulose nanofibrils for the production of cellulose composite films was
studied. Superior antibacterial activity against Escherichia coli and Staphylococcus aureus was
exhibited by the composite films. As evident from Figure 16c, the bacterial growth
(Escherichia coli and Staphylococcus aureus) in the lignin-incorporated sheets was inferior to

the baseline cellulose counterparts. The superior antibacterial activity of lignin-loaded sheets
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against Escherichia coli was attributed to the presence of side chains and phenolic groups in
the lignin molecular structure. Thus, the authors proposed potential application of the

formulated films in antibacterial polymers [200].
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Figure 16. a) Agar/lignin/silver nanoparticle composite films synthesis procedure (Reproduced with permission
[198]), b) Four diluted E. coli suspensions exposed (10 min) to: (1) Cell, and (2) AgNPs—AL-Cell 10
((Reproduced with permission [199]). Antibacterial activity against Escherichia coli (c,d), and Staphylococcus
aureus (e,f) of CNF (c,e) composite films, and CNF@CLNPs (d,f) composite films [200].

2.3. Summary of Chapter 2

Lignin is one of the most widely available biopolymers, thus, its effective derivation for
advanced material applications is lucrative. Lignin can be distinguished on the basis of
sourced-wood and extraction operation. The inherent limitation of lignin samples can be
countered by functionalizing them. Of the various functionalization routes developed,
chemical modification of lignin is the most widely employed. Further, the functionalized lignin
moieties can be valorized in many ways. Lignin-based materials engineered at the

non/microscale and their applications in various domains were extensively discussed. Further,
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the influx in the use of additive manufacturing materials, properties of lignin-incorporated
materials in AM, and their potential application in the healthcare sector was explored. Other
valorization pathways including lignin-based carbon fibers, Pickering emulsion stabilizers, and

smart materials were covered.

Lignin-incorporated sunscreen formulations were discovered to exhibit dark color. Being
unappealing to potential consumers, the use of acetylated lignin demonstrated much lighter
formulations. With the incorporation of a mere 8 wt.% acetylated lignin in sunscreen
formulations, a 300% increment in SPF value was recorded over the baseline sunscreen
formulation [158]. Furthermore, work on consumer perception of lignin indicated a vast

majority of people are in favor of trying lignin-incorporated sunscreen formulations.

Another medium of valorizing lignin is its use in self-healing elastomers, where the presence
of supramolecular interactions is utilized for imparting the material with self-healing
properties. Moreover, the antimicrobial properties and nontoxicity of lignin fractions render it
a suitable material for food packaging applications. Various studies observed positive
antimicrobial activity of lignin specimens against E. coli, L. monocytogenes, S. aureus, etc
[198-201]. Efforts in valorizing lignin at a commercial scale have been made. Borregaard, a
Norwegian chemicals company have developed lignin-based products, including Dispersing
agents, Emulsion stabilizers, Complexing agents, Binding agents, and Crystal growth
modifiers. Another firm, Ingevity have developed proprietary lignin-based products, for
instance Indulin® SA-L is a lignin-based emulsifier to especially produce anionic asphalt

emulsions. Hence, the studies deliberated upon in this review were of utmost importance in
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emphasizing the necessity and significance of enhancing the value of lignin for advanced

material applications.
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Chapter 3 — Hydrophobic modification of lignin for rubber composites?

3.1. Introduction

Although polymers have revolutionized almost every aspect of modern life — from the clothes
we wear, to the cars we drive, to the adhesives in our Band-Aids — they are derived from fossil
fuels and require over hundreds of years to decompose in the environment. Growing
environmental concerns about their production and disposal of polymers [202,203] are driving
a shift toward the development of new materials based on renewable resources (e.g., starch,
lignin, and cellulose polymers), as well as the design of biodegradable, multifunctional and
biocompatible polymers from natural macromolecule derivatives [204-210]. Lignin is the
second most abundant natural biopolymer after cellulose, constituting anywhere from 18 to 35

wt.% of biomass, depending upon the feedstock type [211-214].

Global lignin biosphere availability is estimated to be 300 billion tonnes [215], of which
approximately 100 Mt/y is produced annually [11]. 50 to 70 million tonnes of lignin exists in
black liquor, a byproduct of the paper and pulp industry [12,13,216]. Dessbesell et al. estimated
the global annual production capacity of kraft lignin extracted from black liquor to be
265,000 t/y in 2018 [15]. Lignin is categorized as biodegradable polymers as certain wood-

rotting fungi, and some bacteria can depolymerize and mineralize it [217].

Various types of lignin exist depending on the employed extraction process. Kraft lignin,

lignosulfonates, organosolv lignin, and soda lignin are the most common types of technical

2 A version of this chapter has been published: Shorey, R., Gupta, A., & Mekonnen, T. H. (2021). Hydrophobic modification
of lignin for rubber composites. Industrial Crops and Products, 174, 114189. https://doi.org/10.1016/J.INDCROP.2021.11418
9
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lignin [218]. Furthermore, lignin can be produced from either soft or hardwood via dissolution
or the hydrolysis of cellulose and hemicellulose at low pH resulting in an insoluble residual
fraction [218-220]. Also, due to partial degradation of its molecular structure during the
extraction process, commercial lignin's molecular weight and polydispersity are highly
dependent on the employed process [221]. Overall, due to its abundance, sustainability,
renewability, and presence of numerous functional groups that enable lignin to undergo
numerous reactions, there has been a significant interest in its utilization as a feedstock for bio-
aromatic chemical syntheses, such as phenols and vanillin, and the production of bio-based
polymeric materials for adhesives or composites applications [222]. Currently, lignin moieties
existing in black liquor from paper and pulp industry are widely used as a low-cost fuel in
power and heat generation facilities [223]. The majority of extracted lignin is employed in bio
aromatic chemical synthesis and bio-based polymeric materials, a small percentage of lignin

is also used as fillers in paint, ink varnishes, and elastomeric matrices [26,224,225].

However, due to lignin’s limitations including hydrophilicity, lack of melt processability, and
poor dispersibility [226] in hydrophobic matrices like NR, structural modifications are
employed. Lignin’s structural modifications range from biological [227] to chemical
[223,228,229], electrochemical [230], and photochemical processes [231]. Lignin-elastomer
composites could generate appealing properties by combining the rigid moiety from lignin with
the elastomer’s soft moiety [232]. However, the lignin will be responsible for imparting the
composite with tensile and tear strength and resistance to abrasion [233], the soft elastomer of

NR could provide the composite with elastomeric characteristics. While the polarity mismatch
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between the hydrophobic natural rubber and the -OH rich unmodified lignin typically leads to
relatively poor lignin dispersion in NR, hampering its reinforcing properties [234]. Chemical
modifications of lignin are attractive methods because of their efficiency, control, and various

possibilities they offer.

In this work, a novel reaction for silylation of kraft lignin with the goal of reducing its
hydrophilicity and enhancing its dispersion and compatibility with hydrophobic natural rubber
to produce lignin-natural rubber composites was employed. Monoisocynate functional group-
containing silane, 3-(Triethoxysilyl)propyl isocyanate, was selected as the silylation agent in
conjunction with tin(ll) 2-ethyl hexanoate as catalyst. It was hypothesized that the high
reactivity of the electrophilic carbon of the isocyanate functional group with nucleophilic
oxygen of the lignin —OH moieties would result in the formation of a urethane linkage between
the lignin and the silane. To evaluate the effect of the modification on the dispersion and
compatibility of the lignin with natural rubber, unmodified and modified lignin samples were
incorporated in casted natural rubber sheet formulations at various loading levels.
Physicomechancial and morphology testing of the composites were then conducted, and results

are reported.

3.2. Materials and methods

3.2.1. Materials

West Fraser Mills Ltd., Canada supplied Amallin™ LPH Kraft Lignin (average molecular
mass 6,500 g/mol, pH 2.2). Stabilized natural rubber (NR) latex with 60 wt.% solid content

was purchased from Chemionics Corporation, OH, USA. Sulfur (99.5%) was supplied by

49



Acros Organics. Methanol (99.9%), 3-(Triethoxysilyl)propyl isocyanate (TEPI, 95%), tin(1l)
2-ethyl hexanoate (92.5 — 100%), potassium bromide (KBr), dimethyl sulfoxide (DMSO,
99.9%), toluene (99.9%), zinc oxide powder (ZnO), tetrahydrofuran (THF, 99.0%), potassium
hydroxide (KOH) in pellet form, dimethylformamide (DMF, 99.8%), and Chloroform (99.8%)
were obtained from Sigma Aldrich, USA. Zinc (1) dibutyl dithiocarbamate (ZDBC) (98 wt.%)

was purchased from Fisher Scientific Inc., Canada. All the chemicals were used as received.

3.2.2. Silylation of kraft lignin

3.2.2.1. Washing and pH stabilization of Lignin

The kraft lignin employed in this study, better known as Amallin™ LPH Kraft Lignin, is
precipitated by acid washing of the pulping black liquor (pH 2.2). The presence of residual
sulfur, sodium, and other impurities in varying concentrations due to the production process of
this kraft lignin is reported by the manufacturer [235]. To remove water-soluble impurities and
residual acid the lignin was washed extensively (five times) with deionized (DI) water by
dispersing it in deionized water followed by centrifugation (at 3500 for 5 min), and its pH
values were recorded after each wash. The washed lignin was dried in a convection oven at 60
°C overnight (< 3 % moisture content, pH 4.8) and stored in airtight containers until further
use.

3.2.2.2. Estimation of reaction parameters

The silylation of kraft lignin was carried out by employing 3-(Triethoxysilyl)propyl
isocyanate(TEPI) as the silylating agent with Tin(ll) 2-ethyl hexanoate as a catalyst. DMSO

was chosen as the reaction medium for kraft lignin because of the excellent dispersibility of
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kraft lignin in DMSO as shown in Figure B 1d (Appendix B). To optimize the reaction
temperature and concentration of the silylating agent, rotational rheometer studies were

conducted on Haake MARS Il rheometer (Thermo Scientific, United States).

First, 1 ml dispersion of 10 wt.% lignin in DMSO with 1:1 mole ratio of hydroxyl moieties of
lignin to TEPI and catalyst was added to the mixture, and it was stirred for 5 min at 400 rpm.
In terms of mass, 1 g of lignin and 0.89 g of TEPI was required. A zero-gap plate (1 mm) was
adjusted, and the test was conducted at 80 °C at a shear rate of 100 1/s for 4200 s, followed by
a 10 °C increment until a viscosity change was recorded. This study aided in optimizing the
reaction temperature for the proposed modification reaction. Based on the results obtained, the
subsequent study was designed to finalize the concentration of silylating agent and catalyst for
a successful silylation of kraft lignin sample, where reactant mixtures with different molar
ratios of TEPI (1:0.25, 1:0.5, 1:1 and 1:2) with respect to kraft lignin’s hydroxyl moieties
present were sheared at a constant rate of 100 1/s at 90 °C until a significant increase in

viscosity was recorded. This study aided in optimizing the economic feasibility of the process.

3.2.2.3. Modification reactions

A 10 wt.% Kiraft lignin solution was prepared in DMSO and sonicated for 30 min. 90 °C was
selected as the reaction temperature based on the rheology study. The prepared solution was
fed into a round-bottomed flask (RBF) and heated to 90 °C with constant stirring (300 rpm)
and under the continuous flow of nitrogen gas in the RBF. TEPI was added dropwise with
maintaining molar ratios of 0.5, 1.0, and 2.0 with respect to the hydroxyl group of lignin. Also,

an excess amount of Tin(Il) 2-ethyl hexanoate equivalent to half the mass of the TEPI was
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added to the mixture to catalyze the reaction. Since the required catalyst level was not
optimized, a higher concentration was used to ensure that the reaction proceeds as desired. The
excess catalyst was washed together with the unreacted TEPI in the subsequent purification
process. The reaction continued for 2.5 h and stopped after the mixture attained a jelly-like
consistency. The mixture was left to cool down and was washed with methanol thrice to
remove methanol soluble fractions, such as unreacted TEPI and excess catalyst [236]. Thus,
the methanol insoluble fraction was isolated through the centrifuge and dried in a hot air oven
at 60 °C for 36 h. The resulting silylated lignin particles were darker in color (as can be
observed in Figure B 1c), which was subsequently ground for further application in

elastomeric matrices.

3.2.2.4. Characterization of the modified lignin

Structural analysis

Thermo Scientific FTIR Nicolett 6700 was employed to record the IR spectra of lignin and
silylated lignin samples at ambient temperature. Sample pellets were prepared by mixing 2 mg
of lignin with 200 mg KBr and pressing using a pellet die at 7000 psi for 6 mins. The
transmittance was recorded to substantiate the proposed modifications.

Carbon Solid-State NMR spectra were recorded to observe and deduce the chemical
modifications resulting from the silylation of the kraft lignin specimen. The spectra were
collected up to 200 ppm on a Bruker 500 MHz high-resolution NMR (Bruker-SpectroSpin 500

MHz Ultra shield, Bruker Corporation, MA).
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Wettability test

To test the hydrophilicity and hydrophobicity of the kraft lignin sample and its modified
counterparts, 100 mg of the unmodified and modified lignin samples were added to a 20 mL
toluene-water mixture (1:1 ratio) and shaken vigorously. Since the relative polarity of both
solvents are at the opposite ends of the spectrum, it was expected that the sample demonstrating
hydrophilicity would disperse more towards the water, and one displaying hydrophobicity will

be away from water and stay in the toluene fraction.

3.2.3. Fabrication of NR biocomposite sheets

NR-Lignin composite sheets were fabricated using a solution casting process. Measured
quantities of lignin and modified lignin were solubilized in 0.3 N KOH by stirring at 300 rpm
for 20 min at 100 °C on a hotplate. The solutions were left to cool down to room temperature
and incorporated into the formulations as shown Table B 1 (Appendix B). Three
concentrations of unmodified and modified lignin (lig: TEPI::1:0.5) at 2.5, 5 and 10 wt.% were
incorporated in a rubber formulation composed of NR (100 phr), Sulfur (1.5 phr), ZnO (1.3
phr), and ZDBC (0.7 phr). The lignin (modified or unmodified), sulfur (crosslinking agent),
ZnO (activator), and ZDBC (accelerator) were added in 60 mL of 0.3 N KOH and stirred for
10 min at room temperature followed by 10 min sonication. The dispersion was then
homogenized (Fisherbrand’s Homogenizer 850) for 2 min at 10,000 rpm. A calculated amount
of NR latex was then added to each formulation and stirred at 400 rpm at 40 °C for 2 h to

initiate maturation. In the present study, ZnO was used as an activator for rubber curing. This
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would enable the added sulphur to anchor to the rubber chains to initiate the crosslinking [237].
A baseline NR sheet without lignin was the control system for the present work and was
prepared similar to the other formulations for comparison purposes. Finally, the resulting
matured rubber formulations were poured into glass molds and dried for 48 h at room
temperature. The dried sheets were then peeled off the glass mold and cured at 100 °C for 2 h

[238].

3.2.4. Theoretical compatibility analysis

The compatibility between the NR and both unmodified and modified lignin could be analyzed

based on Gibb’s free energy theory [239,240].
AG,, = AH,, — TAS,, (3.1)

In Equation 3.1, AG,, represents Gibbs free energy of mixing, AH,, is the enthalpy of mixing,

T and AS,,, represent absolute temperature and entropy of mixing.

As is apparent from Equation (3.1), AG,, value depends upon AH,, and AS,,,, where a -ve value
of AG,, indicate the polymeric blend has undergone intimate mixing. Further, mixing enthalpy
and entropy values are dependent upon their interactions, molecular weights (M), and
solubility parameters. The solubility parameter dictates the cohesive properties of a material.
Although a small value of mixing entropy favors polymeric phase separation, many polymeric
systems have reported miscibility even with small AS,,, values. This was primarily due to ionic
interactions, m-m complex formations, charge transfer, and hydrogen bonding amongst the

blended polymeric moieties [239,241].
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Also, higher randomness exhibited by low molecular weight polymers results in polymeric
systems with higher entropy, thus, leading to a negative Gibbs free energy and intricate mixing
[241]. In the case of higher molecular weight polymeric blends, the entropy of mixing is small,
primarily due to the system’s inability to undergo random mixing. Thus, its value is negligible

for such systems [241].

The enthalpy of mixing and individual solubility parameters of the two components of a blend
are related by Equation 3.2, where 6 and ¢ represent the solubility parameter and volume
fraction of individual components. Further, solubility parameters were calculated by Equation
3.3, where Gm, p, and M represent the group molar attraction constants, density, and molecular

weight of the monomer of the polymeric entity [239,240].

AHp, = (6, — 52)2@1@2 (3.2)
PGy
§ = Vi (3.3)

3.2.5. Characterization of solution cast sheets

3.2.5.1. Mechanical properties

The mechanical properties of the NR biocomposite sheets were tested on AGS-X series
universal testing machine (Shimadzu, Japan) utilizing a 500 N load cell. Samples were cut
from the solution cast sheets with a dog bone-shaped die, with a gauge length of 27 cm, a width
of 3.12 cm (ASTM D638 type V), while the thickness of the specimen was between 1 — 1.25
mm. Samples were tested at room temperature with at least five specimens from each sheet at
500 mm/min rate.
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3.2.5.2. Thermo-mechanical analysis

To record the thermo-mechanical properties of NR-lignin sheets, dynamic mechanical analysis
(DMA) test employing TA Instrument’s DMA Q800 was carried out. Specimens with a
dimension of 12 mm x 6.5 mm were prepared, and temperature sweep test at a constant
frequency of 1 Hz in a tensile mode was carried out. Samples equilibrated at -90 °C using
liquid nitrogen were ramped up to 30 °C at a rate of 3 °C/min, and the storage modulus and tan

delta (tan &) were recorded and reported.

To study the filler-filler and filler-elastomer interactions, strain sweep test was conducted using
TA Instrument’s DMA Q800. The prepared samples with constant dimensions of 12 mm x 6.5
mm were tested at a constant frequency of 10 Hz with strain varying from 0.1 to 10%. Samples
equilibrated at room temperature (27 °C) were kept at isothermal conditions for 5 minutes, and

their storage modulus and strain dependence were recorded.

3.2.5.3. Morphological study

To evaluate the dispersion of the unmodified and modified lignin in the NR biocomposites,
cured sheets were cryo-fractured. Their SEM images were recorded using a Scanning Electron
Microscope (Zeiss FESEM 1530) at an accelerating voltage of 10.00 kV. Since the samples

were non-conductive, they were gold-coated using a sputter coater prior to scanning.

3.2.5.4. Thermal analysis

Thermogravimetric analysis (TGA) was conducted to analyze the effect of modification on the

thermal degradation behavior of lignin specimen — unmodified, modified and its composites,
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employing TGA 2 STAR system (Mettler Toledo, Switzerland). The specimen was dried
overnight at 70°C to remove the residue methanol and moisture, and 20 mg each were loaded
into the ceramic crucibles for analysis. The samples were heated from 30 to 600 °C at a
temperature increment of 10 °C/min. An inert environment was maintained inside the furnace
with a nitrogen flow rate of 30 ml/min.

3.2.5.5. Water absorption testing

To evaluate the moisture absorption properties of the biocomposites, three strips each
measuring 3 cm x 1 cm were cut from each cured sheet, and dried overnight at 80 °C in a
convectional oven. The samples were then submerged in 300 mL of water, and weight change

after removing excess surface water was monitored over 72 h at various time intervals.

3.3. Results and discussion

3.3.1. Silylation of lignin

The washing of lignin increased the pH from 2.2 (received samples) to 4.8. In order to improve
the compatibility of lignin with a rubber matrix, it was chemically modified using a silylating
agent in a solution. A dual functionalized modifying agent containing isocyanate and silane
group was reacted with hydroxyl moiety of lignin to form urethane bond. The chemical
reaction and plausible mechanism is shown in Schematic 1. The dissolution of lignin in DMSO
exposed the —OH moieties of lignin to react with the electrophilic carbon of the isocyanate

group of the silylating agent, ultimately forming a urethane bond.

57



McO. OMe
/O/\/\“H D/\/\m N o
HO HO HO
McO

p-coumaryl alcohol Coniferyl alcohol i Sinapyl aleohol (”) " OCH,CH3;
(lf
(0}

—N—(CH,);—Si—OCH,CH;

cn, OCH,CH,

A - Ol
| DN o ) ,
H,C —\ Be
+ o—si”” >""nco "

|
Si
)

Schematic 1. Proposed reaction mechanism

To identify the initial reaction parameters and confirm the reaction between lignin and TEPI,
viscosity change was evaluated using rotational rheology analysis at incremental temperature
steps. It was observed that the combination of lignin and TEPI in DMSO with the Tin(Il) 2-
ethyl hexanoate catalyst did not display any viscosity change for 4200 s at 80 °C. However, at
90 °C, a substantial increase in viscosity attributed to the reaction progression was recorded
around 100 min mark (Figure B 2 (Appendix B)). In contrast, the reaction at 100 °C on the
rheometer resulted in a solid product almost immediately indicating that the reaction could be
too vigorous, and the viscosity could not be recorded. Thus, 90 °C was established as the

optimal reaction temperature for this study.

For the concentration of the silylating agent, various molar ratios of TEPI with respect to lignin
content, i.e., 0.25, 0.5, 1.0, and 2.0, were mixed, and the viscosity change was analyzed at 90
°C. Starting with a molar ratio of 1:0.25 (lignin: TEPI), no significant viscosity change was
witnessed even after 1.5 h of reaction. An increase in concentrations of TEPI resulted in a
substantial increase in viscosity, suggesting the occurrence of the reaction. As shown Figure

17, the use of 1:0.5 (lignin: TEPI) displayed a viscosity increase in 54 min.
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Further increase in the concentration of the TEPI resulted in an appreciable reduction in the
time required to increase the viscosity. At a molar ratio of 1:2 (-OH moiety of lignin: TEPI),
the viscosity increase is noted after only 4.6 min. Moreover, the viscosity increase was
dramatic. Reaction with molar ratio of 1:0.5 (-OH moiety of lignin:TEPI) utilized the least
amount of TEPI, thus, it was the most economically feasible option in terms of sustainability.
For the rubber composite study, lignin modified with a molar ratio 1:0.5 was employed.

Overall, viscosity change indirectly provided information regarding the reaction time and

temperature.
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Figure 17. Variation of viscosity with varying concentration of silylating agent at 90 °C.

3.3.1.1. FTIR and NMR analysis
FTIR analysis of the baseline lignin and the modified lignin samples with various modification

levels by varying the silylating agent's molar concentration are presented in Figure 18. The
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peak at 3450 cm™ was assigned to the stretching vibration of hydroxy!l groups of lignin. Spectra
at 2932 cm™ and 2842 cm™ correspond to the asymmetric and symmetric stretching vibration
of C-H groups present in lignin molecules which are in coherence with the reported literature
[242-246]. Peaks at 1690 cm™ and 1031 cm™ are associated with C=0 (with urethane) and the

in-plane deformation of C-H group of lignin [247].

3450 2032 2270 1560 4565 1100 955

T T y T y T T T y T T y T
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Figure 18. FTIR spectra for TEPI, unmodified lignin and modified lignin samples.

The absence of spectra at 2270 cm™ in the modified lignin confirmed the complete
consumption of -NCO reacting groups of TEPI by reacting with the hydroxyl groups of lignin,

forming a urethane bond. The shifting of the peak at 3450 cm™ also indicated the consumption
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of -OH groups and the formation of -N-H groups. The generation of small shoulder peaks at
1635 cm™, 1560 cm™, 1100 cm?, and 955 cm™ in the modified lignin represent the presence
of C=C vibrations, N-H bending vibration from urethane functionality of modified lignin and

symmetric and asymmetric stretching vibration of Si-O-C groups, respectively [245,248-252].

Furthermore, 3C solid-state NMR analysis of the baseline lignin and silylated lignin was
employed to confirm the bonding of TEPI to the kraft lignin, and results are displayed in
Figure 19. 1*C NMR spectra of TEPI was provided by Sigma-Aldrich Co. LLC [253]. The
chemical shifts at 23.5 ppm indicated the presence of C1 of the ethoxy groups of the
propyltriethoxysilane pending group [254]. Chemical shift at 14.6 ppm, 23.5 ppm, and 40 ppm
represent the three methylene group carbons (C2, C3 and C4) [255]. Also, characteristic peak
at 56 ppm represented methoxy moieties, thus, blue region represented the presence of aliphatic
carbon moieties. However, the existence of aromatic carbons was represented by the
integration interval (160 — 100 ppm) [256], presented in Figure 19 in the pink region. The most
significant peaks were observed at 107 ppm and 148 ppm. A successful silylation was
established by the presence of characteristic urethane signal (-NHCOO-) at 156.9 ppm [257],
which was absent in the unmodified lignin was noted. The presence of a distinct peak at 175
ppm was in agreement with the findings of Serrano et al., associating the peaks to carbons with
aliphatic and aromatic hydroxyl moieties [258]. With respect to the aromatic carbon peak at
148 ppm, a urethane signal (156.9 ppm) were recorded. With higher concentrations of TEPI,
the urethane peak at 156.9 ppm displayed higher intensity (peak and width), accounting for a

relative peak area of 0.0516 for LigM 0.5 sample and increasing to 0.2687 for LigM 2.0 with
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respect to 148 ppm

TEPI incorporation

aromatic carbon peak. This relative increase in the area indicated higher

with an increase in the TEPI loading.
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Figure 19.

3.3.1.2. Wettability

13C Solid Sate NMR spectra of the unmodified and modified lignin samples.

test

The wettability test was aimed at exploring the affinity of unmodified and modified lignin

samples to solvents

ratio of water (relati

exhibiting opposite relative polarities. The study conducted in a 1:1 (v/v)

ve polarity - 1.0) and toluene (relative polarity — 0.099), indicated that the

majority of the unmodified lignin was in the water fraction represented as the region below the

red line of the vial in Figure 20. Also, some fractions of the samples had settled at the bottom

of the vial, in agreement with our expectation as a result of lignin’s hydrophilicity. Moreover,

a meniscus can be observed in all the samples carrying some lignin fractions due to water’s

surface tension and

cohesive forces between the water and glass surface. No modified lignin
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fractions were witnessed in the water fraction, thus signifying hydrophobicity. While the LigM
0.5 samples formed a stable layer at the toluene-water interface, the LigM 1.0 and LigM 2.0
samples were mildly dispersed in toluene with no sign of dispersion in the water phase. This
could be due to an increase in hydrophobicity with a higher molar ratio of TEPI. Overall, the
unmodified kraft lignin displayed more hydrophilicity than the modified lignin, which solely

exhibited varying degrees of hydrophobicity depending on the modification level.

LigM LigM LigM
0.5 WIED

Figure 20. Wettability test of the unmodified and modified samples in 1:1 toluene water mixture.
3.3.2. Effect of silylated lignin on rubber composites
3.3.2.1. Compatibility analysis

As was discussed in the methods sections, a negative Gibbs free energy indicates intimate

mixing of polymer systems. Since both NR and lignin possess high molecular weight, the
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entropy contribution is considered to be negligible. Thus, Equation 3.1 reduced to the Gibbs

free energy is determined by the enthalpy of mixing AG,, = AH,, [239].

Group molar attraction constant values were calculated (NR = 1415, Lig = 8059.5, and LigM
=36043.5). The Y G, values thus obtained, with p values (lignin: 1.20 g/cm® and NR: 0.9775
g/cm®) and monomer molecular weights of NR and unmodified lignin of 68.12 g/mol, and
540.48 g/mol, respectively (as represented in Schematic 1), and modified lignin of 2024.7
g/mol are inserted in Equation 3.3 to calculate the individual solubility parameters. The
solubility parameters (NR = 20.31, Lig = 15.21, and LigM = 18.16) were then plugged in
Equation 3.2 to obtain the enthalpy of mixing values for individual lignin-NR composites.
Thus, the Gibbs free energy for each individual component was obtained as presented in Table
B 2 (Appendix B). It was noted that the modified lignin samples invariably displayed
substantially lower AGm with the NR as compared to the unmodified lignin for the
corresponding concentrations. This indicates that the modified lignin could form a better
interaction with the NR, resulting in improved dispersion in the NR and hence better composite

properties.

3.3.2.2. Mechanical properties

The rubber composites containing different amounts of modified and unmodified lignin are
subjected to a tensile pull test at a constant rate. The effect of chemically modified lignin on
mechanical properties of rubber composite is examined, and the ultimate tensile strength (UTS)
and elongation at break (% E) are shown in Figure 21. UTS and % E of the baseline natural

rubber (NR) material is found to be 23.6 MPa and 1017.7%. Although, an enhancement in UTS
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was obtained with the addition of 2.5 wt.% modified or unmodified lignin, further increase in
the loading of unmodified lignin led to reduction in UTS to ~15 MPa. This reduction in UTS
is attributed to the polar functional moiety in lignin structure, which results in its poor

dispersion in the hydrophobic rubber matrix [234].
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Figure 21. Tensile analysis of baseline NR and its composites with lignin and modified lignin at various
concentrations, (a) ultimate strength, (b) elongation at break, (c) stress-strain plots, (d) elastic modulus at 50%,
(e) elastic modulus at 100% and (f) elastic modulus at 200%.

On the contrary, the incorporation of 5 wt.% silylated lignin in the rubber matrix showed a
significant improvement in UTS to ~34 MPa, i.e., a 44.4% increase compared to the unfilled
NR sheet. Further increase in the content of the silylated lignin resulted in the reduction in the

UTS attributed to the aggregation of lignin particles, thus, subsequently in a poor lignin-NR
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interaction, leading to reduced tensile strength. It is noteworthy to mention that the composites
containing 5 wt.% and 10 wt.% silylated lignin show improved UTS in comparison with their
unmodified lignin counterparts. This confirms the better dispersibility of modified lignin
samples imparting superior mechanical properties to the elastomeric matrices in agreement
with the theoretical investigation of the compatibility of lignin with NR. Overall, the modified
lignin samples exhibited enhanced tensile properties than the baseline NR or unmodified lignin

composites.

The elongation at break was reduced with the addition of unmodified and modified lignin. This
was ascribed to the reduced mobility of the elastomeric moieties due to the strong filler-filler
interactions and incorporation of rigid lignin moiety in the matrix. Moreover, crosslinked
chains cannot untangle, imparting an early breakage upon tensile pull, resulting in a decrease
in the elongation at break. Similar results were observed in studies incorporating cellulose
nanocrystals in elastomeric matrices, for instance, in nitrile rubber [237], styrene-butadiene
rubber [259], natural rubber [233], and polychloroprene [260,261]. The reinforcing effect of
cellulose nanocrystals, calcium carbonate, sago starch, and poly (alpha 1,3-glucan) fillers in

natural rubber thin films are presented in Appendix B (Table B 3-B 6).

Progressive increments in modulus values at 50%, 100% and 200% elongations were recorded
and have been presented in Figure 21. With higher loadings of both the unmodified and
modified lignin moieties in composites, an increase in the moduli (Modulus at 50%, 100%,
and 200% elongation) were observed. This was partly due to incorporation of higher amounts

of rigid filler in soft elastomeric matrix and also because of stronger filler-filler interactions,
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as was also observed in strain sweep analysis (Figure 23). This was in agreement with the
recorded observations on kraft lignin in polybutadiene elastomer [262]. The pristine and
modified lignin may also affect the curing behavior, such as curing time and curing levels of

the NR films similar to other fillers [263]. This is not covered in the present study.

3.3.2.3. Thermo-mechanical analysis

Dynamic mechanical analysis was carried out on the baseline NR sheets and their
corresponding composites with lignin and silylated lignin samples. The effect of lignin on the
storage modulus and tan 6 of rubber composites with a constant rise in temperature are
displayed in Figure 22. It was witnessed that the concentration and type of lignin employed
had a significant influence over its thermomechanical properties. The storage modulus (E’) at
low temperature indicates the glassy state of NR and its composites. The lignin-NR composites
exhibited values higher than the baseline NR, indicative of better material stiffness of the
composites compared to the baseline [264—266]. For the unmodified lignin-based samples, an
approximate 72% improvement in the storage modulus values of Lig 2.5% and Lig 5% was
recorded. The Lig 10% sample provided an almost 100 % increase in the storage modulus
below glass transition temperature compared to the baseline natural rubber. LigM 5% sample
recorded a 70% higher storage modulus while the other two concentrations of modified lignin-
NR composites recorded about a 62% increase. This observation could be attributed to the

rigidity of lignin’s complex structure.

Since NR is the principal constituent in all composite samples, incorporating a low

concentration of reinforcing agents (like lignin in this case) had minimal effect on its glass
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transition temperature [267]. The sharp fall in storage modulus with increasing temperature
indicated the relaxation of the long-crosslinked chains of NR, the midpoint of which indicated
the value of glass transition temperature for the particular specimen [268-270]. Due to the
cooperative motion of the elastomeric chains in the composite, dissipation of energy is induced

at the temperature corresponding to the maximum value of tan o [271].

The intensity of tan 6 peak is a measure of the polymeric chain’s mobility at the glass transition
temperature [272-274]. The trend observed in Figure 22 (b & d) showed that increasing the
lignin content from baseline NR to 2.5% samples and further to higher concentrations
decreased tan 6 peak’s intensity. The general understanding is that a higher tan 6 peak intensity
indicates higher energy dissipation or high hysteresis and, thus, a more viscous behavior. In
contrast, a lower tan & intensity meant a higher elastic and less viscous behavior [233].
Therefore, the observation here was in agreement with the expectation that the incorporation

of lignin reduces energy dissipation.

NR and both unmodified and modified 2.5 wt.% composites exhibited a more viscous
behavior. This could be attributed to the better motion of larger rubber chains over Tg as the
constraint caused by the low concentration of unmodified and modified lignin composition
was minimal [275,276]. The 5 and 10 wt.% samples exhibited a higher elastic and less viscous
behavior than baseline NR. The Cole-Cole plot in which the loss modulus (E”) data are plotted
as a function of storage modulus (E’) is shown in Figure 22 (e & f). It was noted that the curves

resembled semi-circles, thus indicating the uniformity of the NR-lignin composites.

69



10000
E —NR —NR
= 1000 —Lig2.5% —Lig2.5%
":— ——Lig5% o - —Lig 5%
3 Lig10% £12 Lig 10%
S 100 A (]
- -l
2 g 02
3 " oe
S 10 4 4]
S
2 ]
7] : —
1 T T T T 0+ T T T T
-80 -60 -40 -20 0 20 -80 -60 -40 -20 0 20
Temperature (°C) Temperature (°C)
c) d)
10000 2
g —NR 18 1 ——NR
_é 1000 —LigV 2.5% 181 ——LigM 25%
w —LigM 5% o 147 — LigM 5%
5 igMl 109 =127 LigM 10%
é 100 LigM 10% g ’ igl o
2 €08
S 10 Fos
g 0.4
2 02 |
1 T T T T 0+ T T T . |
-80 -60 -40 -20 0 20 -80 -60 -40 -20 0 20
Temperature (°C) Temperature (°C)
e) f)
1000 900
= 900 ~ —NR = 800 A —NR
% 800 A —Lig2.5 % 700 - —LigM 2.5
= 700 - —Lig5 g —_ligV5
iu 600 i iu 600 g
@ 4 Lig 10 & 500 A LigM 10
= 500 A 3 400
> S 4
T 400 T
2 2 300 -
= 300 = .
% 200 @ 200 \
[=] i o
= 100 =100 1/
0 T . T T . T . 0 +- T . T . T .
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Storage Modulus, E' (MPa) Storage Modulus, E' (MPa)

Figure 22. Dynamic Mechanical Analysis curves: (a,c) change in storage modulus, (b,d) tan 6 with respect to
temperature and (e, f) cole-cole plot of composites.

Elastomeric phase interactions with lignin were studied employing strain sweep analysis, as
presented in Figure 23. The storage modulus (E”) of control system — unfilled NR showed
negligible strain dependence. However, with the addition of lignin (both pristine and modified
lignin), the storage modulus reduced with increasing strain rate. This was attributed to the
breakage of filler-filler network with increasing strain, better referred as the Payne effect [277].
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With increasing filler concentration, a greater reduction in storage modulus with increasing
strain was recorded. As is evidenced by Figure 23, composites consisting of 2.5% and 5%
lignin moieties displayed relatively lower Payne effect, in comparison to its higher lignin
concentration composite counterparts irrespective of the modification. In contrast, the 10%
lignin loaded composites displayed higher magnitude of Payne effect. Better dispersion or
lesser instances of lignin agglomerate formations in the lightly filled elastomeric matrices as
opposed to the 10%, indicated stronger rubber-lignin interactions and a weaker filler-filler

interactions in agreement with the tensile results [278,279].
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Figure 23. Strain sweep analysis: Dependence of storage modulus on dynamic strain: a) unmodified lignin-NR
composites and b) modified lignin-NR composites.

3.3.3. Morphological studies

The dispersion of lignin and morphology of the NR — lignin systems are investigated using
SEM, and results are presented in Figure 24. Figure 24b shows the micrograph of the cross-
section (cryofractured) of the baseline NR sample. It is observed that the surface is planar with
some cavities. The NR composite containing 5 wt.% unmodified and modified lignin showed

good lignin dispersion. While there were some physical connections between the unmodified
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lignin particles in the NR (Figure 24d), the modified lignin was shown as individualized

particles with 0.5 — 1 pum particle size (Figure 24c).
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Figure 24. SEM images of baseline NR and its composites with lignin and modified lignin and cryofracture surface
representation.

Moreover, the modified lignin particles are dispersed uniformly throughout the NR matrix.
Visible cavities can be observed in Figure 24c, attributed to dislodged lignin particles during

the cryofracturing process. This is similar to a bar of chocolate with nuts, whenever a piece is
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broken, one half will have the nut; whereas the other half will have a cavity where the nut used
to belong, as shown in Figure 24a. To further investigate, modified and unmodified 5% lignin
- NR composite samples are leached out of their lignin fractions using hot alkali solution
(KOH). Once the lignin leached out, the samples lost its brown color and were shown as a
yellowish shade with a tint of brown. The SEM images of such leached samples (Figure B 3
(a & b) (Appendix B)) displayed porous morphology attributed to the empty space from the
leached lignin. The dispersion of the porosity was in agreement with the observation shown in
Figure 24. It can be noted that the modified samples were well dispersed, as can be seen in
Figure B 3a (Appendix B) compared to the unmodified lignin composite as represented by
Figure B 3b (Appendix B). This pattern is repeated in the 10 wit% composites, with the
modified lignin sample showing better dispersibility (Figure 24e) than the unmodified lignin

sample (Figure 24f).

3.3.4. Water absorption

The water uptake of unmodified and modified lignin-based NR composites and the baseline
NR are recorded, and results are shown in Figure 25. In the first 8 h, the unmodified lignin
composites containing 2.5 wt%, 5 wt.% and 10 wt.% lignin surpassed the baseline NR by 7.6%,
12.9% and 58.6%, respectively. This could be attributed to the hydrophilicity of the unmodified
lignin sample. The unmodified lignin is expected to associate with moisture through hydrogen-
bonding [280]. Moreover, the rate of water absorption increases for the modified samples and
baseline NR, flattened quicker (6 h) as opposed to the unmodified lignin-based composites.

This is correlated to the hydrophobicity imparted by the modified samples to the composite.
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The better dispersibility in the NR matrix could also have reduced the free volume of the NR
for water uptake and retention. For instance, Ogunsona et al., reported that nanocellulose filler
in acrylonitrile-butadiene rubber led to lesser free micro-voids for water sorption, thus, leading
to a denser material and less water uptake [237]. Similarly, the better dispersed LigM 10 wt.%
specimen displayed the least water absorption, as the well-dispersed hydrophobic modified

lignin particles may have occupied more micro voids leaving behind less free volume for water

to penetrate.
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Figure 25. Water absorption analysis of unmodified and silylated lignin-natural rubber composites.

The molecular complexity and overall structural variation with changes in the production
process as well as the source makes lignin a challenging material to carry out modification
chemistries. While this work evaluated the potential of lignin in lightly cured rubber goods
utilizing rubber latex, it did not evaluate the processability and dispersion in other common
rubber processing operations by using batch mixers, roller mixers or extruders. Although this

study only considered hydrophobic modification of lignin via silylation, it can be anticipated
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that other chemistries could also be employed to enhance the compatibility of lignin with

typically hydrophobic elastomers.
3.4. Summary of Chapter 3

In this work, lignin was successfully modified to various degrees by silylation. The modified
kraft lignin was then incorporated in natural rubber through a solvent casting technique. The
proposed reaction mechanism was confirmed using viscosity evaluation, spectroscopic
analysis, and dispersibility studies. The wettability test confirmed the proposed substantial
polarity change of the modified lignin compared to its unmodified counterparts. It was
observed that the modified lignin based composite samples exhibited superior tensile
properties than their unmodified counterparts. For example, 5 wt.% modified lignin sample
imparted a 44.4% increase in the tensile strength of the baseline NR. The compatibility
analysis, water uptake studies, and morphological analysis agreed with the polarity change of
the lignin as a result of the modification providing good dispersibility of the modified lignin in
the NR matrix compared to the unmodified lignin composites. Overall, the silylation
modification of lignin was a straightforward process that enhanced the reinforcing capability
of lignin in natural rubber. The property enhancement of NR with the modified lignin is

expected to be translated into other rubber systems (e.qg., styrene-butadiene rubbers).
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Chapter 4 — Sustainable paper coating with enhanced barrier properties
based on esterified lignin and PBAT blend®

4.1. Introduction

Petroleum sourced traditional polymers dominate the packing industry with their post-use
disposal generating enormous amounts of plastic waste each year. To counter the plastic
pollution, efforts are directed towards renewable and biodegradable polymeric materials,
shifting their production from petroleum feedstock to renewably sourced materials [281].
Traditionally, the food packaging industry has benefited a lot from paper wraps and containers
[282]. However, the use of paper in some food packaging applications is limited due to inherent
challenges like poor water, oil barrier properties, and low wet tensile strength. The application
of polymer coatings on cellulosic paper could effectively address such inherent limitations [1].
For instance, polyethylene coated paper is extensively used for hot beverage cups.
Nevertheless, the use of synthetic polymers, such as poly(ethylene terephthalate),
poly(ethylene), and poly(ethylene-co-vinyl alcohol), have led to significant environmental
concerns associated with waste disposal, and in some cases safety (e.g., fluorocarbon) [1].

To mitigate the environmental damage caused by traditional plastics, the development of
biodegradable, non-toxic, sustainable, and green polymeric packaging materials is receiving
substantial attention [2,283-285]. Amongst the available biodegradable polymers, poly
(butylene adipate-co-terephthalate) (PBAT) is a fossil fuel sourced biodegradable polymer that

exhibits high flexibility and excellent moisture barrier [10]. This biodegradable polymer has

3 A version of this chapter has been published on peer-reviewed journal as a review article: Shorey, R., & Mekonnen, T. H.
(2022). Sustainable paper coating with enhanced barrier properties based on esterified lignin and PBAT blend. International
Journal of Biological Macromolecules, 209, 472—-484. https://doi.org/10.1016/J.1JBIOMAC.2022.04.037
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been used in various applications ranging from hygiene products to biomedical fields and
packaging materials, such as trash bags, packaging films, and food containers [4,286-289].
Although biodegradability is a desirable attribute, its mass applicability is restricted by its high
cost, poor mechanical and thermomechanical properties [3-5]. To address these limitations,
selected co-blends (e.g., thermoplastic starch) and bio-fillers (e.g., cellulose, lignin, chitin) are
incorporated in the PBAT to reduce the production cost and improve its properties, while
maintaining its biodegradability [6-10].

Lignin is a natural polyphenolic macromolecule that constitutes 15% to 30% of the available
biomass and is an appealing additive to PBAT and other sustainable polymers [290]. Despite
the vast amounts of lignin produced each year by the paper and pulp industries and
biorefineries, only small fraction is utilized in value-added applications, such as polymer
additives, fabrication of surfactants, dispersants, and adhesives. The majority of the remaining
technical lignin is utilized as a low-cost fuel [3]. With the growing interest in material
sustainability, lignin valorization as a bio-filler or additive in biodegradable polymeric
matrices is gaining significant attention. In previous works, lignin-loaded biopolymers such as
PLA, PBAT, PEG, and PCL injection or compression molded composites have been reported
[18]. The inherent limitations of lignin, such as thermal degradability, incompatibility with
hydrophobic polymeric matrices, tendency to agglomerate in host matrices, and variability in
its chemical structure with the feedstock sources limit its widescale applicability [291]. In order
to counter these limitations, various lignin functionalization reactions have been reported in

the literature [16-19,292,293].
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The esterification of lignin with fatty acids has been shown to enhance its thermoplastic
properties for material applications [294,295]. However, to the best of the authors’ knowledge,
there is no reported study on the effect of lignin on the barrier properties of paper coatings. In
this work, the use of lignin as a co-blend additive of PBAT coating formulations was
investigated with a focus on enhancing the barrier properties of paper coating in food
packaging and wrapping applications. The study aimed at developing biodegradable
alternatives to the traditional petroleum sourced waxes and polymeric film laminates in paper
wrap and packaging industries. PBAT was used as the polymeric matrix in the coating
formulations. Lignin was incorporated to make the resulting coating more economical and
exhibit better mechanical properties. Furthermore, the inherent limitations of unmodified
lignin specimen were addressed by esterifying it using an aliphatic acid chloride, palmitoyl
chloride. The esterified lignin with long fatty acid chains was expected to exhibit hydrophobic
characteristics, which could enhance its dispersibility in the nonpolar PBAT matrix.
Consequently, the esterified lignin incorporated coatings were hypothesized to have enhanced
barrier and thermo-mechanical properties. The effect of various concentrations of the
incorporated lignin on the surface morphology, film-forming properties, tensile properties,

water, oil, and oxygen barrier properties were studied and reported.

4.2. Materials and methods

4.2.1. Materials

The Amallin™ LPH Kraft Lignin with an average molecular weight of 6,500 g/mol and pH

2.2 was supplied by West Fraser Mills Ltd., Canada. Palmitoyl chloride (> 97%) was purchased
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from TCI chemicals. Pyridine (99.8 %) and chloroform (99%) were obtained from Sigma-
Aldrich. Kraft lignin was washed (pH 4.8), dried at 60 °C overnight (<3% moisture content)
in a conventional oven, and stored in an airtight container until further use. Poly (butylene
adipate-co-terephthalate) (PBAT) was purchased from T&T Industry Group Ltd, China. Semi-
bleached Manilla paper substrate, 186.3 g/m? grammage, was sourced from a local stationery

store (Ontario, Canada).

4.2.2. Methods

4.2.2.1. Esterification of kraft lignin with a fatty acid chloride

As demonstrated in Schematic 2, the modification of lignin was carried out by esterifying the
— OH moieties of lignin with a long aliphatic chain containing acid chloride, palmitoyl chloride
(PC) [296-298]. 10 wt. % kraft lignin was dispersed in pyridine and transferred to a round
bottom flask. The flask was then immersed in silicone oil and placed on a hot plate equipped
with a magnetic stirrer. The pyridine was used as a reaction medium and an acid scavenger of
HCI generated as a condensation byproduct from the reaction. The dispersion was heated to 95
°C under constant agitation (400 rpm) and a measured volume of palmitoyl chloride was slowly
added to the dispersion. The flask was fitted with a condenser and the reaction was allowed to
run for 3 hours. Three palmitoyl chloride concentrations constituting 0.625 mL, 1.25 mL, 2.5
mL per gram of lignin were employed in the present study. The resulting products have been
denoted as LigE1, LigE2, and LigE3 for the respective concentrations of palmitoyl chloride.
The reaction products were subsequently precipitated with 0.1 M HCI, centrifuged (3,700 rpm

for 7 min), and washed with water (three times). The complete removal of the unreacted
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palmitoyl chloride was verified by the absence of its characteristic peaks in an infrared (IR)
spectra of the esterified samples. The washed and esterified lignin was dried at 80 °C overnight

and stored in glass vials for further characterization.
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Schematic 2. Proposed reaction mechanism of kraft lignin with palmitoyl chloride.

4.2.2.2. Characterization of the esterified lignin samples

Infrared and NMR spectroscopy

The esterification reaction was characterized by Fourier transform infrared spectroscopy
(FTIR) (Thermo Scientific Nicolett 6700) at ambient temperature. Samples for the IR analysis
were prepared by mixing 2 mg of the powdered unmodified and esterified lignin with 200 mg
KBr salt and pressing with a pellet die (7000 psi for 6 minutes). The FTIR spectra were

recorded in the transmittance mode in the frequency range of 4000 to 500 cm™ (128 scans).

Proton nuclear magnetic resonance (H-NMR) and carbon nuclear magnetic resonance (C-
NMR) spectra were recorded for the control unmodified lignin and esterified lignin samples to
study the induced chemical changes as a result of the reaction. Each sample weighing 2 mg

was dissolved in 0.6 mL of deuterated dimethyl sulfoxide (DMSO-d6) at room temperature
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and securely sealed in 5 mm NMR analysis tubes. The spectra were recorded using a Bruker-

SpectroSpin 500 MHz Ultra shield high-resolution NMR (Bruker Corporation, United States).

Thermogravimetric analysis

The effect of esterification on the thermal degradation behavior of the modified lignin samples
was studied by employing a high-resolution TGA 2 STAR system (Mettler Toledo,
Switzerland). The samples were dried overnight at 70 °C to remove the residual moisture and
20 mg of each sample were loaded into ceramic crucibles. The degradation analysis was carried
out under an inert environment with a consistent nitrogen flow (30 mL/min) from 30 °C to 800

°C at a rate of 30 °C/min.

Zeta potential

The zeta potential ({-potential) of unmodified and esterified lignin samples dispersed in
deionized water (0.01 wt.% concentration) was measured using a Zetasizer Nano ZS90
(Malvern Panalytical, UK). The recorded zeta potential values were an arithmetic mean of

three consecutive measurements per sample.

4.2.2.3. Fabrication of lignin-PBAT based paper coatings

The coatings were formulated based on the mass ratio of lignin (unmodified and esterified
(Lige?2)) and PBAT, as illustrated in Table 1. The fabrication procedure was initiated with the
solubilization of 10 wt.% PBAT in chloroform on a stir plate (400 rpm and 40 °C).
Furthermore, 10 wt. % dispersion of the calculated respective lignin samples were separately
dispersed in chloroform using a probe sonicator for 30 minutes. A measured quantity of the

solubilized PBAT and lignin dispersion were mixed and sonicated for 10 minutes as per Table
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1. The total solid concentration of the formulation was adjusted to 10 wt.% solids for all
formulations by adding chloroform. Finally, a doctor blade was employed to apply a uniform
coating formulation (20 um dry thickness) on the paper substrate. The coated paper sheets were
brown in color and were allowed to dry at room temperature for 24 h before testing. The coating

weights of the various formulations are shown in Table 1.

Table 1. Composition of the coating film formulations.

Sample Wt.%  Wt.% of W1t.% of W1t.% of Grammage of
designation of modified PBAT solids coating
lignin lignin formulations (g/m?)

Uncoated paper 0 0 0 0 02
PBAT 0 0 100 10 13.10 +1.36"
LigPBAT1090 10 0 90 10 12.75 £ 0.78°
LigMPBAT1090 0 10 90 10 12.58 + 2.24°
LigPBAT2575 25 0 75 10 12.07 £ 0.51°
LigMPBAT2575 0 25 75 10 13.95 + 0.78°
LigPBAT5050 50 0 50 10 14.81 + 1.29°
LigMPBAT5050 0 50 50 10 14.12 + 0.51°

Grammage value = mean * standard deviation (n = 3), means with the same superscript letters within a column
are not significantly different at P < 0.05 level.
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4.2.2.4. Compatibility analysis

The compatibility and miscibility of lignin moieties in polymeric PBAT matrix were studied
by employing a Gibbs free energy-based analysis [299,300]. The relation between Gibbs free
energy (AG,,), the enthalpy of mixing (AH,,), the absolute temperature (T), and entropy of

mixing (AS,,) is represented by Equation 4.1.

AG,, = AH,, — TAS,, (4.1)
A negative Gibbs free energy (AG,,) value signifies intricate mixing and compatibility between
the polymeric blend components. The entropy of mixing is strongly dependent on the
molecular weight of polymeric blends. A low molecular weight polymeric system will have
high entropy, thus, translating to a negative value of AG,, and intricate mixing. On the contrary,
a high molecular weight polymeric blend will not be able to undergo random mixing, thus,
exhibiting a negligible entropy [301]. The enthalpy of mixing (AH,,) is correlated to the

solubility parameter (8) and volume fraction () of the blend components by Equation 4.2.

AHpy = (61 — 52)2@1@2 (4.2)

Moreover, the solubility parameter for each component is related to the group molar attraction
constant (3, Gp,), density (p) and molecular weight of the monomeric units (M), as represented

in Equation 4.3 [299,302].

_pXGm

5 =M

(4.3)

4.2.2.5. Characterization of coatings

Microscopic analysis
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Optical microscopy was employed to investigate the dispersion of lignin domains (unmodified
and esterified) in the PBAT matrix using BX53M polarizing optical microscope (Olympus,
United States). The effect of esterification on the compatibility of the esterified samples with

the polymeric matrix was recorded at 50x magnification.

The dispersibility of lignin particles and the uniformity of the lignin incorporated PBAT films
on the paper surface were further studied using a Quanta FEG 250 scanning electron
microscope (SEM) (FEI Company, United States). The effect of coating formulations on the

surface morphology of the coated specimens was evaluated at 20 kV under vacuum.

Rheology

The viscoelastic properties of the formulated coating films were recorded employing an
amplitude sweep test at 150 °C on a HAAKE Mars 11l rheometer (Thermo Scientific, United
States). A parallel plate P20 CS L geometry with a gap of 0.2 mm between the plates was used
at a frequency of 1 Hz. Before the rheometric measurements, the solution cast samples were

dried overnight at 70 °C in a conventional oven.

Water contact angle (WCA)

The water contact angle (WCA) of unmodified and esterified lignin-based coating formulations
was measured by utilizing a custom-built optical sessile drop system. A water droplet (5 uL)
was dropped onto the specimen using a syringe pump and contact angle images were collected
employing a camera (Basler scA 1000—30 fm) with high magnification and fixed focal length.
The images were collected after 30 seconds at 24 °C to minimize the effect of evaporation,

while enabling sufficient water contact time with the specimen. ImageJ, an image processing
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program, was employed to measure the contact angle exhibited by the water droplets in contact

with the coating specimens.

Cobb test: water and oil

In accordance with TAPPI T441, the coated samples were tested for water and oil
absorptiveness. Three specimens were cut from separate coated sheets each having a surface
area of about 10 cm?. A custom-made cylinder with a depth of 1 + 0.1 cm was filled with water.
The specimen was weighed and subsequently clamped into the Cobb apparatus. The coated
surface of the paper was exposed to the water for 2 minutes. The excess surface water was then
removed by blotting with a paper towel and the specimen was weighed. The Cobb value was

calculated using Equation 4.4.

(m, —m;) x 10*
Area (cm?)

Cobb value (i) =

= (4.4)

where mz and my are the weight of the coated paper specimen before and post water contact,
respectively. Similarly, the oil Cobb test was employed to test the oil absorption exhibited by
the coated paper specimens. The coated surface was in contact with canola oil for one minute.
Three measurements were recorded for each coating formulation and the mean of the recorded

Cobb values have been presented.

Kit test

In compliance with TAPPI T559, the grease resistance of the coated paper specimens was
evaluated using the Kit test. The test entailed exposing the coated samples to 12 different
solutions (with different viscosity and surface tension). The solutions constituted of varying
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concentrations of castor oil, n-heptane, and toluene. While the first Kit solution constituted
entirely of castor oil, solution 12 was made up of 45 vol% of toluene and 55 vol% of n-heptane.
Each specimen was exposed to the different solutions, with the highest number solution unable
to leave any stain being reported as the Kit number for the specimen. Five replicates were
tested for each formulation and the average is reported. Overall, the higher the Kit number was

recorded, the better the grease resistance of the sample.

Mechanical properties — Dry and wet conditions

The tensile properties of the coated paper specimens were tested under dry and wet conditions
on an AGS-X series universal testing machine (Shimadzu, Japan) with a 500 N load cell. Five
rectangular strips (50 mm x 10 mm) of each formulation were cut from the coated sheets. The
testing of samples was conducted at a strain rate of 100 mm/min, in accordance with ISO 1924-

2/3.

Furthermore, the performance of the coated specimens under wet conditions was measured in
accordance with ASTM D829-97. The samples were completely submerged in distilled water
for 30 seconds. Subsequently, the specimens were blotted with a paper towel to remove the

excess surface water and immediately tested for wet tensile strength.

Oxygen permeability

The oxygen permeability (OP) of the formulated specimens was tested utilizing a custom-made
bubble flowmeter setup to distinguish between samples. It consisted of a two-chamber
cartridge into which the coated samples were secured for testing. One end of the cartridge was

connected to an oxygen source, thus, exposing the coated surface of the specimen to pure
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oxygen. The other end was attached to a bubble flow meter and the pressure difference across
the cartridge was maintained at 5 psi. To compute the flux, the time required by a bubble to
travel 100 mL through the burette was recorded. The OP was then calculated by employing

Equation 4.5:

% ) l (4.5)

= | — X —
op (t.A AP

Where (V/(t.A)) (cc/m?.day) is the oxygen flux, | (m) was the thickness of coated paper
specimens, and AP (Pa) is the pressure difference maintained across the specimen. Three

specimens were tested for each coating formulation at ambient conditions and 50% RH.

4.2.2.6. Statistical analysis

A one-way ANOVA (analysis of variance) test was employed to evaluate the difference in
means exhibited by the unmodified and modified lignin incorporated coated specimens. For a

p value < 0.05, the difference was considered significant.

4.3. Results and discussions

4.3.1. Characterization of palmitoyl chloride esterified lignin

4.3.1.1. Structural analysis

The structural modifications incurred by the esterified lignin were characterized by employing
infrared spectroscopy (IR) analysis. The infrared spectra of unmodified and esterified lignin
samples, each illustrating different levels of modification are illustrated in Figure 26. The peak
at 3450 cm ™! was assigned to the stretching vibration of hydroxyl groups (-OH) of lignin. An

incremental reduction in the -OH moieties was observed in the esterified samples. This was
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attributed to the use of higher concentrations of palmitoyl chloride (PC) resulting in a greater
substitution of the hydroxyl moieties. Similar observations have been reported in the literature

[303].
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Figure 26. (a) IR spectra of palmitoyl chloride, control, and esterified lignin samples and, (b) zoomed-in view.

The characteristic peaks at 2918 cm™! and 2847 cm™! correspond to -CH; and -CHjs vibrations
in palmitoyl chloride [297]. Their prominent presence in the esterified samples compared to
the control lignin confirms the grafting of the aliphatic chain (Figure 26). As observed in
Figure 26b, a strong transmittance peak at 1800 cm™' corresponds to -COCI stretching
vibrations of the palmitoyl chloride. Its absence in the esterified lignin samples signified the
complete removal of unreacted palmitoyl chloride with the downstream process [304].
Additional evidence of the successful esterification of the kraft lignin is the development of a

new peak around 1767 cm™ in the esterified samples, attributed to the presence of the ester
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bond’s carbonyl (C=0) group [303,305]. Overall, the FTIR spectra were in agreement with the

proposed reaction mechanism illustrated in Schematic 2.
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Figure 27. (a) H-NMR spectra of unmodified and esterified lignin specimens, (b) structural representation of
esterified lignin, and (c) C-NMR spectra of unmodified and esterified lignin samples.

The signals noted between the regions of 7.10 to 6.40 ppm and 4.10 to 3.50 ppm corresponded
to the aromatic and methoxy protons of the lignin [306]. The peak at 7.41 ppm represents vinyl
protons existing on the carbon atoms besides the aromatic rings in cinnamaldehyde units and
aromatic protons in benzaldehyde units [37]. Similar characteristic peaks, representing the
presence of long aliphatic chains were also recorded in C-NMR spectra, as illustrated in Figure
27c. While the peak at 14.1 ppm represented the terminal methyl (-CHs) group, the peaks
between 33.9 and 22.6 were characteristics of the C2 to C15 methylene carbon atoms of the
palmitic chain [308]. As shown in Figure 26 and Figure 27, the sample LigE2 exhibited
sufficient modification, thus, it was employed in coating formulations and henceforth has been

referred to as LigM.
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4.3.1.2. Thermal analysis and zeta potential

Thermogravimetric analysis was performed to study the changes imparted by the esterification
on the thermal stability of the kraft lignin. The weight loss (Thermogravimetry or TG) and
derivative weight loss (Derivative thermogravimetry or DTG) curves of the unmodified and
esterified lignin samples were recorded from 30 to 800 °C as shown in Figure 28a and 28b,

respectively.

Unmodified lignin exhibited superior thermal stability than its esterified counterparts. As is
apparent in Figure 28b, rapid thermal degradation of the unmodified sample peaked at a
temperature of around 401.5 °C. The same sample accounted for the highest solid residue of
about 37.9 wt.% at 800 °C amongst the other esterified specimens. On the contrary, the
esterified samples experienced an earlier degradation with an onset temperature of about 290
°C, while the more modified samples exhibited 5 to 7 °C higher values. For the esterified
samples, two degradation peaks were recorded as shown in Figure 28b. The presence of these
peaks was associated with the degradation of the lignin and the fatty acid chains, and this was
a further evidence of the esterification of lignin. The lower thermal stability of the modified
lignin and lesser residue was ascribed to the presence of long aliphatic chains, which
consequently hindered the formation of H-bonds between the unreacted hydroxyl moieties
[32,309]. Trinh et al. observed similar behavior while studying thermal degradation of TPS
[310]. Moreover, palmitic acid is thermally less stable than lignin, as it displays severe
degradation beyond 200 °C leaving behind minimal ash residue [311]. Thus, the successive

reduction in the ash residue (Figure 28a) with an increase in the palmitoyl chloride
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modification agent at higher temperature (> 400 °C) was related to the poor thermal stability

of the palmitic acid grafted on the lignin structure.
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Figure 28. (a) TGA and, (b) DTG plots of unmodified and esterified lignin specimens.

The zeta potential of the unmodified and esterified lignin samples was recorded and is

presented in Table 2.

Table 2. Zeta potential of lignin and esterified lignin samples.

Sample C-potential
(mV)

Lig -55.26 + 4,572
LigEl -49.83 + 1.21°
Lige2 -45.30 + 0.30°
LigE3 -42.40 £ 0.69°

Value = mean * standard deviation (n = 3), means with the same superscript letters within a column are not
significantly different at P < 0.05 level.

Unmodified lignin recorded a strong negative zeta potential (-55.26 mV). On the other hand,

the esterified lignin samples displayed zeta potentials of -49.83, -45.30, and -42.40 mV,
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respectively. The difference in the observed values were statistically significant, recording a p
value < 0.05. This increase in the surface charge was credited to the carbonyl moieties of the
esterified lignin, as shown in Schematic 2, which increased with the increase in the level of

modification.

4.3.1.3. Theoretical compatibility and miscibility analysis

The interactions and compatibility between the polymeric coating constituents were studied
based on their Gibbs free energy (AG,,). As discussed earlier, a negative AG,, signifies intimate
mixing. The high molecular weight polymeric constituents render the entropy term (AS,,)
negligible, thus making the Gibb’s free energy (AG,,) equivalent to the enthalpy of mixing
AH,, [32,300]. The group molar attraction constant (3, G,,) values were obtained from the

literature [32,299].

Furthermore, the solubility parameter for each constituent was calculated, substituting the
respective p values (PBAT: 1.25 g/cm®and lignin: 1.02 g/cm®) and the monomeric molecular
weights in Equation 4.3. Putting the calculated values in Equation 4.2, the enthalpy of mixing
and thus, the Gibbs free energy values for various lignin-PBAT composite sheet formulations
were obtained. As evident from Table C 6 (Appendix C), the modified lignin incorporated
specimens exhibited lower Gibbs free energy values than their unmodified counterparts, the
former signifying better compatibility and miscibility than the latter. This was attributed to the
better dispersibility of the relatively nonpolar modified lignin moieties in the polymeric PBAT

matrix, thus, in agreement with the finding in a previous work [32].
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4.3.2. Characterization of coatings

4.3.2.1. Dispersion morphology

The compatibility and dispersibility of unmodified and esterified lignin in the PBAT matrix
were further investigated with an optical microscope, and results are presented in Figure 29
(a-e). As anticipated, the unmodified lignin particles agglomerated in the PBAT matrix
resulting in unevenly distributed lignin moieties in the coating. This is primarily due to the
inherent polarity difference between the unmodified lignin and the PBAT. On the contrary, the
esterified lignin moieties were well-distributed in the polymeric PBAT phase, mainly due to
the substitution of the lignin —OH moieties with the nonpolar aliphatic chains. Comparing
formulations that constitute the highest fraction of lignin (LigPBAT5050) and esterified lignin
(LigMPBAT5050), which was one to one weight ratio with PBAT, it was noted that the
esterified lignin exhibited substantially improved dispersion and compatibility with the PBAT
matrix as evidenced by the formation of a fine dispersion morphology, as shown in Figure
29c. The finely dispersed structure could improve reduce moisture penetration, oleophobicity,
and grease resistance as noted from the Cobb and KIT tests. Similar morphology was recorded
under a scanning electron microscope, as shown in Figure 30h and Figure 30i. To investigate
the effect of the coating formulations on the surface morphology of the paper substrate, SEM
images were collected and results are shown in Figure 30. As can be seen in Figure 30a, the
surface of the uncoated paper substrate constitutes clearly visible uneven and intertwined
cellulose fibers with micro-voids. The coating has filled some of the micro-voids between the

fibers and formed a thin layer as seen in Figure 30.
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Figure 29. Optical micrographs: (a) PBAT, (b) LigPBAT1090, (c) LigMPBAT1090, (d) LigPBAT5050, and (e)
LigMPBAT5050.

In the PBAT coated specimens (Figure 30b and 30c), a visible adhesion of the cellulosic fibers
of paper can be witnessed. It was apparent from Figure 30d that the 10% lignin-loaded
coatings did not cause severe agglomeration. As anticipated, the coating with 50% lignin
(Figure 30e and Figure 30f) displayed considerable agglomeration of the unmodified lignin
moieties. This is associated with the polarity difference between the unmodified lignin and the
PBAT that led to poor compatibility [312,313]. On the contrary, the coating with a similar
concentration of esterified lignin showed much better dispersion of the esterified lignin, as is
apparent from the zoomed images in Figure 30i. This was due to the better dispersion of the
hydrophobic esterified lignin in the non-polar PBAT. It is important to note that the finely
dispersed structure previously observed in the LigMPBAT5050 specimen under an optical

microscope was apparent in the SEM images (Figure 30 (h and i)) as well.
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Figure 30. Scanning electron microscopy images of the surface of: (a) uncoated paper, (b) PBAT coated paper,
(c) PBAT coated paper (zoomed-in view), (d) LigPBAT1090 coated paper, (e) LigPBAT5050 coated paper, (f)
LigPBATS5050 coated paper (zoomed-in view), (g) LigMPBAT1090 coated paper, (h) LigMPBAT 5050 coated
paper and, (i) LigMPBAT 5050 coated paper (zoomed-in view).

Observing the specimens with 60 um coatings of LigPBAT5050 and LigMPBAT5050 (Figure
C 1 (Appendix C)), a much more extensive covering of the cellulosic substrate than their 20
pum counterparts were recorded. The observed surface morphology for thicker coated
specimens were in agreement with their thinner coated counterparts. Overall, these
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observations were in line with the optical micrographs and justified the excellent water and

lipid barrier property.

4.3.2.2. Rheology

An amplitude sweep test was carried out at 150 °C and a frequency of 1 Hz to determine the
deformation behavior of the lignin-PBAT films in the linear viscoelastic region (LVE) [314].
Figure 31 illustrates the effect of varying concentrations of incorporated lignin on the PBAT
matrix on its viscoelastic properties with progressively increasing strain rate. The addition of
lignin particles in the polymeric PBAT matrix increased the overall moduli. Overall, coating
films with higher loading levels of lignin displayed greater stiffness compared to the baseline

PBAT film.

The recorded amplitude sweep plots illustrate the storage (G') and loss (G") moduli constant
plateau in the LVE region. For the coating specimens with an equal ratio of lignin and PBAT
(LigPBAT5050), the G' consistently exceeded the G" in the LVE region. This behavior
indicated that the formulation exhibit more elastic behavior than viscous. A study by Li et al.
correlated such behaviors with the reinforcing effect of lignin in the polymeric matrices [315].
Moreover, this formulation imparted the specimen with the highest viscosity amongst all the
coating formulations.

For the remainder of the samples, higher G" values compared to G' values were recorded,
indicating that the viscous component is the dominant phase at 150 °C employed for the study
[314]. In accordance with the presence of smaller lignin domains in the PBAT matrix (as

observed in the microscopic analysis), the samples exhibited lower viscosities.
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The dynamic viscosity of the coating formulations has paramount importance in understanding
the surface uniformity and flow behavior of the coating formulations. The characteristics of
the suspended particles within a suspension, for instance, its shape, size, dispersion
microstructure, and surface charge strongly dictate its rheological properties [316]. Figure 31c
illustrates a positive correlation between the increasing concentration of lignin with an increase
in the viscosity of the coating formulations, primarily due to the impact of lignin on the flow
characteristics and restricted mobility it causes on the polymeric chains [317,318]. It is apparent
that the lignin caused a shear-thinning behavior, which was more prominent at higher lignin-
loading, such as the LigPBAT5050 and LigMPBAT5050 samples. Shear-thinning is a common
occurrence in formulations in which solid-like materials (fillers) are incorporated in polymeric
matrices [317,319,320]. Such shear-thinning behavior could be attributed to the breakdown of
lignin aggregates due to the applied shear. This phenomenon is favorable in wet-coating

fabrications [321,322].
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Figure 31. Viscoelastic properties of the lignin-PBAT films: (a) Storage modulus (G") vs. strain (%), (b) Loss
modulus (G") vs. strain (%) and (c) Complex viscosity vs. strain (%).
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4.3.2.3. Water contact angle

The observations from the water contact angle test were used to elucidate the impact of the
lignin esterification on the polarity of the fabricated composites. The smallest water contact
angle was obtained for the uncoated paper sample, which was attributed to its relative
hydrophilicity and porous structure. As illustrated in Figure 32, the addition of 50 wt.%
esterified lignin to PBAT displayed a 72.6% increase in water contact angle compared to
PBAT. On the contrary, the contact angle of the unmodified lignin-based composite film of
similar lignin concentration showed an increase of 21.8% % in comparison to the baseline
PBAT film. This increase in contact angle values over the baseline PBAT could be ascribed to
change in surface morphology and superior hydrophobicity of the filled specimens [323,324].
A similar difference in contact angle was observed for films that contained lower
concentrations of esterified and unmodified lignin samples. This behavior was in line with the
proposed mechanism in Schematic 2. The decrease in hydrophilicity and increase in contact
angle of the esterified lignin samples was associated with the substitution of hydroxyl moieties
by the nonpolar long aliphatic chains from palmitoyl chloride [312,313,325]. The better
dispersion of the highly nonpolar esterified lignin samples in the PBAT matrix could have also
resulted in lesser free volume and better water repellence, as evidenced by Figures 29 and
Figure 30. Despite the abundant —OH moieties on unmodified lignin’s structure, the
composites displayed water contact angle greater than baseline PBAT film, which could be
attributed to the complex aromatic rings of the lignin’s backbone structure. Moreover,

undertaking an one way ANOVA test, signified the differences between the recorded water
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contact angle values to be statistically significant (p < 0.05), as illustrated in Table C 1

(Appendix C).
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Figure 32. Water contact angle measurements for uncoated paper and coating formulations.

4.3.2.4. Cobb test: Water and oil

The water and oil Cobb test were carried out to investigate the effective hydrophobicity and
oleophobicity imparted by the esterified lignin incorporation in the PBAT matrix to the
respective coated paper sheets. As evidenced by Figure 33a, the PBAT coated sheets
demonstrated a significant drop in water absorption in comparison to the base paper, with a p
value (0.000) < 0.05, thus signifying significantly different recorded water cobb values.
Further, the lignin (unmodified and modified) incorporated formulations presented statistically
significantly differences in the observed water cobb values with all having p < 0.05 when

compared with PBAT coated specimen, as illustrated in Table C 2 (Appendix C). The extent
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of water absorption has further reduced by approximately 40% with the addition of esterified
lignin (LigMPBAT5050 (20 um)). This could be attributed to its inherent hydrophobicity as a
result of the presence of hydroxyl substituted long aliphatic chains, thus, in agreement with the
water contact angle observations [326]. Moreover, the superior dispersion and uniformity
exhibited by the esterified lignin-coated sheets (Figure 29) could reduce moisture penetration
properties. In comparison, the unmodified lignin-coated specimens were ineffective in
resisting water absorption, beyond 10 wt. % lignin concentration. This could be due to the
abundance of polar hydroxyl moieties on lignin’s structure. As illustrated in Figure 33b, an
increase in the coating thickness decreased the water absorption significantly. The best water
resistance was exhibited by 50% esterified lignin 60 um coating (thickest coating layer),
recording a water Cobb value of 4.9 g/m?. Figure 33 (c and d) shows the oil Cobb test result,
which was employed to test the oil absorption properties of the formulated paper coatings. As
expected, an inverse relationship between the oil Cobb values and the oil barrier properties
were noted in the studied specimens. Surely, the oil Cobb value for PBAT coating showed a
35.3% decrease in oil absorption, thus undoubtedly signifying its oil resistance with respect to
the base paper. However, with an increase in the unmodified lignin concentration in the
coating, the oil resistance exhibited a decrease. This was attributed to the agglomeration of the
unmodified lignin moieties. On the contrary, esterified lignin comprising specimens exhibited
superior oil barrier properties, the highest lipophobicity being exhibited by the samples loaded
in excess of 10 wt.% esterified specimens. Moreover, an increase in the coating thickness of

the specimen recorded a further decrease in its oil absorption. As expected, the maximum
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lipophobicity was noted by the 60 um thick coating composed of 50% esterified lignin-PBAT

composite. Overall, these results were in-line with the lipophobicity recorded by the Kit test.
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Figure 33. (a) Water Cobb test (20 pm thick-coated samples), (b) Water Cobb test (varied thickness samples of
LigPBAT5050 and LigMPBAT5050), (c) Oil Cobb test (20 um thick-coated samples), (d) Oil Cobb test (varied
thickness samples of LigPBAT5050 and LigMPBAT5050), and (e) Kit test.

101



As recorded in Table C 3 (Appendix C), most of the oil cobb values observed statistically
significant difference (p < 0.05), with the exception of 10% lignin loaded formulation coated
sheet. This could be attributed to minimal oleophobilicty imparted by 10 wt.% loaded lignin

moieties.

4.3.2.5. Kit test

To examine the grease resistance of the coated papers, a Kit test was performed. As illustrated
by Figure 33e, the uncoated paper sheet failed to resist the percolation of Kit solution 1, thus,
reporting the lowest Kit number. This was attributed to the irregular and highly porous surface
morphology of the uncoated paper sheet. With the application of any of the coating on the base
paper, the Kit number increased. This could be attributed to the formation of a tortuous path
for the oil molecules. It was observed that for a constant thickness coating, esterified lignin-
based samples displayed a slightly better grease resistance than their unmodified counterparts.
It is essential to note that at 20 um thickness, esterified lignin-PBAT coatings with lignin
concentrations of 25 wt. % and 50 wt. % observed the highest Kit value (i.e. Kit number 5).
This could be attributed to the remarkable dispersibility of the modified lignin and the resulting
uniformity achieved in the paper coatings. The oleophobicity observed in thicker coating
systems is attributed to enhanced coverage of the voids between the cellulose fibers in the
paper substrate. Overall, the Kit numbers obtained for the various specimens were in agreement

with the oil Cobb values.
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4.3.2.6. Oxygen barrier properties

The barrier properties of a coating material against penetrants differ based on their interactions
with the material.

While interactions with penetrants such as water vapor are highly dictated by the layer
composition and its interactions with water molecules, penetrants such as lipids and oxygen
are extremely responsive to the deformities and voids in the coating layer [327,328]. Oxygen
permeability (OP) is one of the most significant packaging material properties that determine
a material’s potential widescale applicability. It has been widely witnessed that excessive
oxygen contact is one of the main reasons for food spoilage, primarily owing to the ineffective
oxygen barrier of the packaging materials. The barrier properties of the coated paper with the
various PBAT - lignin formulations against oxygen permeation were tested and the results
presented (Figure 34).

As noted from Figure 34, an increase in the oxygen barrier properties with the application of
coatings was observed, recording a 22.1% reduction in the OP with the application of a 20 pm
PBAT coat over the base uncoated paper sheet. This was attributed to the physical covering of
micro-voids between the cellulosic fibers in the paper substrate and the semi-crystallinity of
PBAT, as witnessed in Figure 30b and Figure 30c. Moreover, at higher lignin loading
concentrations, the oxygen barrier properties of the specimens further improved over the
pristine PBAT coated samples. This was attributed to the nonpolarity of the PBAT matrix
imparting an easier passage to the nonpolar oxygen molecules [329]. Moreover, the lignin is
expected to fill the free volume of the PBAT polymer, irrespective of the polarity. The lower

OP recorded by the unmodified samples could be attributed to the presence of polar lignin
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moieties interacting with the nonpolar oxygen molecules, thus, hindering the diffusion.
Moreover, the better coating uniformity exhibited by higher loaded specimens imparted them
with a better oxygen barrier [330].

Additionally, the esterified lignin incorporated specimens recorded even better barrier
properties against oxygen. As illustrated by Table C 4 (Appendix C), the differences in
oxygen permeability values of the tested specimens were statistically significant (p < 0.05).
The 50 wt.% esterified lignin loaded specimen recorded the lowest oxygen permeability value
of 1.13 cm®-m/(m?-day-Pa), which was a 55.2% reduction over its unmodified counterpart.
This could be resultant of superior dispersibility of the esterified specimens, as witnessed in
Figure 29, Figure 30h and, Figure 30i, which provided optimal free volume filling to block
the permeation of oxygen.

Furthermore, a 7.1% (10% lignin loading) and 29.8% (25% lignin loading) improvement in
oxygen barrier properties with respect to the unmodified coatings were noted at lower

concentrations of the esterified lignin coatings, as shown in Figure 34.
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Figure 34. Oxygen Permeability (OP) values of the coating formulations.

4.3.2.7. Mechanical properties: Dry and wet conditions

To evaluate the effect of coating formulations on the tensile properties of the base paper and
to investigate its physical integrity under dry and wet conditions, tensile testing of the coated
films was carried out. As is evident from Figure 35, the tensile strength of coated paper sheets
is highly dependent on the base paper [331] as a thin coating layer (20 um) was employed in
this study. Due to the adhesive nature of the polymeric coatings, they can have an additive
effect on the tensile strength of the base paper. The enhanced strength can be more apparent
under wet conditions where the base paper begins to disintegrate, primarily due to the

disruption of non-bonded and hydrophilic cellulose fibers present in the base paper.

As illustrated in Figure 35a, the sample with 10 wt.% esterified lignin exhibited the highest

tensile strength (60.7 MPa), which was a 24% improvement over its 10 wt.% unmodified lignin
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counterpart. It is important to highlight that this was approximately 33% improvement
compared to the pristine PBAT coated or uncoated paper substrate. This could be due to the
good dispersibility of the esterified lignin in the PBAT matrix, as was observed in Figure 30.
Further addition of lignin did not significantly impact the tensile properties of the paper
substrate. While the tensile strength witnessed significant improvement at 10 wt.% lignin
concentration, the elongation at break of coated paper sheets remained fairly constant,
exhibiting values around 5% elongation. Shankar et al. reported a significant increase in the
tensile strength of PBAT coated kraft paper [332]. Similar enhancement in tensile properties of
paperboard coated with PLA were observed by Rhim et al. [333]. Contrary to tensile properties
under dry conditions, the incorporation of esterified lignin samples into the PBAT matrix
significantly improved the tensile strength of the coated specimen compared to the control

paper substrate.

While the tensile strength of uncoated paper reported a substantial decrease by 87.3%, the
incorporation of 25 wt.% esterified lignin in the formulation displayed a milder reduction of
54.4% from the dry specimens. These reductions were due to the disintegration of cellulosic
fibers present in the uncoated paper upon submersion in water [334]. Interestingly, post water
submersion, the baseline PBAT coated paper sheet exhibited a tensile strength improvement
of 74.1% over the base paper. An increase in wet tensile strength with lignin concentration
(both unmodified and esterified) was recorded. While the wet tensile strength of samples
coated with the unmodified lignin-based formulations progressively increased from 11 MPa to

17.2 MPa with the increase in lignin concentration from 10% to 50%, the esterified samples
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remained fairly constant around 19 to 20 MPa for all the formulations. Comparing the tensile
strength of the PBAT coated paper versus the esterified lignin — PBAT coated paper substrate,

a tensile strength improvement of up to 97% was exhibited by the esterified lignin incorporated

counterpart.
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Figure 35. Tensile strength and elongation at break of paper coatings: Tensile strength: (a) dry samples, (b) wet
samples, elongation at break: (c) dry samples, (d) wet samples.

The enhanced tensile properties would partially have been due to the hydrophobicity of the
PBAT coating. The incorporation of a relatively nonpolar esterified lignin layer enabled the
samples with added water repellence as it fills the PBAT polymer’s free volume. Also, the
finely dispersed esterified lignin particles in the polymeric coating could fill the micro-voids

107



between the cellulose fibers, thus, preventing water seepage through the pores (Figure 29c,
Figure 30h, and Figure 30i). The recorded wet tensile strength values were in agreement with
the water contact angle and water Cobb test observations. The elongation at break of the dry
paper substrate was not affected with the employment of the coating layer. In the wet test, the
elongation at break of the baseline paper displayed significant reduction from the dry sample
(87.3%). However, under wet conditions the application of the coating helped to retain the
elasticity, with the baseline PBAT and esterified lignin — PBAT based formulations displaying
higher levels of elasticity retention in comparison to the dry specimens. One-way ANOVA test
of dry and wet specimen concluded statistically significant differences (p < 0.05) with the
exception of elongation at break results for dry specimen.

The analysis has been presented in Table C 5 (Appendix C). Overall, the esterified lignin-
based formulations exhibited great promise for simultaneous water repellence, superior tensile

strength and mechanical integrity in wet conditions.

4.4. Summary of Chapter 4

The study aimed at fabricating economical, biodegradable, and sustainable alternatives to the
traditional polymeric coatings for packaging applications, investigated the fabrication of lignin
incorporated PBAT paper coatings. Due to the poor dispersion of lignin in hydrophobic
polymers, including PBAT, an esterification modification of the lignin was employed to
substitute the abundant hydroxyl moieties with long aliphatic chains. The esterified lignin
exhibited enhanced dispersibility in the non-polar PBAT paper coating formulations resulting

in better wet tensile strength of the coated paper. With an increase in the concentration of
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esterified lignin in the coating formulations (up to 50 wt.%), appealing oxygen, oil, and
moisture penetration reduction properties were recorded. An increase in the coating thickness
has resulted in a further improvement in barrier properties, with the best barrier obtained using
60 um thickness 50 wt.% esterified lignin-PBAT coatings. Overall, the fabricated paper
coating films based on the esterified lignin and PBAT in this work demonstrated uniform
surface morphology, better tensile properties, and remarkable barrier properties. Since both
PBAT and lignin are compostable, the resulting formulation is also expected to be
compostable, albeit requiring further investigation and confirmation. These characteristic
properties make the formulations an appealing, sustainable material alternative for a range of
paper-based food packaging and wrapping applications. The use of extrusion coating or the
use of water-based dispersion systems will avoid the use of chloroform to further enhance the
sustainability of the process. Potential applications of such compostable material coated papers

include burger wraps, single-use lunch boxes, milk and juice containers, beverage cups, etc.
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Chapter 5 — Oleic acid decorated kraft lignin as a hydrophobic and
functional filler of cellulose acetate films*

5.1. Introduction

The synthetic and non-degradable plastics problem in our environment cannot be overstated,
with the major concern of plastic waste leaching into land and waterbodies, thus, imparting
harmful effects on living organisms and ecosystems. In the past decades, the domination of
petroleum-sourced conventional polymers in the packaging industry has been widely
recognized [335]. The dependency of the food industry on petrochemical-based plastics (e.g.,
polyethylene terephthalate (PET), polyethylene (PE), polystyrene (PS), polyvinyl chloride
(PVC), polypropylene (PP), and polyamide (PA)) stems from their exceptional material
properties and low cost [336]. Although conventional plastics have several benefits that make
them popular for packaging applications (e.g., excellent barrier properties, inexpensive, mature
technology), post-use disposal of these polymers contributes to significant plastic waste
generation that spills into the environment. To counter the petrochemical-derived plastic
waste-led environmental consequences, the valorization of renewable resource-derived
macromolecules into bioplastic as alternatives to traditional polymer materials has gained

substantial interest [281,337].

Potential benefits of nature-derived macromolecules include renewability, sustainability,
biodegradability, non-toxicity, and extensive availability [2]. Constituting primarily cellulose,

hemicellulose, and lignin moieties, lignocellulosic biomass can be a good source of nature-

4 A version of this chapter has been submitted for peer-reviewed publication.
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derived macromolecules. Cellulose is the most abundant biopolymer, and its derivatives, such
as cellulose acetate (CA), are a viable option for food packaging applications [32,335,338-
340]. CA has garnered significant attention due to its compostability, transparency, good
mechanical properties, and melt processability [335,341,342]. On the contrary, cellulose
acetate exhibits poor UV stability and high moisture absorption resulting in inferior

dimensional stability, which limits its food packaging applications [335,343,344].

Polymer blending is one of the most attractive methods to obtain new materials with excellent
properties and cost structure. As such, to reduce a polymer’s hydrophilicity, nonpolar materials
could be incorporated into the polymer matrix. While fine dispersion of polymer blends can be
achieved via optimal designing of the blending operations as well as the selection of
appropriate blending partners, secondary polymer processing techniques to produce final
products (e.g., injection molding, thermoforming, compression molding) could result in
ineffective mixing and phase separation [345]. Moreover, the strong thermodynamic driving
forces often lead to phase coalescence and/or coarsening toward a macroscopic phase-
separated state with poor performance [345]. In such an effort by Rajeswari et al., seaweed-
extracted carrageenan and sodium alginate were added to the cellulose acetate matrix, and
significant improvements in thermal properties, morphology, and mechanical properties were
recorded [335]. Lignin is another lignocellulosic derivative that could be employed to fabricate

cellulose acetate composites.

Lignin is a polyphenolic macromolecule and the second most abundant biopolymer,

constituting between 18 and 35 wt.% of biomass (depending on feedstock) [32,338-340]. Of

111



the vast amount of lignin produced by biorefineries and paper and pulp industries annually, a
major fraction is burnt as inexpensive fuel [30]. Additionally, a small fraction of the produced
lignin is utilized in value-added applications like fillers, adsorbents, construction, biomedical
applications, surfactants, adsorbents, and adhesives [17-19,31,294,346-350]. The extensive
applicability of lignin is limited by its structural variability, hydrophilicity, non-homogeneity,
tendency to agglomerate, and incomparability with nonpolar polymer matrices [295]. Thus,
significant efforts are being made to chemically modify the lignin structure for its effective

valorization [296-298,304,305,351,352].

The present work aims to investigate the incorporation of lignin and hydrophobically modified
lignin as a blending partner of cellulose acetate to enhance the performance of cellulose acetate
with a focus on sustainable food packaging material in lieu of conventional petroleum-derived
plastic packaging. The employment of lignin (baseline and functionalized) as a functional
additive in cellulose acetate matrix was investigated. Initially, the baseline kraft lignin sample
was esterified with oleic acid due to oleic acid’s bio-origin and natural abundance. The oleic
acid functionalized lignin was hypothesized to exhibit non-polar characteristics, homogeneity,
and compatibility with cellulose acetate matrices. The success of lignin modification reactions
was validated with spectroscopy and other techniques. The impact of the lignin (unmodified
and esterified) incorporation in the cellulose acetate matrix on the physicomechanical
properties, surface morphology, viscoelasticity, and barrier properties was systematically

evaluated.

112



5.2. Materials and methods

5.2.1. Materials

The kraft lignin (Amallin™ LPH, low pH = 2.2, average molecular weight = 6500 g/mol) was
purchased from West Fraser Mills Ltd., Canada. Pyridine (99.8 %), p-Toluenesulfonyl chloride
(reagent grade, >98%), oleic acid, and tetrahydrofuran (THF, ACS reagent, >99%) were
sourced from Sigma-Aldrich (Oakville, ON, Canada). Cellulose acetate was supplied by
Eastman Chemical Company, USA. The Kraft lignin sample was washed three times with
distilled (DI) water and dried overnight (forced air oven, 60 °C, overnight). The dried lignin

was stored in airtight containers to maintain low moisture content (<3%).

5.2.2. Methods

5.2.2.1. Lignin functionalization reactions with oleic acid

The functionalization of kraft lignin employing an oleic acid (mono-unsaturated omega-9 fatty
acid) was conducted by varying one factor at a time. The factors that were evaluated were the
mole ratio of hydroxyl groups of lignin to oleic acid and oleic acid to the TsCI catalyst (Table

3).

To carry out the reaction, 2 g of unmodified kraft lignin was dissolved in pyridine (20 mL) via
sonication (20 min). This was then mixed with oleic acid — TsCI premix at different ratios
(Table 3) under continuous stirring (300 rpm). The content was then transferred to a round

bottom flask equipped with reflux and placed in an oil bath. The reaction temperature (90 °C)
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and time (3 h) were selected based on preliminary experimentation and maintained similarly

for all runs.

Table 3. Composition of various esterification reaction formulations

Sample ID Mole ratio
Lignin Oleic acid:
(OH): Oleic TsCl
acid

LigOA-1 1:3 11
LigOA-2 1:3 1:0.5
LigOA-3 1:3 1:0.25
LigOA-4 1:2 1:1
LigOA-5 1:1 1:1

To recover the reaction product, the generated product was precipitated with DI water followed
by Soxhlet extraction to remove unreacted oleic acid. The complete removal of oleic acid was

verified via FTIR and HNMR analysis of the raffinate.

5.2.2.2. Characterization of lignin modifications

Infrared (IR) spectroscopy

The successful functionalization of lignin samples was characterized and validated by
Attenuated Total Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). IR
spectra of the control (unmodified lignin), modified lignin samples, and modifying agent (oleic
acid) were recorded using a Thermo Scientific Nicolett 6700 spectrometer at ambient
conditions. The powder samples were loaded and the spectra (128 scans) were collected in the

frequency range of 4000 to 500 cm™! in the transmittance mode.
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Proton nuclear magnetic resonance (H-NMR) spectroscopy

The H-NMR spectra of the modifying agent (oleic acid), unmodified lignin, and functionalized
lignin samples were collected to evaluate the induced chemical modifications. 2 mg of each
sample was dissolved in 0.6 mL of deuterated dimethyl sulfoxide (DMSO-d6) at room
temperature. The respective samples were then sealed and labeled in 5 mm NMR analysis
tubes. Employing a Bruker-SpectroSpin 500 MHz Ultra shield high-resolution NMR (Bruker

Corporation, United States), the H-NMR spectra were recorded.

Melt processability

The melt processability of the unmodified and modified lignin samples was tested. The
specimen was compressed for 4 mins employing a compression molder (4 MT, 120 °C). The
optical micrographs of the compression-molded lignin films were then collected (BX53M
polarizing optical microscope, Olympus, United States). The changes in the film surface
morphology were also evaluated by employing a hot stage functionality of the optical

microscope (room temperature to 210 °C).

Dispersibility test

The dispersibility of the unmodified kraft lignin and oleic acid functionalized kraft lignin
samples in various organic solvents was tested. Various solvents with increasing relative
polarities (toluene, tetrahydrofuran, ethanol, and water) were employed. For this, 20 mg of the
lignin samples were added into 10 mL of the respective solvent and sonicated for a constant

time (10 minutes). It was then left undisturbed for 24 h and pictures were collected.
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Contact angle measurements

The water contact (WCA) and diiodomethane (MI) contact angle of lignin-loaded sheets was
measured using a custom-built optical sessile drop system. A 5 uL droplet was dropped on
each respective specimen and the contact angle images were collected. Basler (scA 1000—30
fm) camera was utilized to record the contact angle images at 24 °C. To measure the contact

angle values, an image processing program (ImageJ) was employed.

5.2.2.3. Theoretical model for material selection

The compatibility of unmodified and modified lignin samples with various potential polymeric

matrices was studied. Gibb’s free energy-based analysis was employed [299,302].
AG, = AH, — TAS, (5.1)

In Equation 5.1, Gibbs free energy is represented by AGm, the enthalpy of mixing is denoted
by AHpm, the absolute temperature by T, and ASw is representative of the entropy of mixing. A
negative value of AGm in a polymeric blend indicates intricate mixing between the
components. Low molecular weight systems exhibit a high entropy and thus, a negative Gibbs
free energy implying an intricate mixing between system components. In contrast, high
molecular weight systems have low entropy and as a result, they typically display poor

mixing[301].

AHpy, = (61 — 52)2@1@2 (5.2)
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As shown in Equation 5.2, the enthalpy of mixing is directly proportional to the volume
fraction of the components () and the square of solubility parameters (8). Furthermore, the
solubility parameter is proportional to the product density (p) and group molar attraction
constant (3Gm), and inversely proportional to the molecular weight of the monomeric units

(M), as described by Equation 5.3 [299,302].

=pZGm

="M

(5.3)

The compatibility of unmodified and modified (esterified) lignin samples (2.5 wt.%) was
compared against cellulose monoacetate (CA), poly(butylene adipate terephthalate) (PBAT),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(hydroxybutyrate) (PHB),

polyvinyl acetate (PVAc), and poly(vinyl alcohol) (PVOH).

Surface charge and interfacial tension

The previously recorded water and diiodomethane contact angle values were used to calculate

the surface free energy values of the respective specimens employing Equation 5.4 and

Equation 5.5.
1 d.,,d 1 p.p 1
Eyw(l +0,)=[syvw)2+ (vs Yw)? | (5.4)
1 d,,d 1 p.,p 1
EYMI(l + Omr) = [ s ym)2 + (Vs Ym)? | (5.5)

From Equation 5.4 and Equation 5.5, the 6,, and 0y, represent the contact angle values of

water and diiodomethane exhibited by each of the respective specimens. The vy,, (72.8% :
m
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ymi (50.8 nn;—l), and vy, attribute the surface energy of water, dilodomethane, and the respective

sample. Furthermore, the 2 (21.8%}, vk (49 :—l), ¥P (51.0 ::—l), and yh, (1.8 ::—i), are

representative of the surface energies with dispersive (superscript d) and polar (superscript p)

components. The total surface energy is the sum of ys4 and s [353].

To calculate the interfacial tension values, Owens-Wendt-Kaelble (OWK, Equation 5.6) and

Wu (Equation 5.7) were used.

1 1
Yiz =v1i+7v2 —2[(riyHz + P vD)?] (5.6)

yiyé vy ) 57)

V12 =Y1+V2_4<

Wy v+
In Equation 5.6 and Equation 5.7, the interfacial tension between the polymer fractions was
represented by y,,. Further, the surface energies of lignin fractions (y;) and the cellulose

acetate (y,) matrix were accounted for. The superscripts d and p were attributed to the

dispersive and polar fractions of the surface energy.

5.2.2.4. Fabrication of sheets

In accordance with the formulations outlined in Table 4, a specified amount of lignin and
modified lignin samples were dispersed in THF and sonicated (20 min) for dissolution. These
solutions were then mixed with 10 wt.% cellulose acetate solution in THF at varying ratios to
generate 2.5 wt.%, 5 wt.%, and 10 wt.% lignin and modified lignin in CA (Table 4). The
mixtures were subsequently mixed via a magnetic stir bar on a stir plate at room temperature

(200 rpm, 2 min) and cast on a petri dish to evaporate the solvent. The cast sheets were
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compression molded into films at optimal temperature (170 °C) and under a compressive force
(5 MT, 4 mins). To optimize the compression molding temperature of the casted sheets, a
temperature sweep analysis on a rotational rheometer (HAAKE Mars Il Thermo Scientific,
United States) was employed. The specimen was subjected to a temperature range of 120 °C

to 220 °C.

Table 4. Composition of solution cast sheets.

Sample ID Wt.% of W1t.% of Wt.% of
Cellulose Unmodified  Modified
Acetate Lignin Lignin
CA 100 - -
Lig2.5 97.5 2.5 -
LigOA2.5 97.5 - 2.5
Lig5 95 5 -
LigOA5 95 - 5
Lig10 90 10 -
LigOA10 90 10

5.2.2.5. Characterization of formulated sheets

Rheology

At the optimized temperature (170 °C), the viscoelastic properties of the compression molded
sheets were tested using a rotational rheometer (HAAKE Mars Il rheometer, Thermo
Scientific, United States). A parallel plate (P20 CS L, Plate 20 with ceramic shaft) geometry
was employed to determine the linear viscoelastic region (LVE) from an amplitude sweep test

(0.001% - 1%, 1 Hz). The viscoelastic properties were then tested in the LVE region by
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undertaking a frequency sweep (0.01 Hz — 100 Hz) test. Prior to testing, the samples were dried

overnight in a convection oven (70 °C).

Mechanical properties

The tensile properties of the compression molded sheets were evaluated using a universal
tensile testing machine equipped with a 500 N load cell (AGS-X series, Shimadzu, Japan). For
each formulation, at least five strips measuring 70 mm (L) x 10 mm (W) were cut from multiple
compression molded sheets. Out of the strips cut for each formulation, five specimens were
randomly selected and tested for their tensile properties. The testing of the randomized

specimen was conducted at a strain rate of 1 mm/min.
Optical microscopy

Optical micrographs of the lignin samples (unmodified and modified) and their blends with
CA matrix were recorded using BX53M polarizing optical microscope (Olympus, United
States). The effect of modification on the dispersibility of the lignin moiety in the polymer

matrix was captured at 10x magnification.

Moisture absorption and barrier properties of the casted sheets

The moisture uptake of the compression molded specimens was tested in an artificially
maintained humid environment (99% relative humidity (RH)). Samples measuring 2 cm x 2
cm were dried overnight in a convection oven (70 °C) and placed in a desiccator and eventually

transferred into a chamber adjusted to the 99% humidity environment. After 24 hr of exposure,
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water uptake values were recorded. The water barrier properties of the fabricated sheets were
also evaluated using the barrier cup method. For this, films were fixed in barrier cups that
contained distilled water and placed inside a desiccator (RH < 25%, room temperature). The
moisture loss was monitored for 96 hours. The water vapor permeability (WVP) and water

vapor transmission rate (WVTR) were calculated using Equation 5.8 and Equation 5.9.

WVTR = AG 5.8
CAxt (8)
WVP—WVTR X [ cg

~ S(ARH) -9

Where AG represents the moisture loss (g), A is the exposed area of films (m?), t is time (h),
the thickness of the films was represented by I, S is the vapor pressure (saturation, 23 °C), and
ARH representing the relative humidity difference between the inside of the cup and its

surrounding area [36].

UV barrier properties

The cellulose acetate films with the unmodified and esterified lignin incorporating cellulose
acetate compression molded sheets were tested for their absorbance properties between 300
nm and 800 nm. The films were cut into strips (1 cm in width) and characterized on a Cary 300

Bio UV-Visible Spectrophotometer.
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5.3. Results and discussions

5.3.1. Spectroscopy analysis of lignin modification

The hypothesized functionalization reaction of kraft lignin with oleic acid is displayed in
Schematic 3. The success of the proposed reaction was evaluated by employing infrared and

nuclear magnetic resonance spectroscopic techniques.

Lignin——0OH ~ TN N N Lo

o
i

f/_\) X
Schematic 3. Functionalization reaction of kraft lignin with oleic acid.

The attenuated total reflectance (ATR) infrared spectra of the unmodified and functionalized
lignin samples are illustrated in Figure 36. The stretching vibration at 3450 cm™* was attributed
to the presence of characteristic hydroxyl (-OH) moieties in the tested specimens. The
distinctive flattening of the -OH peak in the functionalized specimen established the successful
esterification of the baseline kraft lignin sample [304,354,355]. The peaks at 2918 cm™ and
2847 cm™* correspond to the presence of methylene (-CH,) and methyl (-CHs) moieties in the
modifying agent (oleic acid (OA)) [356]. As observed in Figure 36, the evident appearance of
prominent methyl and methylene peaks in the modified samples (in proportion to the
unmodified sample) further signifies their successful functionalization. The development of a
peak around 1710 cm™ was attributed to the asymmetric carbonyl chains of the ester bond,

thus, validating the successful esterification of the baseline kraft lignin [357,358].
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The successful esterification of the kraft lignin (Schematic 3) was further validated by
employing H-NMR spectroscopy. The H-NMR spectra of oleic acid, unmodified lignin, and
modified lignin samples are illustrated in Figure 37. The prominent peak at 0.89 ppm was
attributed to the presence of methyl (-CHs) protons. The signals between 2.34 ppm and 1.26
ppm were representative of the long aliphatic chain protons of the oleic acid, as illustrated in
Figure 37 [308]. The distinctive presence of aliphatic carbon representing characteristic peaks
in the esterified lignin spectra was observed. Their absence from the baseline kraft lignin
spectra further verified the successful esterification of the modified samples, thus, synchronous
with IR observations. The characteristic signals between 4.10 and 3.50 ppm signified the

presence of methoxy protons of lignin [306].
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Figure 36. ATR-FTIR spectra of oleic acid, unmodified, and functionalized lignin samples.
Also, the peak at 5.34 ppm was representative of the carboxylic acid (-COOH) moieties of
the oleic acid. As evident from Figure 37, the absence of the carboxylic acid representative
peak in the esterified lignin spectra exhibited the successful removal of unreacted oleic acid

fractions during post-processing steps.

124



liphatic C
- COOH Hnetnoxy ohain CH,
! i 0 B | !
I 1 ] i , ]
| 1 | | |
. 1 | ! |
Lig | ] : L
] 1 1 [} | 1
. P i o
| | 1 | | |
LigOA-1 I ! ! !
g f— e A I "~
| | 1 1 | |
| o : i
LLQOA-Z L ! | i !
| i | ] 1
! I l I :
] i 1
LigOA-3 | : . . ,
: | : :
| I I 1
LigOA-4 | e ; .
: : : :
| I ]
LigOA-5 ! ! ]
—-i | : A 1
1 | 1
1 1 1
1 I 1
OA | | i
r r r 1 r L | L r ,I 1
9 8 7 6 5 4 3 2 1 0

Chemical shift (ppm)

Figure 37. HNMR spectra of oleic acid, control, and esterified lignin specimens.

5.3.2. Melt flowability of the unmodified and esterified lignin

The melt processability of the unmodified kraft lignin specimen and functionalized lignin
(LigOA-1) moieties were evaluated. Lignin samples were heated (120 °C) in a compression
mold under a load of 4 MT for 4 minutes. The compression molded specimens were placed on
paper (Figure 38) for comparative visual analysis. As is apparent from Figure 38, the
unmodified lignin specimen did not melt apart from the fusion of particles into an opaque, self-
standing, but brittle sheet (Figure 38b). Additionally, the sample displayed signs of heat and

compression-mediated degradation, as noted from the charring.
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On the contrary, the modified specimen melted under compressive forces and formed a thin,
flexible film. As shown in Figure 38c, the compression molded modified lignin film was
translucent, as the background logo image was visible with all its details. However, it has poor
clarity/transparency as compared to the transparent CA film displayed in Figure 3a. Overall,
the modification rendered the kraft lignin into a melt-processible material. Hence the melt

processability of modified lignin samples was established. Further validation of the lignin melt

processability employing hot-stage optical microscopy was conducted.

Figure 38. Melt processability and transparency of a) CA film, b) unmodified kraft lignin, and c) esterified lignin
samples.

For additional evidence of lignin melt processability, the change in lignin sheet morphology
was evaluated using hot-stage optical micrographs at various elevated temperatures (25 °C,
150 °C, 180°C, and 210 °C) in transmission and reflected modes. As illustrated in Figure 39,
significant differences in the surface morphology of the baseline kraft lignin and modified
lignin films were observed. While the baseline kraft lignin film displayed large lignin particle
agglomerates, the modified lignin film exhibited homogeneous morphology. At 120 °C, no
changes in the surface morphology of the unmodified lignin films were recorded in the
transmission and reflectance mode. Heating the baseline lignin film further up to 210 °C did
not impart any observable changes, with the lignin domains remaining intact. Hence, no

instances of melting were observed, validating its lack of melt processability.
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Figure 39. Hot stage optical micrographs of control and esterified lignin specimens (from room temperature (25
°C) to 210 °C).

On the other hand, the modified lignin molded film exhibited homogeneity with no visible
particle aggregates at room temperature. By heating the sample to 150 °C, no significant
changes to the surface morphology were observed. However, a further temperature increase to
180 °C resulted in morphology changes with visible melting conformation. Interestingly, the
surface deformations on the film specimen generated during compression molding ceased to
appear at 180 °C. Thus, the relatively smoother surface (at 180 °C) validated the melting

behavior of the modified lignin sample. A similar trend as 180 °C was noted at 220 °C, and

these observations agreed with the initial hypothesis.
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5.3.3. Solvent dispersion

The dispersibility of the unmodified and modified lignin samples was tested in organic solvents
with varying polarities (Figure 40). The employed solvents and their respective relative
polarities were toluene (0.099), THF (0.207), ethanol (0.654), and water (1.000). As noted in
Figure 40, the unmodified lignin was soluble in THF and dispersible in the rest of the solvents,
thus exhibiting an affinity to both polar and nonpolar media. On the contrary, the modified
lignin sample was soluble in toluene, dispersible in the THF, but insoluble in solvents with
higher relative polarities (e.g., water, ethanol), thus, exhibiting a strong affinity for nonpolar
solvents. This was another validation of the hydrophobic modification of lignin, demonstrating
the potential compatibility of the modified lignin with the nonpolar cellulose acetate as

opposed to the pristine lignin.
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Figure 40. Dispersibility test of lignin moieties (unmodified and oleic acid functionalized) in various solvents.
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5.3.4. Theoretical model for polymer phase selection

The compatibility of lignin moieties in different polymer matrices was evaluated based on their
Gibbs free energy (AG,,). Negative Gibbs free energy is representative of the intricate mixing
of the various components of the polymer systems. In the studied system, the lignin and the
various polymer materials (cellulose acetate, PBAT, PHB, PHBV, PBAT, PVAc, PVOH) are
all macromolecules with large molecular weights. Thus, the entropy contribution to the Gibbs
free energy can be considered negligible [302]. Therefore, Equation 5.1 reduces to Equation

5.10.
AG, = AH,, (5.10)

The calculated Gibbs free energy values have been tabulated (Table D 1 (Appendix D)), using
the respective density p values. The least AG,, value was obtained for the cellulose acetate-
modified lignin system followed by PVAc and PVOH indicating good compatibility. On the
contrary, both lignin and modified lignin displayed high AG,, with PHBV, PHB, and PBAT,
indicating poor compatibility. Moreover, the AG,, values for the modified lignin-polymer
compositions were lower than their unmodified lignin-polymer composition counterparts. This
could be ascribed to the enhanced dispersion potential of the modified lignin in the polymer
matrix compared to the baseline lignin, which could result in lignin-polymer compatibility and

enhanced properties.

5.3.5. Contact angle, surface energy, and interfacial tension

The water and diiodomethane (MI) contact angles of the compression molded samples were
evaluated, as illustrated in Figure 41.
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The recorded contact angles were instrumental to further validate the hydrophobic character
imparted by lignin addition to the samples. As apparent from Figure 41, the smallest water
contact angle was recorded for the baseline cellulose acetate film. This was attributed to the
polarity of cellulose acetate from the residual -OH moieties [359]. Adding 2.5 wt.%
unmodified lignin to the CA matrix exhibited a 13.4 % increment in the water contact angle
over the baseline cellulose acetate sample. On the contrary, the oleic acid-modified lignin-
loaded samples presented a 37.9% increase in the water contact angle value. This significant
improvement was ascribed to the enhanced dispersibility and hydrophobicity of the esterified

lignin fractions [31,323,324].
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Figure 41. Contact angle values for the compression molded films: a) Water contact angles and b) Diiodomethane

(MI) contact angles.

Moreover, formulations with higher lignin loading displayed a similar trend, with the
unmodified specimen recording a smaller water contact angle than its oleic acid functionalized
counterpart. The esterified lignin-loaded specimens exhibited higher diiodomethane (MI)
contact angle values than their unmodified and baseline counterparts, as illustrated in Figure

41. This increase in the contact angle values could be attributed to the enhanced dispersibility
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of the modified lignin moieties in the polymer matrix. As anticipated, all the esterified lignin-
loaded formulations exhibited more hydrophobicity than their unmodified lignin-loaded
counterparts [58]. These properties coincided with the optical micrographs, the water uptake

and barrier study, and the hot-stage optical micrographs.

To further evaluate the compatibility and miscibility of the pristine and oleic acid
functionalized lignin in cellulose acetate matrix, surface energy and interfacial tension values
were evaluated. The interfacial properties of the lignin-cellulose acetate and functionalized
lignin-cellulose acetate were estimated employing Owens-Wendt-Kaelble (OWK) and Wu’s
models [360,361]. As displayed in Figure 42, the cellulose acetate sample exhibited the
highest surface energy value (37.98 mJ/m?). In a separate study by Rbihi et al., a similar surface
energy value was reported [362]. Furthermore, the surface energy of the pristine and modified
lignin was observed to be 10.64 mJ/m? and 20.71 mJ/m?, respectively. The interfacial tension
measurements were evaluated using the total surface tension values and their dispersive and
polar components. Figure 42 illustrates the interfacial tension of oleic acid functionalized
lignin sample (LigOA) and unmodified lignin (Lig) blends with cellulose acetate were
recorded. In accordance with the OWK model, interfacial tension values of 20.42 mN/m and
3.54 mN/m were recorded for the Lig-CA and LigOA-CA blends. Employing the Wu model,
Lig-CA and LigOA-CA showed interfacial tension of 24.06 mN/m and 6.62 mN/m,
respectively. The reduction in the interfacial tension values for the LigOA-CA blends was
attributed to better compatibility between the functionalized lignin moiety and the cellulose

acetate matrix, thus, indicating better miscibility and lesser instances of phase separation.
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Furthermore, the lower interfacial tension could indicate enhanced mechanical properties

stemming from better stress transfer between the polymer fractions [363].
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Figure 42. a) Diiodomethane (MI) contact angles, water contact angles, and surface energy values, and b)

Interfacial tension values.

5.3.6. Characterization of the formulated sheets

5.3.6.1. Rheology

An amplitude sweep analysis was employed to estimate the Linear Viscoelastic region (LVE)
and hence the non-destructive testing limit of the compression molded films. The effect of
loading 10 wt.% lignin moieties (unmodified and esterified) on the viscoelastic properties of
the cellulose acetate matrix with increasing strain rate was studied. The lignin-loaded films
exhibited higher overall moduli and stiffness than the baseline cellulose acetate film (Figure
D 1 (Appendix D)). In accordance with the G’ deviation tolerance (£ 5%) dictated by 1SO
6721-10 and EN/DIN EN 14770, the linearity limit of 0.01% strain was established for the

present study [364].
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As illustrated in Figure 43, the time-dependent non-destructive behavior of the molded films
was tested at a strain rate of 0.01% (0.1 Hz to 100 Hz, 170 °C). The unmodified lignin-loaded
formulations (for instance, Lig2.5) accounted for a higher G’ value, consistently exceeding the
corresponding loss moduli in the LVE region. Moreover, the baseline cellulose acetate film
exhibited similar behavior. This translated to the baseline CA and the unmodified lignin-loaded
samples exhibiting a more elastic behavior than viscous [31]. In a work by Li et al., similar
behavior was attributed to the reinforcing effect of lignin structures in polymer matrices [315].
In addition, unmodified lignin-loaded samples recorded higher viscosity values at each
concentration than their functionalized lignin-loaded counterparts likely due to strong filler-
filler interactions and agglomeration sites. On the contrary, G” values exceeded the storage
moduli values for the 10 wt.% modified lignin-loaded formulation. This behavior represented
a dominant viscous phase at the testing temperature [31,314]. This was synchronous to the

homogeneously distributed smaller domains of modified lignin in the polymer matrix.

It is well known that the viscosity of blend formulations dictates their commercial application.
As illustrated in Figure 43c, the complex viscosity of the lignin-cellulose acetate formulations
declined at higher frequencies. This shear thinning behavior (especially at higher loadings) was
attributed to the breakdown of lignin aggregates under shear [365,366]. Also, the occurrence
of such shear thinning behavior in solid-filled polymer matrices has been widely observed
[319,320,367]. The increment in viscosity values at higher lignin loadings could be due to the
reduced polymer chain mobility caused by lignin addition [318,367]. As illustrated in Figure

43d, a Han curve has been plotted [368,369]. Han curve could be employed to investigate the
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compatibility between polymer matrices. At different concentrations, the G' - G” curves

representing various specimens coincide, thus, exhibiting compatibility [368,369].
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Figure 43. Frequency sweep analysis of the compression molded films: a) Storage modulus (G') vs. frequency
(Hz), b) Loss modulus (G") vs. frequency (Hz), ¢c) Complex viscosity vs. frequency (Hz), and d) Han curve
(Storage modulus (G') vs. Loss modulus (G")).

5.3.6.2. Optical microscopy

The compatibility and homogeneity of lignin moieties in the polymer matrix were further
investigated by recording optical micrographs of compression-molded polymer films, as
demonstrated in Figure 44. As expected, unmodified lignin-loaded polymer films showed

agglomeration sites and, thus, nonhomogeneous distributions. This non-homogeneity was
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resultant of the polarity imparted by the extensive -OH moieties of the baseline kraft lignin
specimen. Contrary to the kraft lignin blends, oleic acid-modified lignin films exhibited
enhanced distribution of the lignin domain in the cellulose acetate matrix. This is primarily

due to the non-polar characteristics of the modified lignin moieties and superior distribution in

the polymer matrix.

Figure 44. Optical micrographs a) CA, b) Lig2.5, c¢) LigOA2.5, d) Lig5, e) LigOAb, f) Lig10, and g) LigOA10.

Comparing the 5 wt.% lignin (unmodified and modified) loaded sheets (Lig5 and LigOAb), it
was evident that the functionalized lignin had substantially superior compatibility and fine
dispersion morphology in the cellulose acetate matrix. Notably, the highest loaded samples
exhibited distinctive morphologies, with the unmodified lignin domains being distinguishable
from their functionalized counterpart. These observations were coherent with the initial

hypothesis.

5.3.6.3. Mechanical properties

To investigate the effect of incorporating lignin fractions (kraft and oleic acid functionalized)

on the tensile properties of the cellulose acetate films, tensile testing of the compression
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molded specimens was conducted. The tensile properties of polymer composites are highly
dependent on the strength of the base polymer, distribution of the filler in the host matrix,

processing conditions, and their sensitivity to the surrounding environment.
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Figure 45. Mechanical properties of compression molded films at various lignin loadings: a) Stress-strain curve,
b) Tensile strength, c) Elongation at break, and d) Modulus.

The specimen with 2.5 wt.% modified lignin recorded the highest tensile strength (36.4 MPa).
This was a 12.4 % increment over its unmodified counterpart at the same lignin loading.
Notably, the baseline cellulose acetate films exhibited a tensile strength of 26.3 MPa, thus
making the 2.5 wt.% modified lignin incorporated blend’s tensile strength value to be 38.4 %
higher. No substantial improvement in the tensile strength of films with further addition of

lignin was observed. Moreover, a slight drop in tensile strength was recorded with further
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addition of lignin moieties in the CA matrix. This was attributed to instances of lignin

agglomerates in the polymer matrix, as verified by the optical micrographs.

The elongation at break recorded for the unmodified and modified lignin films exhibited a
decreasing trend, as illustrated in Figure 45c. This reduction resulted from the reduced
polymer chain mobility due to the rigid aromatic lignin structure incorporation. A slight
increment in modulus was recorded with the incorporation of lignin or modified lignin, as
illustrated in Figure 45d. The modulus increase was more visible at high lignin/modified lignin
incorporation (5 wt.% and 10 wt.%). This increase was ascribed to the incorporation of higher
amounts of rigid material in the relatively soft CA polymer matrix in line with the reduction in

elasticity.

5.3.6.4. Moisture absorption and barrier properties

The water absorptivity of the molded films was systematically investigated (24 h). The
collected moisture absorption values were presented in Figure 46a. As anticipated, the
cellulose acetate film absorbed the maximum amount of water (1.07 g/mm?3). This is due to the
hygroscopic behavior of the cellulose acetate film, which stems from the presence of residual
-OH functional groups on its structure. In a study by Mensitieri et al., the moisture absorption
behavior of cellulose acetate was categorized as sigmoidal, primarily due to its high

hygroscopicity [359].

Post 24 h exposure to moisture (99% relative humidity environment), 51.4 % less moisture

gain by 10 wt.% unmodified lignin-loaded composite film (Lig10) with respect to the baseline
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CA film was recorded. This was attributed to a possible reduction in hydrogen bonding of

water molecules to the cellulose acetate fraction due to its interactions with lignin moieties.

Moreover, a further decrease in moisture absorption was recorded for the LigOA10 specimen
(Figure 46a). This stemmed from the enhanced dispersion of the functionalized lignin in the
cellulose acetate matrix and also better hydrophobicity imparted to the blends by incorporating
the nonpolar modified lignin. These observations were in agreement with the optical

micrographs and contact angle measurements.

As anticipated, the maximum moisture loss was observed for the cellulose acetate films
(Figure 46b). In comparison to the baseline CA and unmodified lignin loaded films, a 40%
reduction in moisture loss was recorded for the modified lignin loaded sheets. A similar trend
was observed in the water vapor permeability (WVP) values (Figure 46¢). These observations

were synchronous with the contact angle, optical microscopy, and water absorption studies.
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Figure 46. a) Moisture absorption, b) Moisture loss, and ¢) Moisture barrier properties of the compression molded

specimens.
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5.3.6.5. UV barrier properties

The UV barrier properties of the molded films were evaluated. As is apparent from Figure 47,
the baseline cellulose acetate films recorded the least UV absorbance values. In a study by
Orelma et al., similar observations were recorded [370]. The incorporation of lignin in its
native or modified form provided a substantial improvement in the UV absorbance of the films.
This is because the aromatic structure of lignin endows it with UV-absorbing properties. It is
important to note that the lignin-incorporated cellulose acetate formulations exhibited high
absorption in the UV spectrum. The unmodified lignin-containing sheets accounted for higher
absorbance in the UV region. This could be attributed to the structural integrity of unmodified
lignin compared to the modified lignin that could have been affected via the modification
process. Thus, the incorporation of lignin enhanced the UV barrier properties of the resultant

films, making it appealing for UV susceptible food product packaging.
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Figure 47. UV-Vis spectra of the baseline and lignin-loaded compression molded sheets.

5.4. Summary of Chapter 5

In this work, oleic acid-modified lignin was put forward as a suitable additive to cellulose
acetate to fabricate a sustainable packaging film for food and other applications. The successful
oleic acid esterification of lignin was validated using spectroscopic techniques, solvent
dispersibility, and melt processibility evaluation. The optimized oleic acid-modified lignin
(Lig-OA) displayed melt flowability, while its unmodified counterpart underwent charring
upon exposure to similar thermal processing conditions. The cellulose acetate-LigOA blend
films also displayed excellent thermo-mechanical processibility via compression molding with

enhanced dispersion of the modified lignin in the cellulose acetate matrix. In contrast, the
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unmodified lignin agglomerated in the cellulose acetate matrix, which was attributed to the
polarity disparity between the cellulose acetate and the pristine lignin. With the employment
of 10 wt.% modified lignin blend additive, a 77% drop in water absorption from the baseline
cellulose acetate was recorded. On the other hand, the modified lignin-loaded specimen
exhibited 51.4 % less moisture absorption than its unmodified counterpart. Additionally, the
incorporation of lignin in cellulose acetate enhanced the UV barrier properties of the resulting
films, which could have practical applications in packaging materials by preventing the
degradation of UV-sensitive food or pharmaceutical components. Overall, the incorporation of
functionalized lignin in cellulose acetate could diminish water absorption, enhance the
moisture barrier properties, improve the UV barrier, and overall dimensional stability of the

resulting films for food packaging and other material applications.
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Chapter 6 — Esterification of lignin with long chain fatty acids for the
stabilization of oil-in-water Pickering emulsions®

6.1. Introduction

Traditional surfactants have been widely recognized to deter phase inversion in emulsions. The
use of certain conventional emulsifiers has raised environmental concerns [371-373]. A
greener alternative to conventional surfactant-stabilized emulsions, Pickering emulsions utilize
lower particle loadings of colloidal particles for effective emulsion stabilization [374].
Moreover, Pickering emulsions demonstrate superior long-term stability to their conventional
surfactant-loaded counterparts. This is attributed to their irreversible adsorption at the oil-water
interface, thus, avoiding the coalescence of dispersed phase droplets [373]. Thus, the

development of Pickering emulsions has industrial as well as academic significance.

In recent times, the extensive use of Pickering emulsions in pharmaceutical, food, and cosmetic
industries has been observed [118]. Pickering emulsions have been reported to be stabilized by
both organic and inorganic particles [119], such as Calcium carbonate [122], silica [121], latex
[120], LAPONOITE [123] etc. Crystalline silica is a widely available mineral, and its mining
is detrimental to the surrounding environment. In addition, breathing in of crystalline silica
dust is known to cause silicosis in human beings [375]. Due to environmental and sustainability
concerns, more efforts are being invested to promote the use of sustainable, renewable,

biodegradable, and nontoxic alternatives to conventional Pickering emulsifiers [125]. In one

5 A version of this chapter has been published on peer-reviewed journal as a review article: Shorey, R., & Mekonnen, T. H.
(2023). Esterification of lignin with long chain fatty acids for the stabilization of oil-in-water Pickering emulsions.
International Journal of Biological Macromolecules, 230, 123143. https://doi.org/10.1016/j.ijbiomac.2023.123143
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such effort, Ougiya et al. investigated the use of bacterial cellulose in stabilizing oil-in-water
emulsions [376]. After cellulose, lignin is the second most abundant renewable material in

nature.

Lignin, amounting to 15% to 30% of the total available biomass, is the most abundant natural
phenolic biopolymer [290,377]. Each year, enormous amounts of lignin is produced as a
byproduct of the biorefinery and the paper and pulp industries. While the majority share of this
lignin is burnt as a low-cost fuel, a miniscule amount is valorized as adhesives, surfactants,
fillers, anti-microbial agent, adsorbents, and in energy, construction, biomedical and
biotechnological applications [3,378-387]. The widescale applicability of lignin is hindered
by its inherent characteristics, such as the presence of extensive hydrophilic moieties, the
tendency to agglomerate, variability in chemical structure with the employed extraction
method and feedstock, and poor dispersibility in nonpolar mediums [291]. To effectively
valorize lignin, significant efforts have been invested in modifying its chemical structure [16—

19,31,32,293,348].

The presence of extensive hydroxyl (-OH) moieties on the lignin molecular structure serves as
potential reaction sites. Amongst the available reaction routes, esterification of lignin is one of
the viable options [294,295]. One of the considerations while choosing a fatty acid chloride for
esterification of lignin specimen is the number of carbon atoms in the long-aliphatic carbon
chains.

The present study aimed at developing novel sustainable and biodegradable alternatives to

conventional Pickering emulsifiers and traditional surfactants. Thus, the utilization of lignin
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and its esterified counterparts as a sustainable Pickering emulsifier of oil-water emulsions was
investigated. Initially, the inherent limitations of the unmodified kraft lignin were addressed
by esterification reactions with activated fatty acids with various aliphatic chain length. For
this acid chlorides with short (hexanoyl chloride, C6), medium (decanoyl chloride, C10), and
long (palmitoyl chloride, C16) aliphatic chains were employed as esterifying agents. The
esterified specimens were hypothesized to exhibit enhanced dispersibility to their unmodified
counterpart. The successful esterification reactions were confirmed and verified by
spectroscopic and other analysis. The impact of the aliphatic chain length in the level of lignin
modification and their effect in enhancing the emulsion stability was systematically evaluated.
The change in the emulsion stability, oil droplet size, zeta potential, and flow properties of the
prepared emulsions were also investigated in detail and reported. To the best of the authors
knowledge, no previous work has attempted to study the stabilization effects of lignin esterified
with various aliphatic carbon chain length fatty acids in oil-in-water emulsions while
simultaneously evaluating the effect of varying pH and Pickering emulsifier concentrations on

its stability.

6.2. Materials and methods

6.2.1. Materials

Kraft lignin (Amallin™ LPH, pH 2.2, and average molecular weight 6500 g/mol) was sourced
from West Fraser Mills Ltd., Canada. Decanoyl chloride and Palmitoyl chloride (> 97%) were
obtained from TCI chemicals. Hexanoyl chloride, Pyridine (99.8 %), Toluene (>99.5%), and

Tween 85 were purchased from Sigma-Aldrich (Oakville, ON, Canada). The Amallin™ LPH
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Kraft lignin was washed with DI water (thrice) and the pH has increased to 4.8, dried in a
forced air oven (60 °C, overnight) and stored in an airtight container to maintain moisture

content of <3% until further use.

6.2.2. Methods

6.2.2.1. Modification of kraft lignin with various acid chlorides

The esterification reactions of the kraft lignin (average molecular weight 6500 g/mol) were
undertaken employing three fatty acid chlorides with increasing aliphatic carbon chain lengths
[31,296-298]. Hexanoyl chloride, decanoyl chloride, and Palmitoyl chloride were utilized in
the proposed modifications. As outlined in Schematic 4, the successful esterification of the
supplied lignin sample entailed the grafting of long aliphatic carbon chains at the molecular
sites hosting hydroxyl (—OH) moieties. A 10 wt.% solution of kraft lignin sample in pyridine
was sonicated for 10 minutes and subsequently, transferred to a round bottom flask (RBF).
Pyridine was employed as an acid scavenger (HCI, Schematic 4) and a reaction medium. The
contents of the flask were heated to 95 °C in an oil bath (silicone oil) with constant stirring
(400 rpm). Calculated volumes of fatty acid chlorides that provides a molar ratio of 1:1 (Lig
(OH):Acid chloride) were added to the flask for each respective reaction. The reactions were
monitored for 3 h, the heating source was removed, and the contents were allowed to cool
down to the room temperature. The modified lignin samples were then precipitated with 0.1 M
HCI and centrifuged at 3,700 rpm for 7 min. Furthermore, the products were washed with water
and centrifuged (thrice). Post centrifugation, the specimens were dried in a convection oven

(80 °C, overnight) and stored in glass vials. The modified samples were denoted as LigHC
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(Hexanoyl chloride modified), LigDC (Decanoyl chloride modified), and LigPC (palmitoyl
chloride modified). Successful esterification and complete removal of unreacted acid chlorides

was verified by employing infrared (IR) analysis.
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Schematic 4. Proposed esterification mechanism for the reaction of kraft lignin with acid chlorides of various

aliphatic chain length.

6.2.2.2. Spectroscopic analysis of unmodified and esterified lignin specimens

Infrared (IR) spectroscopy

The successful esterification of kraft lignin samples was confirmed using the Fourier transform
infrared (FTIR) spectroscopy (Nicolett 6700, Thermo Fisher Scientific, MA, United States).
For the FTIR analysis, sample pellets were prepared by mixing 2 mg of the respective lignin
samples with 200 mg KBr salt and pressing it at 7000 psi in an IR pellet die (6 minutes). The
IR spectra (transmittance mode) were then collected in the frequency range (4000 to 500 cm™,

128 scans).
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Solid-state C-NMR spectroscopy

To further verify the proposed reaction mechanism (Schematic 4), solid-state carbon nuclear
magnetic resonance (C-NMR) spectra of the baseline and modified lignin specimens were
recorded. The spectra (0 to 200 ppm) were collected on a Bruker-SpectroSpin 500 MHz Ultra

shield high-resolution NMR (Bruker Corporation, MA).

6.2.2.3. Design of experiments and preparation of emulsions

A 2x2 factorial design was employed for devising the compositions of each of the unmodified

Table 5. Composition of the emulsion formulations

Type of Lignin pH Concentration Sample
of lignin identifier
(mg/mL)
-1 -1 S13
0 0 S17
Unmodified +1 -1 S5
+1 +1 S1
-1 +1 S9
0 0 S18
+1 -1 S6
HC modified +1 +1 S2
-1 +1 S10
-1 -1 S14
+1 -1 S7
DC modified b o .
+1 +1 S3
0 0 S19
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-1 -1 S15

-1 -1 S16
+1 -1 S8
PC modified 0 0 S20
-1 +1 S12
+1 +1 S4

Levels of pH = +1 (pH 9), 0 (pH 7), and -1 (pH 5); Levels of concentration = +1 (2.0 mg/mL), 0 (1.0 mg/mL),
and -1 (0.5 mg/mL).

and esterified lignin stabilized Pickering emulsions using MINITAB® (Release 14.12.0). As
illustrated in Table 5, the proposed design constitutes of two independent factors — pH and
concentration of lignin samples. The high and low levels of pH were specified as pH 9 and pH
5 with the midpoint being pH 7. Similarly, the maximum and minimum lignin sample

concentration used were 2 mg/mL and 0.5 mg/mL with 1 mg/mL being the defined midpoint

(determined based on preliminary experimentations).

In accordance with Table 5, a designated amount and type of lignin sample were weighed and
added to a vial. To this vial, 2 mL of Toluene (oil phase) was injected, and the contents were
sonicated for 10 minutes. As specified in Table 5, 8 mL of the respective dispersion medium
(pH 5, pH 7, or pH 9) was added dropwise to the vial. The contents were sonicated for another
10 minutes. The formed emulsions were cooled down to room temperature and further

characterized.

6.2.2.4. Characterization of prepared emulsions
Type of emulsions
The type of emulsion was assessed by employing a modified version of the droplet test [351].

1 mL of the formulated emulsion specimen was added to individual vials filled with 14 mL of
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the oil phase (toluene) and the aqueous phase, respectively, and shaken (30 seconds). For an
oil-in-water emulsion, the added emulsion dissolves in the continuous aqueous medium and

remains separated in the nonaqueous medium and vice versa.

Stability analysis

The visual observations for the stability of the emulsions were recorded for a duration of 7
days, with photographic evidence being captured every 24 h. The resulting images were then

analyzed by computing the crema index and oil fractionation.

Crema index

The creaming stability of emulsions exhibiting the creaming layer was calculated by

employing Equation 6.1 [388].

hs x 100

Cl (%) =—

(6.1)
where hs and h are the height of the serum layer and the total emulsion height, respectively.

Fraction of oil

To further investigate the stability of prepared emulsions and measure the coalesced oil layer
(in certain emulsions), the fraction of oil phase (toluene) was quantified, in accordance with

the method proposed by Maaref et al. [351].

Vo
Fraction of oil = Vi (6.2)

Where Vo is the volume of oil released and coalesced in a layer above the emulsion phase

(overtime) and Vi is the initial volume of oil added to the emulsion.
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Optical microscopy

To analyze the distribution of the oil droplets and lignin moieties in the prepared emulsions,
their optical micrographs were recorded right after sonication. A BX53M polarizing optical
microscope (Olympus, United States) was employed for the study. The effect of different
aliphatic carbon chain lengths grafted on esterified lignin samples, their concentration, and the
pH of the dispersion medium on the stability of formulated emulsions were investigated at 50x
magnification. From the captured micrographs, the oil droplet size distribution was analyzed

using ImageJ software.

Zeta potential

The zeta potential (C-potential) values of the baseline and esterified lignin stabilized emulsions
were measured using a Zetasizer Nano ZS90 (Malvern Panalytical, UK). The samples were
prepared by carrying out 100x dilution in deionized water. For each sample, an arithmetic mean

of three consecutive zeta potential measurements were recorded and analyzed.

Rotational rheometry

To investigate the flow characteristics of the formulated emulsions, a rotational rheometry
analysis was conducted on a HAAKE Mars Il rheometer (Thermo Scientific, United States).
1 mL of the respective emulsion sample was loaded between the base plate and a parallel plate
(PP35Ti) geometry with a gap of 1.0 mm. The geometry was then sheared from 0.001 1/s to

1000 1/s at 30 °C.
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Comparative study

To evaluate the stability of esterified lignin stabilized emulsions in comparison to industrial
grade surfactants, a stability analysis was conducted. Emulsified lignin and Tween 85
stabilized emulsions (2 mg/mL surfactant, pH 9) were prepared and subjected to rotational
rheometry (0.001 1/s to 1000 1/s at 30 °C) and optical microscopy (50x). The captured

micrographs were analyzed using ImageJ software.

6.2.2.5. Statistical analysis

A one-way ANOVA (analysis of variance) test was performed to investigate the difference in
the average oil droplet sizes exhibited by the various prepared emulsions. For a confidence

interval (CI) of 95% (p < 0.05), the difference was considered statistically significant.

6.3. Results and discussions

6.3.1. Characterization of esterified lignin specimens

6.3.1.1. Structural analysis

In accordance with Schematic 4, the successful modification of the baseline kraft lignin
specimen was characterized by recording infrared (IR) spectra of the unmodified baseline, the
acid chlorides, and esterified lignin samples, as illustrated in Figure 48. The characteristic
peak at 3450 cm™! corresponds to the hydroxyl (-OH) group stretching vibrations of lignin.
Due to the substitution of hydroxyl moieties, weaker -OH characteristic vibrations were
recorded in the esterified samples [31,303,389]. The transmittance peaks at 2918 cm ! and
2847 cm ™! were attributed to methylene (-CH2) and methyl (-CH3) groups in hexanoyl chloride

(Figure 48a) [297].
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As evident from Figure 48 (b and c), similar peaks were observed in the IR spectra of decanoyl
and palmitoyl chloride respectively. The distinctive presence of -CH> and -CHjs characteristic
peaks in the esterified lignin samples relative to the baseline kraft lignin specimen verifies a

successful esterification reaction.

a) b)

3450 2018 1767 3450 2018 1767

1 1 1 1
HC 12847 18001 Izl)a47 1800
. 1

4000 3600 3200 2800 2400 2000 1800 1200 800 400 4000 3600 3200 2800 2400 2000 1800 1200 800 400

Wavenumber (cm-") Wavenumber (cm-')
c)

3450 2918 1767
P! ] 12847 18001

1! 1}
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™')

Figure 48. IR spectra of hexanoyl chloride, decanoyl chloride and palmitoyl chloride, control, and esterified
lignin samples.

The stretching vibration at 1800 cm™ was attributed to -COCI moieties of the fatty acid
chlorides. As observed in Figure 48, the absence of this peak in esterified lignin specimens
validated the removal of unreacted acid chlorides during the washing step [304]. The
development of a peak around 1767 cm™! signified the presence of carbonyl (C=0) moieties
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in the esterified specimen, serving as supplementary proof of successful esterification of
baseline kraft lignin [303,305]. Altogether, the IR spectra observations were in conjunction

with the proposed reaction mechanism presented in Schematic 4.

The solid-state C-NMR spectra of the unmodified and esterified samples are presented in
Figure 49a. As previously observed in the IR spectra (Figure 48), the appearance of peaks
associated with the long-chain aliphatic carbon moieties in C-NMR spectra further signifies the
successful esterification and grafting of the respective fatty acids on the lignin structure. The
characteristic peaks between 33.9 ppm and 22.6 ppm were representative of the methylene (-
CH.) moieties of the long-aliphatic carbon chains units grafted onto the modified lignin
molecules (Figure 49b) [308]. Also, the peak at 14.1 ppm was associated with the methyl (-
CH?3) groups of the long chain aliphatic carbon moieties [31,308]. The peak associated with
the carbonyl group of the esterified lignin samples was observed at 172.5 ppm [297]. At 55.7
ppm, the peak signifying the presence of methoxy (-OCHz) moieties in the tested samples was
recorded [297]. As observed from the FTIR (Figure 48) and C-NMR (Figure 49) evaluations,
the esterification of baseline kraft lignin with the hexanoyl chloride (HC), decanoyl chloride
(DC), and palmitoyl chloride (PC) was successful, and henceforth the respective esterified

lignin samples are denoted as LigHC, LigDC, and LigPC.
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Figure 49. a) SSCNMR spectra of unmodified and esterified lignin specimens, and b) chemical structure of

hexanoyl, decanoyl, and palmitoyl chloride.

6.3.2. Characterization of formulated Pickering emulsions

6.3.2.1. Type of emulsion

To investigate the type of emulsions prepared, 1 mL of the Pickering emulsions were added to
14 mL of aqueous and non-aqueous phases and shaken. As illustrated in Figure 50, the added
emulsions formed a layer above the aqueous phase and below the oil phase. This was attributed
to the difference in densities of the two media. Post shaking, the emulsion samples dispersed
uniformly in the aqueous phase, while it continued to exist as a separate layer in the oil phase.
Thus, the emulsions were categorized as oil-in-water emulsions. These results were in
coherence with the findings of Zhang et al., where the researchers indicated the presence of
nonpolar oils (toluene) with partially hydrophobic particles (lignin) favored the formation of

oil-in-water emulsions [351,390].
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Figure 50. Droplet test for the prepared emulsions.
6.3.2.2. Effect of pH and lignin concentration on the stability of Pickering emulsions
Pickering emulsions were prepared in accordance with the formulations specified in Table 5.
The emulsions were left undisturbed, and their images were recorded for one week, as

presented in Figure 51, Figure 52, and Figure 53.

Stability of alkaline (pH 9) Pickering emulsions

As illustrated in Figure 51, visual observations were recorded for 7 days. Post 24 hours,
creaming was observed in all the alkaline emulsions. In the creaming process, the density
difference between the dispersed phase (oil) and the dispersion medium (water) drives a mass
migration of the oil droplets to rise and concentrate to form a distinct layer [356,391]. Being a

reversible process, a mild agitation can effectively redisperse the emulsion [392].

Upon visual inspection, the samples prepared in an alkaline medium (pH 9) and with a lignin
concentration of 2 mg/mL exhibited superior stability than their lower pH counterparts. The
emulsions formulated with the modified lignin samples exhibited higher creaming index values
than their unmodified lignin counterparts (Table E 1 (Appendix E)). This was attributed to
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the superior dispersibility of modified lignin moieties and hence better barrier against

coalescence than the unmodified lignin specimen in an alkaline dispersion medium [393].

Moreover, the existence of a two-layer system, i.e. cream and serum were witnessed clearly
in the unmodified lignin (Lig) emulsion (pH 9, 0.5 mg/mL). On the contrary, the emulsions
made with 0.5 mg/mL of modified lignin (LigHC and LigDC) demonstrated a three-layer
system, i.e. cream, emulsion, and serum [394]. This could be correlated to the better adsorption
of modified lignin samples at the oil-water interface thus imparting superior stability to the
modified lignin-loaded emulsions than their unmodified counterpart. Similar observations

were noted in optical microscope (Figure 54) and Zeta potential (Figure 58) analysis.
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Figure 51. Effect of pH 9 and lignin concentration (2 mg/mL and 0.5 mg/mL) on the stability of prepared
Pickering emulsions over 7 days.
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Stability of neutral (pH 7) Pickering emulsions

The stability of Pickering emulsions at a neutral dispersion medium (pH 7) were investigated
and the recorded pictures are presented in Figure 52 that demonstrate an apparent phase
separation and aggregation of the oil phase. This phenomenon was due to the stronger van der
Waal attractions, resulting in film rupture and a significant increase in oil droplet sizes [391].
Moreover, agglomerations of lignin moieties could have resulted in inferior adsorption of the

particles at the oil-water interface and thus, leading to the coalescence of the oil phase.
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Figure 52. Effect of pH 7 and lignin concentration (1 mg/mL) on the stability of prepared Pickering emulsions
over 7 days.

Stability of acidic (pH 5) Pickering emulsions

After 24 h post sonication, clear phase separation and coalescence of the oil phase was
observed in acidic emulsions (Figure 53). Unlike the neutral emulsions, the emulsions
formulated with an acidic dispersion medium exhibited a distinctive oil phase layer coalesced
as a separate oil layer. This was attributed to the inferior dispersion of lignin in an acidic
medium, thus, existing as agglomerated chunks. In these respective formulations, van der

Waal’s force of attraction would have been much stronger than the repulsive forces [391].
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Thus, the barrier created by the lignin particles between the oil phase and dispersion medium
would not have been sufficient to deter agglomeration. It is worth noting that distinctly
coalesced oil fractions were recorded for LigHC stabilized emulsions, amounting to 0.52 and
0.55 for acidic emulsions with particle loading concentrations of 2.0 mg/mL and 0.5 mg/mL,
respectively. Similarly, LigDC stabilized emulsions witnessed oil phase separation, which was
less pronounced than its LigHC stabilized counterpart. Overall, the observations were in

agreement with the initial hypothesis.
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Figure 53. Effect of pH 5 and lignin concentration (2 mg/mL and 0.5 mg/mL) on the stability of prepared
Pickering emulsions over 7 days.

6.3.2.3. Effect of lignin concentration and pH on the microstructure of emulsions

The stability of the prepared emulsions was further investigated via optical microscopy. The
collected optical micrographs are illustrated in Figure 54, Figure 56, and Figure 57. As noted
from Figure 54, the oil droplets dispersed in an alkaline dispersion medium appear to be well

distributed, dispersed, and spherical with no apparent coalescence and flocculation. The
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modified lignin emulsions (pH 9 and lignin concentration 2.0 mg/mL) demonstrated a smaller
oil droplet size in comparison to their unmodified counterparts, as was apparent from the oil
droplet size distribution (Figure 54). Moreover, with the addition of 2 mg/mL of LigHC, the
average droplet size with respect to the unmodified lignin (Lig) samples has reduced by 47%.
A similar trend was observed in the alkaline emulsions with 0.5 mg/mL of lignin samples,
though the average diameter for the unmodified lignin-loaded specimen was recorded to be
5.17 um. With a decrease in lignin concentration (from 2.0 wt.% to 0.5 wt.%), an increase in
average diameter for unmodified lignin stabilized emulsions was observed. This increase was
postulated to the higher lignin loadings effectively shielding the oil droplets from coalescing

into bigger droplets. Similar observations in a different system were reported in the literature

[354].
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Figure 54. Optical microscopic images of alkaline Pickering emulsions.
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Figure 55. Droplet size distribution in alkaline (pH 9) Pickering emulsions: a) Lig (2 mg/mL), b) LigHC (2
mg/mL), ¢) LigDC (2 mg/mL), d) LigPC (2 mg/mL), e) Lig (0.5 mg/mL), f) LigHC (0.5 mg/mL), g) LigDC (0.5
mg/mL), and h) LigPC (0.5 mg/mL).

As evident from Figure 56, the unmodified lignin-loaded emulsion specimen (pH 7) recorded

a 18.4% increase in average oil droplet size (5.67 pum) than its alkaline 2.0 mg/mL counterpart.

Overall, significant differences between the droplet sizes of modified lignin-loaded specimens

in alkaline and neutral pH were observed (Figure 55 and Figure E 1 (Appendix E)). These

observations were in agreement with stability analysis and recorded zeta potentials.
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Figure 56. Optical microscopic images of neutral Pickering emulsions.

The optical micrographs of Pickering emulsions in an acidic medium are presented in Figure
57. Contrary to the uniformly distributed dispersed phase observed in alkaline emulsions, the
distribution of oil droplets in the acidic emulsions was non-uniform. Flocculation of oil
droplets was observed in 0.5 mg/mL loaded specimens, exhibiting an average diameter as high
as 10.38 um (Lig(0.5mg/mL)). Although the microscopic images were recorded right after
sonication (Figure 57), the observed flocculation could explain the distinctive phase
separations previously observed in the same specimens, post 24 hours (Figure 53). This could
be attributed to the phenomenon of oil droplet flocculation faster to the top layer of emulsions
than individual drops [355]. Also, the strong van der Waal’s forces of attraction overshadowed

the effect of repulsive forces, thus, leading to the coalescence of oil droplets (Figure 53).

Overall, the alkaline dispersion medium-based emulsions had the smallest average oil droplet
size, as evidenced by the distribution curves (Figure 55, Figure E 1, Figure E 2, and Figure
E 3 (Appendix E)). These observations were in agreement with visual observations from the
stability test and zeta potential analysis. The recorded average oil droplet diameter values were
statistically significant (p < 0.05). Other pH values could also be considered in follow-up

studies.
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Figure 57. Optical microscopic images of acidic Pickering emulsions.

6.3.2.4. Zeta () potential analysis

The zeta potential of the prepared Pickering emulsions was measured and presented in Figure
58. The short and long-term stability of an emulsion can be related to its measured zeta
potential values [395]. Emulsions with highly negative or positive zeta potentials are
electrically stable, while the ones with lower { potential values tend to flocculate or coagulate.
A ( potential value lower than -30 mV and higher than 30 mV implies adequate repulsive
forces for a stable dispersion [396]. This is due to the attractive forces (van der Waals)
overshadowing the repulsive forces between the dispersed phase droplets [395,396]. The
specimens prepared in an alkaline dispersion medium (pH 9) recorded the highest magnitude
of { potential values respectively. For the specimen with 2.0 mg/mL of LigPC, a zeta potential
of -46.60 + 1.67 mV was recorded. Moreover, the remainder of alkaline emulsions
incorporating modified lignin recorded ( potential values lower than -30 mV, further verifying
the stability analysis and lowest average oil droplet sizes observed in the optical microscopic

observations.
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For the emulsions with neutral (pH 7) dispersion media, ¢ potential values higher than or close
to —30mV were recorded. This reduction in zeta potential was attributed to the inferior
dispersibility of lignin samples in a neutral medium. It is important to highlight that similar
behavior was exhibited by the neutral emulsions in the stability analysis (Figure 52) and

optical microscopy (Figure 56).
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Figure 58. Zeta-potential values of prepared Pickering emulsions: a) pH 9 and 2 mg/mL Lignin particles, b) pH

9 and 0.5 mg/mL Lignin particles. ¢) pH 7 and 1 mg/mL Lignin particles, d) pH 5 and 2 mg/mL Lignin particles,
and e) pH 5 and 0.5 mg/mL Lignin particles.

A further deterioration of stability was witnessed in acidic (pH 5) dispersion medium
emulsions. For LigPC (2.0 mg/mL) emulsion, a ¢ potential value of -19.9 mV was recorded.
This amounted to a drop of 57.3% in { potential from its alkaline dispersion medium
counterpart. Moreover, the majority of pH 5 Pickering emulsions recorded ( potential values
in excess of -30 mV. This was correlated to the poor dispersibility and the resulting aggregation

of lignin moieties in the acidic medium, which in turn led to a poor barrier against oil droplet
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coalescence. Further, the low zeta potential values for lightly loaded (0.5 mg/mL) acidic
emulsions implied the dispersions were relatively unstable and prone to flocculate due to weak
electrostatic repulsive forces, as observed in Figure 57. These observations were in agreement

with the literature [351].

6.3.2.5. Rheology

To investigate the flow characteristics of the formulated emulsions, a rotational rheometry
analysis was undertaken. As noted in Figure 59, the unmodified lignin-loaded emulsions
demonstrated lower viscosity values in comparison to their modified counterparts. A sixfold
increase in viscosity was recorded by modified lignin (LigPC) stabilized emulsion (pH 9,
concentration: 2.0 mg/mL) over its unmodified counterpart. This was attributed to the
existence of smaller oil droplets in the dispersion matrix that could amplify the specimen’s
resistance to shear (Figure 54 and Figure 55). Moreover, the better dispersion of modified
lignin moieties entails better adsorption at the oil-water interface, thus, deterring the oil
droplets from coalescing into bigger droplets [373]. These observations were in-line with

stability test, microscopic micrographs, and zeta potential analysis.

With increasing shear rates, the alkaline (pH 9) and neutral (pH 7) dispersion media-based
emulsions exhibited shear thinning. On the contrary, a shear thickening followed by a shear
thinning of acidic emulsions (pH 5) was observed. This distinctive behavior of these emulsions
could be correlated with the flocculation of the dispersed phase in the dispersion medium, as
previously witnessed in Figure 57. At lower shear rates, an aggregation of the oil droplet flocks

could have resulted in a shear resisting force. This counterforce could have superseded the
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shearing force, thus, in turn, leading to a minor rise in observed viscosity (shear-thickening).
A further increase in shear seemed to overcome the internal resisting forces, hence, the
emulsions exhibiting shear thinning behavior. Moreover, these observations were in agreement

with the lower zeta (() potential values recorded for the acidic emulsions (Figure 58).
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Figure 59. Rotational rheometry of prepared Pickering emulsions: a) pH 9 and 2 mg/mL Lignin particles, b) pH
9 and 0.5 mg/mL Lignin particles. c) pH 7 and 1 mg/mL Lignin particles, d) pH 5 and 2 mg/mL Lignin
particles, and €) pH 5 and 0.5 mg/mL Lignin particles.

6.3.2.6. Comparative stability analysis

The emulsions stabilized with emulsified lignin (LigPC) and Tween 85 exhibited good stability
(visual), as presented in Figure 60a. To further compare the two formulated emulsions, their
flow characteristics were evaluated using rheology characteristics. As illustrated in Figure
60b, a higher viscosity value (in excess of 3-times) was observed for the emulsified lignin
loaded emulsion over its industrial surfactant counterpart. This could be attributed to the

superior shielding effect of the solid lignin particles inhibiting the oil droplets from coalescing.
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Also, at the oil-water interface, the existence of probable hydrogen bonds between the
unreacted hydroxyl moieties of the esterified lignin specimen could have aided in increasing
its viscosity. Similar results have been previously recorded in cellulose nanocrystal-based

Pickering emulsion systems [397,398].
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Figure 60. Comparative stability analysis: a) Visual observations of the prepared emulsions, b) Rotational
rheometry of prepared Pickering emulsions, and c¢) Optical micrographs of the prepared emulsions (72 hours).

As evident from Figure 60c, the optical micrographs of the prepared emulsions were recorded

for a duration of 72 h. Post sonication, the esterified lignin and Tween 85 loaded emulsions
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exhibited well dispersed spherical oil droplets with no instance of flocculation or coalescence.
The average droplet size of the Tween 85 stabilized emulsion specimen was recorded to be
2.02 um, being 15.83% smaller than the value recorded for its esterified lignin counterpart.
Post 24h, a minute increase in average oil droplet diameters of the formulated emulsions was
witnessed. This was attributed to the coalescence of smaller oil droplets to form larger entities
in the dispersion medium. After 48h, the arithmetic mean of the size of oil droplets was
recorded to be 8.17 um (LigPC) and 7.75 pum (Tween 85), accounting for a 55.92% and 50.49%
increase over the previously recorded values. Lignin stabilized emulsions recorded a mere
4.03% increase in the average oil-phase particle diameter, approx. 2% lower than the oil droplet
size increase exhibited by the tween 85 stabilized emulsions. Overall, it appears that the
modified lignin Pickering emulsion systems displayed appealing stabilization effect not too

different from the commercially available emulsifier (Tween 85).

6.4. Summary of Chapter 6

In this study, modified lignin was put forward as a sustainable and inexpensive Pickering
emulsifier of oil-water emulsions. Activated fatty acids with various chain lengths were grafted
on lignin to control its polarity and hence its efficacy as a Pickering emulsifier. The level of
lignin modification was qualitatively evaluated using spectroscopy and solvent dispersibility
analysis. Selected modified lignin samples were then employed to prepare emulsions. The
properties of lignin (unmodified and modified) stabilized Pickering emulsions prepared with
various stabilizer loadings and pH were characterized. In accordance with the initial

hypothesis, esterified lignin loaded emulsions exhibited superior stability over the course of a
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week than their unmodified lignin loaded counterparts, albeit the dependency of respective
lignin moieties on the pH of the dispersion media. The alkaline emulsions exhibited superior
stability in comparison to neutral and acidic emulsions, recording a 47% reduction in the
average oil droplet size for LigHC emulsion in comparison to its unmodified counterpart in
alkaline medium. On the contrary, the optical micrographs of neutral and acidic emulsions
exhibited much larger oil droplets with instances of their apparent coalescence and
flocculation. The zeta potential of alkaline samples was highly negative, while, for the, acidic
emulsions higher zeta potential values were recorded. These observations were attributed to
the existence of weak electrostatic repulsive forces in acidic emulsions, in-line with the poor
stability witnessed. Rotational rheometry of the samples aided in confirming the superior flow
properties of the modified specimen in comparison to its unmodified counterparts. In the
comparative study, the esterified lignin stabilized emulsion specimen performed on-par with
the conventional surfactant stabilized emulsion. Overall, the esterified lignin stabilized
emulsions exhibited excellent stability and thus, our aim to design a sustainable Pickering

emulsifier system was successfully achieved.
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Chapter 7 — Conclusions and Future Work

7.1. Conclusions

In this doctoral thesis, various avenues for lignin functionalization and valorization for
multiphase and advanced material applications were explored. In the first work, kraft lignin
was successfully modified to various degrees by carrying out silylation and esterification
reactions. The initial study aimed at the incorporation of silylated kraft lignin into a natural
rubber matrix through a solvent casting technique. The proposed reaction mechanism was
confirmed using viscosity evaluation, spectroscopic analysis, and dispersibility studies. The
wettability test confirmed the proposed substantial polarity change of the modified lignin
compared to its unmodified counterparts. It was observed that the modified lignin-based
composite samples exhibited superior tensile properties than their unmodified counterparts.
For instance, the 5 wt.% modified lignin sample imparted a 44.4% increase in the tensile
strength of the baseline NR. The compatibility analysis, water uptake studies, and
morphological analysis agreed with the polarity change of the lignin as a result of the silylation
reaction, providing good dispersibility of the modified lignin in the NR matrix compared to
the unmodified lignin samples. Overall, the silylation modification of lignin was a

straightforward process that enhanced the reinforcing capability of lignin in natural rubber.

The second study aimed at fabricating economical, biodegradable, and sustainable alternatives
to the traditional polymeric paper coatings for packaging applications. Due to the poor
dispersion of lignin in hydrophobic polymers, including PBAT, an esterification modification

of the lignin was employed to substitute the abundant hydroxyl moieties with long aliphatic
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chains. The esterified lignin exhibited enhanced dispersibility in the non-polar PBAT paper
coating formulations resulting in better wet tensile strength of the coated paper. With an
increase in the concentration of esterified lignin in the coating formulations (up to 50 wt.%),
appealing oxygen, oil, and water barrier properties were recorded. An increment in the coating
thickness resulted in a further improvement in barrier properties, with the best barrier obtained
using 60 um thickness, 50 wt.% esterified lignin-PBAT coatings. Overall, the fabricated paper
coating films based on the esterified lignin and PBAT in this work demonstrated uniform
surface morphology, better tensile properties, and remarkable barrier properties. Since both
PBAT and lignin are compostable, the resulting formulation is also expected to be
compostable, albeit requiring further investigation and confirmation. These characteristic
properties make the formulations an appealing, sustainable material alternative for a range of
paper-based food packaging and wrapping applications. Potential applications of such
compostable material coated papers include burger wraps, single-use lunch boxes, milk, and

juice containers, beverage cups, etc.

The third part of the present work focused on investigating the use of oleic acid-modified lignin
as a suitable additive to cellulose acetate to fabricate a sustainable packaging film for food and
other applications. The successful oleic acid esterification of lignin was validated using
spectroscopic techniques, solvent dispersibility, and melt processibility evaluation. The
optimized oleic acid-modified lignin (Lig-OA) displayed melt flowability, while its
unmodified counterpart underwent charring upon exposure to similar thermal processing

conditions. The cellulose acetate-LigOA blend films also displayed excellent thermo-
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mechanical processibility via compression molding with enhanced dispersion of the modified
lignin in the cellulose acetate matrix. In contrast, the unmodified lignin agglomerated in the
cellulose acetate matrix, which was attributed to the polarity disparity between the cellulose
acetate and the pristine lignin. With the employment of 10 wt.% modified lignin blend additive,
a 77% drop in water absorption from the baseline cellulose acetate was recorded. On the other
hand, the modified lignin-loaded specimen exhibited 51.4 % less moisture absorption than its
unmodified counterpart. Additionally, the incorporation of lignin in cellulose acetate enhanced
the UV barrier properties of the resulting films, which could have practical applications in
packaging materials by preventing the degradation of UV-sensitive food or pharmaceutical
components. Overall, the incorporation of functionalized lignin in cellulose acetate could
diminish water absorption, enhance the moisture barrier properties, improve the UV barrier,
and overall dimensional stability of the resulting films for food packaging and other material

applications.

Finally, the modified lignin was put forward as a sustainable and inexpensive Pickering
emulsifier of oil-water emulsions. Activated fatty acids with various chain lengths were grafted
on lignin to control its polarity and hence its efficacy as a Pickering emulsifier. The level of
lignin modification was qualitatively evaluated using spectroscopy and solvent dispersibility
analysis. Selected modified lignin samples were then employed to prepare emulsions. The
properties of lignin (unmodified and modified) stabilized Pickering emulsions prepared with
various stabilizer loadings and pH were characterized. In accordance with the initial
hypothesis, esterified lignin loaded emulsions exhibited superior stability over the course of a

week than their unmodified lignin loaded counterparts, albeit the dependency of respective
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lignin moieties on the pH of the dispersion media. The alkaline emulsions exhibited superior
stability in comparison to neutral and acidic emulsions, recording a 47% reduction in the
average oil droplet size for LigHC emulsion in comparison to its unmodified counterpart in
alkaline medium. On the contrary, optical micrographs of neutral and acidic emulsions
exhibited much larger oil droplets with instances of their apparent coalescence and
flocculation. The zeta potential of alkaline samples was highly negative, while, for the acidic
emulsions higher zeta potential values were recorded. These observations were attributed to
the existence of weak electrostatic repulsive forces in acidic emulsions, in-line with the poor
stability witnessed. Rotational rheometry of the samples aided in confirming the superior flow
properties of the modified specimen in comparison to its unmodified counterparts. In the
comparative study, the esterified lignin stabilized emulsion specimen performed on-par with
the conventional surfactant stabilized emulsion. Overall, the esterified lignin stabilized
emulsions exhibited excellent stability and thus, our aim to design a sustainable Pickering
emulsifier system was successfully achieved. Thus, the various routes for lignin

functionalization were employed for its effective employment in value added applications.

7.2. Future work

Future studies stemming from the present doctoral thesis could include short-term and long-
term studies. The first short-term project should be exploring different functionalization
reactions and employing them in the various valorization routes discussed in this work. Further,
a comparison between the modification routes (undertaken and proposed) in the various

valorization avenues covered in this work could be conducted. The use of other polymer
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materials and a comprehensive comparative characterization between the various lignin-
polymer blends could give further insights into their structure-property relationship.
Additionally, the fractionation of lignin specimens based on molecular weight could be
implemented, and thus, the fractionated specimens could be characterized for their properties,
potential applications, and functionalization possibilities. Moreover, intentional hydrolysis or
degradation methods to simplify the complex structure of lignin moieties, in turn obtaining
lignin fraction exhibiting reduced complexity and improved reactivity could be undertaken.
Lastly, the use of the novel lignin modification methods devised in this doctoral work could
be further diversified to other fields such as biomedical applications, energy storage,

constructional materials, etc.

The long-term investigations could be carried out to gain a deeper insight into the degradation
behavior and the effects of aging on the mechanical, morphological, and barrier properties of
the formulated specimens. Furthermore, the effect of environmental variables on the properties
of the composites could be evaluated. Moreover, surface grafting of various monomeric units
onto the lignin backbone structure to tailor its properties for composite applications could be
investigated, thus, initiating another class of co-polymerized materials. In the broader
perspective, more avenues for industrial scale applicability of lignin should be created.
Collaborations with industrial partners for further application of lignin in products of everyday

use could bring lignin the well-deserved recognition that it deserves.
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Appendix A — Supporting information for Chapter 2

Table A 1. Various types of sulfur-free lignin and their properties.

Type of lignin Sulfur-free lignin
Organosolv Lignin Soda Lignin
Acetosolv lignin
Alternate names Alkaline Lignin
Obtained from Organosolv pulping process Soda pulping process
Appearance Powder Crystal - powder

Raw materials

Softwood, hardwood, annual
plants [86,399]

Annual plants [86,399]

Color Brown Black

Odor - -

Mn (g/mol) 500-5000 [86,399] 800-3000 [86,399]
Tg (°C) 90-110 [86,399] 140 [86,399]

Sulfur content (%)

0 [86,400]

0 [86,400]

PDI 1.5-2.5 [86,399] 2.5-3.5 [86,399]
Solubility Organic solvents [399] Alkali [399]
Aliphatic OH (mmol

2.9 [86,401] 1.3 [86,402]
OH/g)
Phenolic OH (mmol

2.8 [86,401] 1.6 [86,402]
OH/qg)
Carboxylic acid

0.48 [86,403] 0.7 [86,402]

(mmol/g)
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Market Leaders

Nippon Paper Industries Co.,
Ltd., Japan

Northway Lignin Chemical,
Canada
Domtar Corporation, US
The Dallas Group of America
Borregaard USA, Inc. (S/P)
Liquid Lignin Company, US

Biosynth group

Northway Lignin Chemicals

Table A 2. Various types of sulfur-containing lignin and their properties.

Type of lignin

Sulfur-containing lignin

Kraft Lignin

Sulfonated Lignin

Alternate names

Kraft lignin powder, Alkali
Lignin [235]

Lignosulfonate

Obtained from

Kraft pulping process

Sulfite pulping process

Appearance

Blocky solid to fine powder

Powder

Raw materials

Softwood, hardwood [86,399]

Softwood, hardwood [86,399]

Color Light to dark brown Brown/Black
Odor Faint woody [235] Light odor

Mn (g/mol) 1000-3000 [86,399] 15000-50000 [86,399]
Tg (°C) 150-162 [235] 130 [86,399]
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Sulfur content (%)

1.2 -2.4% [86,235]

3.5-8% [86,400]

PDI 3.0-4.5 [235] 6.0-8.0 [86,399]
- Soluble in alkali, low solubility ]
Solubility ] Completely soluble in Water [399]
in water [235]
Aliphatic OH (mmol
1.5 [86,402] 5.7 [86,402]
OH/g)
Phenolic OH (mmol
1.3 [86,402] 0.6 [86,402]
OH/g)
Carboxylic acid
0.6 [86,402] 0.3 [86,402]

(mmol/g)

Market Leaders

West Fraser Timber Co. Ltd.,

Canada
WestRock Company, US
Domtar Corporation, US

Stora Enso, Finland

RISE, Sweden

Borregaard USA, Inc. (S/P)GREEN
AGROCHEM, China

Nippon Paper Industries Co., Ltd.,

Japan
The Dallas Group of America

Sappi Limited, South Africa
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Table A 3. Other works on lignin-based carbon fibers

Temperature
Type of Tensile
. Polymer Thermo- . Ref
Lignin Carbonization | Properties
stabilization
165 °C - 250 From room )
Tensile
Softwood °‘C@ 20 temperature to
o - ) modulus: 98 [139]
kraft lignin °C/min, held 1000°C @7
+5GPa
250 °C for 1 hr °C/min
) Heated to 1200 Tensile
Equicomponent | 300°C @ 1 )
Softwood ) ) °C@ 7 V/min modulus:
o blend with °C/min, held [404]
kraft lignin and held for1 | 105.7£3.1
PAN for 1 hr
hr GPa
Organosolv Heated from )
- Tensile
lignin, 12 to 1000 °C @ 180
modulus: [405]
Softwood ) 180 °C/hr, held °C/hr
o 5918 GPa
kraft lignin 250°Cforlh
Modulus:
Organosolv 250 °C @ Heated to 1,000
o _ 39.1+13.3 [406]
lignin ) 0.5°C/min °C
GPa
105 °C for 1 hr
Hardwood Copolymer @ 1 °C/min, 800°C@5 Modulus: [407]
lignin with PAN then heated to °C/min 22.92 gfiden
280 °C for 1 hr
Softwood 250°C @ 4
oftwoo
S °C/min, held | Hieated 10600 i [408]
raft lignin 0 °C/mi
J for 30 mins C @ 1*C/min
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and to 1000 °C

@ 3 °C/min
Steam Heated from Heated upto Modulus:
exploded 0.5 °C/min to 1000°C @ 5 40.7£6.3 [409]
lignin 2.0 °C/min °C/min GPa
Table A 4. The performance of lignin as a biobased sunscreen
Sunscreen o Loadings SPF Value Ref
) Type of Lignin
formulation base tested Before After
SPF 15 lotion Eucalyptus kraft | Up to 10 % 15 75.2 [158]
lignin
NIVEA moisturizing | Enzymatic Up to 10 wt.% 4771 +6.30 | [160]
cream, Sunscreen hydrolysis lignin
SPF 15, and SPF 50 | and organosolv
lignin

Pure cream Soda Lignin Upto10wt% | 0.99+0.01 | 6.81+1.15 [410]
NIVEA Pure cream | Alkali Lignin Upto10wt.% | 0.99+0.01 | 5.72+0.26 [411]
SPF 15 sunscreen Kraft Lignin Upto 10 wt.% | 18.22 + 76.97 £6.38 | [410]
lotion 0.92
Glycerin hand cream | Alkali Lignin Upto 10 wt.% | 1.06 £0.01 | 5.33+£0.47
Pure cream Kraft Lignin Upto10wt% | 0.99+0.01 | 6.33+0.37 [410]
SPF 15 sunscreen Soda Lignin Upto 10 wt.% | 18.22 + 91.61£8.47 |[410]
lotion 0.92
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/enzymatic-hydrolysis
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/enzymatic-hydrolysis

Pure cream Organosolv Upto 10 wt.% | 0.99 £0.01 | 8.66 £ 0.25 [410]
Lignin
SPF 15 sunscreen Organosolv Upto 10 wt.% | 18.22 + 23.66 + 1.28 | [410]
lotion Lignin 0.92
Pure cream Enzymatic- Upto 10 wt.% | 0.99+£0.01 | 4.20 = 0.50 [410]
hydrolyzed
lignin
SPF 15 sunscreen Enzymatic- Upto 10 wt.% | 18.22 + 20.13£5.31 | [410]
lotion hydrolyzed 0.92
lignin
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Appendix B — Supporting information for Chapter 3
Dispersibility test

Change in the dispersibility of the lignin sample as a result of the modification was evaluated
by exposing the baseline and the modified samples in solvents with increasing relative polarity.
Various levels of solvent dispersibility depending on the modification level was noted as
shown in Figure B 1d. Samples were solubilized in Toluene (exhibiting the lowest value of
relative polarity amongst all other dispersion mediums) and post sonication the unmodified
lignin samples were dispersed but the solution was opaque, while the modified samples had
already settled. Pristine lignin particles could be observed to have partially settled even after
an hour and the following day, all the heavier fractions of the lignin sample had completely
settled down while the lighter fractions floated. Similar behavior was exhibited by the lignin
samples in chloroform, the sole difference being that even after 24 hours the unmodified
sample didn’t settle to the extent it had in toluene and also, the 0.5 TEPI ratio sample had a

ring of the lignin particles floating on its surface.

In the case of DMF and DMSO, both solvents solubilized original lignin to a good extent with
the lignin being uniformly dispersed, stable and the solution being clear. Similar, to the
previous dispersion mediums, modified samples weren’t solubilized in either of them. DMSO
imparted better dispersion to lignin and even very minutely to modified lignin 0.5 sample too.
Lastly, the water seemed to have dispersed the unmodified lignin sample similar to toluene
thus, forming an opaque solution, with an eventual settling to the bottom of the vial. Modified

samples weren’t soluble in this medium too.
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Thus, while, DMSO was chosen as the preferred dispersion medium for unmodified lignin
samples, modified samples lacked a known dispersion medium. Then it was found that lignin

could be solubilized in a hot alkali [33]. Thus, 0.3 N KOH being finalized for their dispersion,

in the present study.

d)
Liq LigM LigM LigM
Solvent 9 <0.5 1.0 i 2.0 7
Toluene 0.099
Chloroform 0.259
5
(2]
@
@
=]
«Q
Pl
DMF 0.386 %
z
@
5l
o
s
g
DMSO 0.444
Water 1.000

Figure B 1. (a) Unwashed lignin sample, (b) Washed lignin sample, (¢) Modified lignin sample and (d)
Dispersibility test of unmodified and modified lignin samples in various dispersion mediums
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Figure B 2. Variation of viscosity with varying temperature.

Table B 1. Composition of various lignin and modified lignin formulations

Components Concentration in each sample (phr)
NR Lignin samples Modified Lignin samples

Lig Lig5% Lig 10% LigM LigM 5% LigM

2.5% 2.5% 10%
Lignin - 2.5 5 10 - - -
Modified - - - - 2.5 5 10
Lignin
NR 100 100 100 100 100 100 100
S 15 15 15 15 15 15 15
ZnO 1.3 1.3 1.3 1.3 1.3 1.3 1.3
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Table B 2. Gibbs free energy values for the composites.

Material AG,,
Lig 2.5/NR 0.63
Lig 5/NR 1.24
Lig 10/NR 2.36
LigM 25/NR  0.11
LigM 5/NR 0.22
LigM 10/NR  0.42
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Figure B 3. Scanning electron microscope images of modified (a) and unmodified (b) 5% lignin - NR
composite samples with lignin moieties having been leached out.

Guth-Gold equation

To test for the reinforcing effect of the varied filler fractions, Guth-Gold equation was

employed as given by equation S1 [412].
E=E,[1+25¢+14.1¢?% (S1)

The experimental data with the predicted data have been presented in Figure B 4 (a and b).
The average percent deviations of the values predicted by Guth-Gold equation have been
reported in Figure B 4. It proved to be a good fit for the unmodified samples, as evident by

the reported % deviation values ranging from (0.9 to 8.5%). However, modified samples
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exhibited moderate coherence with the predicted values, the deviations ranging from 8.8% to

14.1% were recorded.
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Figure B 4. Guth-Gold plot of baseline NR and its composites with (a) lignin and (b) modified lignin.

Thermal analysis

The influence of lignin and modified lignin in different concentrations on the thermal stability
of the resulting composites in comparison to pure baseline NR was studied employing
Thermogravimetric Analysis. The obtained TG and DTG curves of the samples present the
thermal degradation behavior of the baseline NR and its composites up to 600 °C, as can be
observed in Figure B 5. Further, the peak of derivative weight loss curves presents thermal
decomposition temperatures Tmax for the various specimen tested. As is apparent from the DTG

curves, there is a single decomposition step [413]. This primarily corresponds to polymeric
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chain breakdown [414] and the initiation of C-C chain bonds undergoing thermal scissions,
followed by a transfer of H [415].

Further, observing the thermal decomposition temperatures in Figure B 5, one can observe
that NR exhibited the least vale of Tmax (374.0 °C). Unmodified samples had equivalent or
slightly lower values than their silylated counterparts ranging between 379.0 °C and 380.3 °C.
Moreover, LigM 10% exhibited the highest Tmax value accounting for 380.3 °C, but, the margin
was insignificant. It was deduced that the addition of lignin and modified lignin to the NR
matrix did not significantly impact its thermal stability. The plausible explanation was that the
lower concentrations of lignin (unmodified and modified) incorporated in the elastomeric

matrices were unable to impact the thermal properties of the composites, significantly.
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Figure B 5. Thermogravimetric analysis of baseline NR and its composites with lignin and modified lignin
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Comparison of tensile properties of various fillers

Table B 3. Effect of cellulose nanocrystals content on properties of natural rubber latex film [416].

CNC Concentration in Tensile Strength Modulus at 50 % Modulus at 100%
NR (phr) (MPa) (KPa) (KPa)
0 2.2+0.10 3.1+0.3 1.1+0.3
0.5 2.8+0.07 5.7+0.1 1.2+0.1
15 2.8+0.20 7.2+0.3 3.7+0.2
3 3.7+0.10 9+0.4 4.7+0.4
5 7+0.05 11.3+0.1 6+0.1

Table B 4. Effect of calcium carbonate content on physical properties of natural rubber latex film
[417].

Calcium Carbonate Tensile Strength Elongation at break Tear Strength
Concentration in NR (MPa) (%) (KN/m)
(%)
0 18.8 2000 48.1
5 24.4 1960 65.0
10 24.8 1720 70.0
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Table B 5. Effect of sago starch content on physical properties of natural rubber latex film [418].

Sago Starch Tensile Strength Elongation at Modulus at Tear Strength
Concentration in (MPa) break (%) 100% (KPa) (N/mm)
NR (phr)
0 22.79 1308.1 0.45 53.98
5 18.24 1192.1 0.47 57.80
10 20.73 1230.77 0.47 61.40

Table B 6. Effect of poly(alpha 1,3) glucan on the physical properties of natural rubber latex[238]

Sago Starch Tensile Strength Elongation at Modulus at Tear Strength
Concentration in (MPa) break (%) 100% (MPa) (kN/m)
NR (phr)
0 3.1 724.3 0.47 2.5
1 5.7 712.8 0.45 3.6
3 54 648.6 0.50 4.2
5 6.6 616.5 0.58 11.8
7.25 8.2 554.6 0.70 30.1
10 6.4 522.5 0.68 36.7
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Appendix C — Supporting information for Chapter 4

Table C 1. One-way ANOVA of water contact angle values of baseline paper and coating formulation films.

Sample WCA ()

Paper 77.05+ 2472
PBAT 77.73 £ 2.45
LigPBAT1090 81.74 £ 2.37°

LigMPBAT1090 104.24 + 1.75
LigPBAT5050 94.66 + 2.31°

LigMPBAT5050 134.17 + 4.26¢

Value = mean = standard deviation (n = 3), *means with the same superscript letters within a column

are not significantly different at P < 0.05 level.

Table C 2. One-way ANOVA of the Water Cobb values of baseline paper and coated sheets.

Sample Water Cobb value
Paper 35.82 +1.38?
PBAT 27.30 £ 1.15P
LigPBAT1090 2243 £ 1.76°
LigMPBAT1090 19.00 + 1.88¢
LigPBAT2575 27.27 +0.97°
LigMPBAT2575 18.05 + 1.08¢
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LigPBAT5050 (20 um) 25.60 % 2.83°

LigMPBAT5050 (20 pm) 16.70 + 0.78¢
LigPBAT5050 (40 pm) 16.90 + 1.38°
LigMPBAT5050 (40 pm) 7.17 + 1.59'
LigPBAT5050 (60 pm) 9.93 + 1.50"
LigMPBAT5050 (60 pm) 4.93 +0.15'

Value = mean + standard deviation (n = 3), *'means with the same superscript letters within a column

are not significantly different at P < 0.05 level.

Table C 3. One-way ANOVA of the Oil Cobb values of baseline paper and coated sheets.

Sample Water Cobb value
Paper 155.83 £ 6.672
PBAT 98.25+12.23°
LigPBAT1090 92.13 + 6.47°
LigMPBAT1090 87.60 + 2.33"
LigPBAT2575 103.53 +18.33°
LigMPBAT2575 54.33 + 4.58°
LigPBAT5050 (20 pm) 108.57 + 3.43"
LigMPBAT5050 (20 um) 56.46 + 15.75°
LigPBAT5050 (40 pm) 86.47 + 10.14°
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LigMPBAT5050 (40 pim) 58.65 + 6.58°

LigPBAT5050 (60 pm) 39.13 + 11.65°

LigMPBAT5050 (60 pim) 34.77 + 2.00¢

Value = mean + standard deviation (n = 3), *means with the same superscript letters within a column
are not significantly different at P < 0.05 level.

Table C 4. One-way ANOVA of the Oxygen permeability values of baseline paper and coated sheets.

Sample Oxygen permeability value

(cm®.m/m?.day.Pa)

Paper 5.49 £ 0.21°
PBAT 4.28 +0.15
LigPBAT1090 3.92 +0.08°
LigMPBAT1090 3.65 +0.02¢
LigPBAT2575 2.89 £0.27°
LigMPBAT2575 2.03 +0.04
LigPBAT5050 2.53 + 0.049
LigMPBAT5050 1.13+0.02"

Value = mean + standard deviation (n = 3), *"means with the same superscript letters within a column
are not significantly different at P < 0.05 level.
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Table C 5. One-way ANOVA of the dry and wet tensile properties of baseline paper and coated sheets.

Sample Dry Tensile Wet Tensile strength Wet Elongation at break
Strength (MPa) (MPa) (%)
Paper 5.49 + 0.21° 5.77 £1.28° 3.29 £ 0.422
PBAT 4.28 +0.15° 10.05+1.73° 4.39 + 0.30°
LigPBAT1090 3.92 £ 0.08° 11.04 +0.91° 3.69 £ 0.442
LigMPBAT1090 3.65 +0.02¢ 19.09 + 2.41° 3.45+0.22%
LigPBAT2575 2.89+0.27° 12.91 + 2.59P 3.78 £ 0.40%
LigMPBAT2575 2.03 +0.04 20.76 £ 4.06° 4,17 +0.26°
LigPBAT5050 2.53 +0.04° 17.23 + 3.56° 3.95+0.43%
LigMPBAT5050 1.13+£0.029 19.84 + 3.09¢ 4.31 + 0.46°

Value = mean % standard deviation (n = 5), *means with the same superscript letters within a column
are not significantly different at P < 0.05 level.

Table C 6. Gibbs free energy values for the composites.

Material AG,,

LigPBAT1090 0.82
LigMPBAT1090 0.02
LigPBAT2575 1.81

LigMPBAT2575 0.04
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2.67

LigPBATS5050

LigMPBAT5050 0.06

M =36661.5, and PBAT = 6154.

19

L

8059.5,

Gibbs free values (3Gm): Lig

Figure C 1. Scanning electron microscopy images of the surface of: (a) LigPBAT5050 coated paper (60 um), (b)

LigPBAT5050 coated paper (60 pum) (zoomed-in view), (¢) LigMPBAT5050 coated paper (60 um) and, (d)

LigMPBAT5050 coated paper (60 um) (zoomed-in view).
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Appendix D — Supporting information for Chapter 5

Table D 1. Gibbs free energy values for the lignin samples with respect to different polymer materials.

Material AG,,
Lig-CA 0.023
LigOA-CA 0.090
Lig-PBAT 2.203
LigOA-PBAT 1.064
Lig-PHBV 2.494
LigOA-PHBV 1.268
Lig-PHB 2.549
LigOA-PHB 1.307
Lig-PVAC 2.074
LigOA-PVAC 0.973
Lig-PVOH 0.884
LigOA-PVOH 0.235

Gibbs free values (3 Gm): Lig = 8059.5, and LigM = 24559.5.
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Figure D 1. Amplitude sweep analysis: a) Storage modulus vs strain, b) loss modulus vs strain, and ¢) complex
viscosity vs strain

Optimization of compression molding temperature

The identification and optimization of compression molding temperature were undertaken by
employing a rheology temperature sweep analysis (120 °C to 220 °C at 10 °C/min). The
viscosity change of cellulose acetate film with increasing temperature was evaluated (Figure
D 2). At 120 °C, a high viscosity value amounting to ~14560 Pas was recorded. At a heating
rate of 10 °C/min, the specimen recorded a viscosity of ~8726 Pas at 149.2 °C. The sample

exhibited shear thinning with a further reduction in the viscosity to ~2167 Pas at 170 °C. Thus,
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the cellulose acetate film recorded an 85.12 % decrease in the complex viscosity relative to the
initial temperature of 120 °C. In a work exploring the complexity of the thermal degradation
of lignin, the onset of lignin degradation was recorded (at 200 °C) [419]. At 170 °C, a
significant reduction in viscosity value was obtained and to avoid lignin degradation at

temperatures closer to 200 °C, 170 °C was employed as the compression molding temperature.
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Figure D 2. Temperature sweep analysis for compression molding temperature optimization
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Appendix E — Supporting information for Chapter 6

Table E 1. Creaming index values of the formulated emulsions

Sample CI (%)
S5 72.93
S6 77.59
S7 76.51
S8 74.19
S9 75.59
S10 78.75
S11 78.40
S12 79.83
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Figure E 1. Droplet size distribution in neutral (pH 7) Pickering emulsions a) Lig (1.0 mg/mL), b) LigHC (1.0
mg/mL), ¢) LigDC (1.0 mg/mL), and d) LigPC (1.0 mg/mL).
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Figure E 2. Droplet size distribution in acidic (pH 5) Pickering emulsions: a) Lig (2 mg/mL), b) LigHC (2
mg/mL), ¢) LigDC (2 mg/mL), d) LigPC (2 mg/mL), e) Lig (0.5 mg/mL), f) LigHC (0.5 mg/mL), g) LigDC
(0.5 mg/mL), and h) LigPC (0.5 mg/mL).
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Figure E 3. Three-dimension surface plot for the prepared emulsions.
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