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Abstract

Petroleum-based plastics, which are excessively used, are non-biodegradable, and lead to
environmental pollution. Plant-based bio-products, on the other hand, are abundantly present,
sustainable but are less exploited and valued. Lignin is the most promising plant-based polymer
which is obtained relatively in a large amount as by-product from pulp-paper industry but have
low market value. Additive manufacturing, also known as 3D printing, is rapidly growing
manufacturing technology where a three-dimensional object is created by the application of
material layer by layer. The main objective of this study was to incorporate lignin in two different
polymers namely polylactic acid (PLA) and high impact polystyrene (HIPS) to develop composite
filaments that can be used for 3D printing and to study the effect of lignin on the properties of

filaments.

In the first part of this study, lignin and PLA were added at different ratios to develop filaments.
Characterization of those PLA-lignin filaments were performed using thermogravimetric analysis,
differential scanning calorimetry, tensile test of filaments, scanning electron microscopy and
dynamic mechanical analysis. Till 20 wt.% lignin was incorporated in PLA matrix; however, there
was significant decrease in tensile strength and elongation at maximum load compared to that of
pure PLA filaments. To further improve the mechanical properties of those filaments, two
plasticizers namely PEG 2000 and struktol® TR451 were added separately in varying ratio in PLA
and 20 wt.% lignin mixture (PLA_L20 hereafter) and similar characterizations were done. A 2
wt% of PEG in PLA_L20 showed significant improvement in mechanical properties. On the other
hand, struktol did not show significant enhancement in tensile stress at maximum load of PLA_L20

composite.



In the second part of the study with HIPS and lignin, 5, 10, 15 and 20 wt.% of lignin were extruded
with HIPS to develop the filaments. Similar to the first part of the study, thermal, mechanical, and
morphological properties were studied in addition to the flame-retardant. Filaments till 10 wt.%
addition of lignin had similar mechanical properties as that of lignin; however, on further
increasing lignin to 20wt.%, tensile strength and elongation at break were degraded. Additionally,

adding unmodified lignin did not contribute to flame resistance of HIPS.

Overall, this research provides the prospect of utilizing lignin as a filler material for 3D printing
when mixed with polymers such as PLA and HIPS. This could contribute to the lignin valorization.
However, lignin cannot be blended at higher amount without compromising mechanical properties

of biocomposites.
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Chapter 1

Introduction

Additive manufacturing is a rapidly growing manufacturing technology that is expected to grow
form $6 billion in 2016 to $21 billion by 2021 [1]. It is a sustainable and efficient manufacturing
technology in which any shape of three dimensional object is created by depositing materials layer
by layer [2-4]. Among different 3D printing techniques, fused deposition modeling (FDM) is the
most commonly used techniques that requires solid thermoplastic filament as a feedstock for
printing purpose [5]. Most of the thermoplastic filaments used are petroleum-based, and emit
greenhouse gases which are hazardous to environment as well as human health [6]. Different
biomaterials such as wood flour [7], rice straw [8], lignin [9—-11], cocoa shell [5] have been added
in polymer matrix as a filler to reduce the usage of polymer, to decreases the cost of filaments and
to improve the properties of filaments. Among those biomaterials, lignin is the second most
abundant plant-based polymer, obtained relatively in large amount as the byproduct from pulp-
paper and potentially from the 2" generation bio-ethanol industries. The main problem of
incorporating unmodified lignin in polymer matrix is that increase in lignin content leads to the

decrease in mechanical properties of filaments [9-11].

The first part of this study was to incorporate lignin in polylactic acid (PLA) matrix; an
environment friendly biopolymer; and to develop a composite filament for 3D printing that has
better properties and printability. Several studies were done on developing biocomposite filaments
using different types of lignin with PLA [11-13]. From the studies carried out, it was found that
mechanical properties of PLA were degraded on adding lignin. The degraded properties of PLA-

lignin composite filaments were the reason behind lack of successful commercialization of such



filaments. Studies have shown that adding different additives such as plasticizers, carbon fibers,
compatibilizers helps in improving the properties of composite filaments. The main hypothesis of

this study is that plasticizer can improve mechanical properties of PLA-lignin composite filaments.

The second part of this study was to incorporate lignin in high impact polystyrene (HIPS) to
develop composite filaments for 3D printing. Several studies were carried out focusing on
incorporating lignin with petroleum-based polymers however none of them were on HIPS. The
main hypothesis of the study with HIPS-lignin is that lignin can improve the fire-retardant

properties of HIPS filaments.

1.1 Objectives

The main objective of this research was to incorporate lignin in polymer matrix to develop
composite filaments for 3D printing. Two different polymer matrices, PLA and HIPS, were
selected for developing composite filaments. This main objective was achieved by accomplishing

four specific objectives mentioned below.

1.1.1 To determine the effect of organosolv lignin in PLA filaments and object printed from
the filament.

A5, 10, 15 and 20 wt% of lignin was added in the PLA and the PLA-lignin mixtures were extruded
to obtain the filaments. The effect of lignin in thermal, mechanical, and morphological properties
of PLA were determined using differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), tensile test of filaments and scanning electron microscopy (SEM), respectively.
Dynamic mechanical analysis (DMA) was performed to determine the viscoelastic properties of
3D printed samples. Fourier transform infrared spectroscopy (FR-IR) was performed with the

samples to determine the change in molecular structure on adding lignin.



1.1.2 To determine the effect of PEG 2000 in PLA-lignin composite filament and in the
object printed from that filament.

Different amounts of polyethylene glycol (PEG-0.25, 0.5, 0.75, 1, 2, 3, 4 and 5 wt%) were added
in PLA-20wt% lignin mixer, and the sample were extruded to obtain filaments. To determine the
effect of PEG in mechanical properties of PLA-lignin composite, tensile test of filaments was
carried out. DSC and TGA of filaments were performed to determine the effect in thermal
properties whereas the effect of PEG in the morphology of PLA-lignin composite filaments was
determined using SEM. To determine the effect of PEG in viscoelastic properties of 3D printed

samples, DMA was performed.

1.1.3 To investigate the effect of struktol® TR451 in the PLA-lignin composite filament and
in the object printed from that filament.

Varying composition of struktol from 0.25 to 1 wt% was added in PLA-lignin (20 wt%) composite
and the mixers were extruded through twin extruder to obtain the filaments. Tensile test of
filaments, DSC, TGA and SEM were carried out to determine the effect of struktol in mechanical,
thermal, and morphological properties. As in the case of PEG, filaments were printed, and DMA

was performed to determine the viscoelastic properties of the PLA-lignin-struktol composites.

1.1.4 To determine the effect of organosolv lignin in HIPS filaments and object printed
from the filaments.

Varying concentration of lignin (5, 10, 15 and 20wt%) were added in HIPS and the manually
mixed samples were extruded through twin extruder to develop filaments for 3D printing. The
effect of lignin in mechanical properties of HIPS were determined by performing tensile test of

the filaments. Effect on thermal and morphological properties on adding lignin were determined



using DSC, TGA and SEM respectively. Flame test was also performed to determine the flame-

retardant properties of sample on adding lignin.

1.2 Thesis outline

Chapter 2 of this thesis presents the literature review of different biomaterials used for 3D printing
by FDM technique whereas detailed study of PLA-lignin, PLA-lignin-PEG and PLA-lignin-
struktol composite filaments are discussed in Chapter 3. Summary of experimental details, results
and discussion of HIPS-lignin composite are discussed in Chapter 4. Finally, the conclusion and

recommendations of the overall study are presented in Chapter 5.
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Chapter 2

Literature review

Three-dimensional (3D) printing is a revolutionary manufacturing technique that can fabricate a
3D object by depositing materials layer by layer. Among different 3D printing technologies, fused
deposition modeling (FDM) is considered as the most commonly used 3D printing technique that
uses thermoplastic filaments for printing purpose. Polylactic acid (PLA) is the commonly used
biobased thermoplastic filaments for FDM printing. However, its high cost and some properties
limits its application in several fields. This study is mainly focused in incorporating lignin, a
second most abundant plant-based polymer, in PLA in order to reduce the usage of PLA and
filament cost; and, to improve the properties of PLA-lignin composite filaments by adding
plasticizers. 3D printing technology, FDM technology, PLA, PLA and PLA composites in 3D
printing, lignin, polymer-lignin composites in 3D printing are discussed in detail in following

sections.

2.1 Three-dimensional printing (3D printing)

Three-dimensional (3D) printing, also known as additive manufacturing, is transforming
manufacturing technology at an amazing rate. It is an emerging technology implemented in
different sectors such as research, automotive, aerospace, healthcare and medical, architecture and
construction, fashion industries and food industries [1-11]. Interest in 3D printing has greatly
increased since 2013, and is expected to grow from $6 billion in 2016 to $21 billion by 2021[4]
due to its unique advantages such as freeform fabrication, sustainable, and efficient manufacturing,
shorter time from design to production as compared to subtractive or traditional manufacturing
technology [12-14]. In traditional manufacturing such as milling, grinding and machining;

products are fabricated by removing materials from large stock or sheet that may not be able to



meet the requirement of small and highly complex products. This drawback of traditional
manufacturing is overcome by 3D printing process as it fabricates highly complex parts by adding
the materials layer by layer with minimum waste. Even after having many advantages over
traditional manufacturing, poor mechanical properties, anisotropic nature of printed parts, and
limited availability of materials limit its application in large scale and various industries [15].
Figure 2.1 shows the conceptual comparison between traditional and additive manufacturing

processes.

Traditional manufacturing

-“”.

Starting material Machining Final product Waste

Additive manufacturing /)

Sl ..

Filaments 3D printing Final product Wasu.

Figure 2.1 Conceptual comparison of traditional and additive manufacturing [16]

Figure 2.2 depicts steps during the 3D additive manufacturing process. The first step of 3D printing
is creating a three-dimensional object in Computer Aided Design (CAD) software and converting
it into the standard format of STL (Standard Tessellation Language). This file is then used in
slicing software that slices the object in different layers. We can also change different printing

parameters such as material deposition plane, number of envelopes of the parts and their thickness



and filling patterns. The file obtained from slicing software is then used in a printer to print a final

object.

3D Cad model .STL file Slicing software Layer slices and 3D printing 3D object
tool path

Figure 2.2 Process of 3D printing [12,17]
First 3D printing process developed was stereolithography (SLA) by Charles Hull in 1986 [15].
Till date, there are many 3D printing processes, which have been categorized into major seven

groups by the American Society for Testing and Materials (ASTM) as shown in Table 2.1 [18,19].

Table 2.1 Additive manufacturing process category based on ASTM[18-21]

Process Description Technologies | Materials Pros Cons
Category

Binder jetting Inorganic or | BJ, PBIH, PP | Polymers, Variety of | Requires post

organic binders metals, sand, | materials can | curing,

are used to bind bio-based be used, high | printed

powder materials materials precision, objects  are

colored parts less strong

Direct energy | Materials are | LMD, DALM, | Metals Used to | Limited
deposition fused by melting produce high | material can

them using DMD, LDD quality and | be used, poor

thermal energy. functional parts | surface finish

and accuracy

Materials A certain size of | FDM Polymer- Low machine | Poor surface
extrusion filament is made based cost, easy | finish and
to pass through materials handling of | accuracy,
feeding  roller, materials, no | slow
heater and nozzle post curing processing
to print object for large
layer by layer. parts,
anisotropic




nature of
printed parts

Material jetting | Droplets of build | MIJM Polymers, Single part can | Requires
material are waxes be  produced | support
selectively from multiple | materials,
deposited. materials expensive

having technology
different

characteristics

and properties,

very  precise

and smooth

surface finish

Powder bed | Thermal energy | EBM,  SLS, | Metals, Does not | Poor surface

fusion is used to fuse | SLM, polymers require support | finish
powder bed structure, can
region. DMLS, SHS produce

complex parts

Sheet Sheets of | LOM, UC Metals, Low cost, ease | Limited

lamination material are paper of material | material use,
bonded to form handling, high | requires post
an object. speed processing

Vat photo- | Liquid SLA, DLP Photo- Good surface | Support

polymerization | photopolymer in polymers finish, can | structure
a vat is fabricate  the | needed,
selectively cured very accurate | requires post
by light- and complex | curing  and
activated or design post
ultraviolet processing

polymerization.

BJ = binder jetting, PBIH = powder bed and inkjet head, PP= plaster based 3D printing, LMD =

laser metal deposition, DALM = direct additive laser manufacturing, DMD = direct metal

deposition, LDD = laser direct deposition, FDM = fused deposition modeling, MIJM = multijet

modeling, EBM = electron beam melting, SLS = selective laser sintering, SLM = selective laser

melting, DMLS = direct metal laser sintering, SHS= selective heat sintering, LOM = laminated
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object manufacturing, UC = ultrasonic consolidation, SLA = stereolithography (apparatus), DLP

= digital light processing.

2.1.1 Fused Deposition Modeling

Among different types of additive manufacturing process, FDM or Fused Filament Fabrication
(FFF) is rapid, versatile, low cost, and mostly used 3D printing technique which fabricates complex
shaped part easily and promptly [22]. In FDM, a well-shaped thermoplastic filament is heated into
the semi-liquid state, which is extruded through the nozzle and deposited layer by layer onto the
build platform. The deposited layers fuse together and solidify to form the required final object

[15,23].

Most commonly used thermoplastic materials are polylactic acid (PLA) [24,25], poly(e-
caprolactone) (PCL) [22,26,27], ethylene vinyl acetate (EVA) [28], polyamides [29], and
acrylonitrile butadiene styrene (ABS) [30,31]. Chaunier et al.[32] mentioned that the polymers
which have processing temperature higher than transition temperature and lower than degradation
temperature with the rigidity of > 1 GPa can be used for FDM application. The major drawbacks
of FDM technique are poor parts and anisotropic mechanical properties, poor surface quality, high
hygroscopic sensitivity, need for supports and limited thermoplastic material as feedstock.
However, drawbacks like poor mechanical properties and surface finish can be improved by
changing several processing parameters such as build direction, printing temperature, feed rate,
layer thickness, raster angle, raster width, infill density and pattern [4,33-35]. Therefore,
researchers are focusing on different printing parameters to minimize the shortcomings of this

method.
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Most of the materials used as filament for FDM are not environment-friendly since they are
petroleum-based and could release toxic substances during printing process, which has an adverse
effect on health and environment [36]. Hence, research regarding the development of biobased
filament for FDM is gaining a lot of attention which not only helps to reduce the use of petroleum-

derived plastic but also reduces the cost of filament.

2.2 Poly-Lactic Acid (PLA)

PLA is the most commonly used bioplastic [4], derived from the starch of agricultural plants such
as corn, sugarcane, sugar beets, wheat [37,38]. PLA is one of the most studied thermoplastic
aliphatic polyesters formed from ring-opening polymerization of lactide or polycondensation of
lactic acid monomer [4,39]. Figure 2.3 represents the chemical structure of PLA. PLA can be found
in semi crystalline or amorphous grade. Pure poly (l-lactic acid) (PLLA) or poly (D-lactic acid)
are semi crystalline whereas PLA with 50-93% L-lactic acid is amorphous. Amorphous PLA
exhibits better processability but poor mechanical properties as compared to crystalline [4]. PLA
is ;, bio-compatible, user-friendly and can be easily processed with no toxic fumes [39,40]. It is
found to be used for packaging and fabrication of several biomedical devices such as orthopedic
implants, drug delivery systems, surgical sutures, and tissue engineering scaffolds [4,39].
Properties of PLA such as low glass transition temperature (Tg = 60 °C-65 °C), melting
temperature (Tm= 173 °C - 178 °C), lower coefficient of thermal expansion and property of non-
adherence to the printing surface makes it a promising thermoplastic for 3D printing purpose
[4,37]. However, low thermal stability, high degradation rate during processing, brittle in nature,

low toughness, moisture sensitivity and high cost limit its application [4,38,40,41].
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Figure 2.3 Chemical structure of PLA

2.2.1 3D printing of PLA

Jo et al.[42] used PLA filament to 3D print objects and investigate the effect of layer thickness,
externally applied heat and pressure in FDM printed 3D object. The authors found that layer
thickness directly affects mechanical properties of the printed object, and these properties could
be improved on thermal heating. The authors also noticed that on heating printed object having
small layer thickness, tensile strength, and elastic modulus were enhanced. This was due to the
improvement in the bond between raster to raster and layer to layer. Applying higher external
pressure had a similar improvement in tensile strength and modulus of the printed object. Further,
Jo et al.[42] mentioned that controlling layer thickness, external heat and pressure helped in
reducing the void in the internal structure of the printed object and creating an object of better
finish and improved mechanical properties. Similarly, Rajpurohit et al.[43] studied the effect of
raster angle, layer height and raster width on tensile properties of FDM printed PLA parts where
they found highest tensile strength at 0° raster angle. Those samples which had lower layer height
exhibited higher tensile strength because of the larger bonding area. The authors also observed
higher tensile strength of sample having higher raster width to a certain extent but after that, it
decreased due to the void formation which helped in crack initiation and propagation. Other
authors Yang et al.[44] used FDM PLA printed parts to investigate the effect of nozzle diameter,
liquefier temperature, extrusion velocity, filling velocity and layer thickness on tensile strength,

surface roughness and build time of printed parts. Results obtained indicated that nozzle diameter
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and layer thickness are the most influencing factors on tensile strength, surface roughness and
build time of printed parts. The authors also found that with larger nozzle diameter, high extrusion,
filling velocity and larger layer thickness, tensile strength and surface roughness of printed parts
increased noticeably, whereas there was less effect of liquefier temperature and extrusion velocity
on surface roughness. Yang et al.[44] have further noted the reduction in build time with increment
in nozzle diameter, filling velocity and layer thickness. Furthermore, Alafaghani et al.[45] looked
at the effect of process parameters such as building direction, printing speed, extrusion
temperature, layer height, infill percent and infill patterns on mechanical properties and
dimensional accuracy of FDM printed PLA specimens. They concluded that building direction,
extrusion temperature, layer height were more influencing parameters compared to infill
percentage, infill pattern and printing speed on dimensional accuracy and mechanical properties.
For the three-dimensional print parts of higher dimensional accuracy, the direction of the part
should be parallel to layer orientation instead of building orientation, accompanied by lower layer
height and extrusion temperature. Crystallinity, thermal resistance, modulus and strength of FDM
printed PLA sample could also be increased by increasing bed temperature [46]. Benwood et
al.[46] mentioned that in order to maximize the bond strength between deposited layers, bed

temperature needs to be above the glass transition temperature.

Another group, Afrose et al.[47], studied the effect of build orientation on the fatigue behavior of
PLA parts made by the FDM method. The parts which had X- build orientation exhibited higher
tensile strength than Y and 45°-build orientation under static loading. Under tensile loading, fatigue
life was higher for PLA specimen with 45°build orientation and higher ability to store strain

energy by part.
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On comparing 3D printed PLA with injection molded PLA in terms of the mechanical response,
Song et al.[48] found that 3D printed specimen had improved toughness because of their layered
and filamentous nature. Additionally, the 3D printed specimen had increased crystallinity and

reduced ductility.

From all these papers related to FDM printing of PLA, it was found that research with PLA was
mostly done to investigate the effect of process parameters of FDM printing. Some parameters
such as layer thickness, build direction, raster angle, raster width, infill density, extrusion
temperature and bed temperature strongly affected the mechanical properties while extrusion
speed, printing speed and infill pattern had no significant effect in mechanical properties. In all
these research, different types of printers were used which were compatible with different slicing
software and process condition. Therefore, it will be unfair to generalize and conclude based on
their results. For generalization and comparison among different research scenario, standard set of

conditions and parameters need to be developed for FDM printers and FDM printed test specimens.

2.2.2 3D printing of PLA composites

Production of PLA requires precise reaction conditions such as temperature and pressure which
accounts for higher energy consumption. In addition to that, corn-based PLA has led to increasing
concern over the food crisis. Adding fillers to PLA will not only decrease the amount of PLA
usage and address the concern to the food crisis, but also reduce the cost as compared to the use
of neat PLA. Poor thermal and mechanical properties of PLA limits it for many engineering
application [49]. Chiulan et al.[4] also mentioned that PLA is not able to mimic nature (e.g. native
bone architecture, cell colonization) properly. Therefore, to widen its applicability for both

engineering and biomedical applications, it needs to be mixed with fillers.
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Tao et al.[2] developed composite filament of PLA and 5 wt % of wood flour (WF) of particle size
14 pm for printing 3D object by FDM technique. Object printed from composite filament appeared
like that of the wooden object as compared to that made from pure PLA filament. Due to the
hydrophilic nature of WF and hydrophobic nature of PLA, there was a poor interfacial bond which
resulted in clear gaps between PLA and WF interface. Moreover, the particle size of wood powder
or any other material to be blended with PLA should be ultra-fine in order to prevent nozzle
blocking during printing [12]. Also, wood particle properties and its compatibility with
thermoplastic polymer should be taken into consideration as it affects properties of wood polymer
composite filament [50]. Additionally, there will be variation in the properties of composite
filament with variation in wood content. Kariz et al.[50] found that increasing wood concentration
resulted in decreased filament density. There was a slight increase in tensile strength with a 10%
increase in wood content, but the further increment of wood content led to decreased tensile
strength. Guo et al.[51] got the similar result of poor mechanical properties with increase in poplar
WEF content in PLA. They explored different toughening agents for PLA/WF composite filament,
namely thermoplastic polyurethane (TPU), polycaprolactone (PCL) and poly (ethylene-co-octene)
(POE) and found that among all, TPU relatively showed better compatibility with PLA/WF
composite. They also mentioned that impact strength, tensile strength, ductility, complex viscosity
and storage modulus of the composite were increased. Ayrilmis[52] studied the effect of layer
thickness on surface roughness and wettability of 3D printed object prepared from PLA/WF
filament and found a direct impact of layer thickness on both properties. It was observed that with
the increase in layer thickness, both surface roughness and wettability increased for the 3D printed

object from PLA/WF filament.
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Another group, Daver et al.[53], successfully developed a composite filament of PLA and 5 wt%
cork for FDM application. It was found that the increase in cork content from 0 to 50 wt.%, the
tensile strength, elastic modulus and elongation at break was decreased from 60 MPa to 10 MPa,
3.35GPato 1 GPaand 1.53% to 0.15%, respectively. On the other hand, impact strength decreased
initially and increased on further addition of cork. Further addition of a biodegradable plasticizer
named tributyl citrate (TBC), ductility of the composite was enhanced but their strength and
modulus were decreased. On the comparison between 3D printed specimen and compression
molded specimen made from cork-PLA composite, it was found that 3D printed specimen had a
higher elongation at break than later. However, their elastic modulus and tensile strength were

lower than compression molded.

Murphy et al.[54] worked on development of fully degradable biocomposite filaments for FDM
application from microcrystalline cellulose (MCC) and PLA. They found that with the addition of
MCC from 1-3 wt.%, the crystallinity of PLA and storage modulus of biocomposite was increased.
Dong et al.[55] extruded composite filament for FDM application from neat PLA and poly(lactic
acid) grafted cellulose nanofibers (PLA-g-CNFs) where PLA-g-CNFs was prepared by grafting L-
lactide monomers on cellulose nanofibers (CNFs). The composite filament had improved storage
modulus due to the incorporation of PLA-g-CNFs. Highest elastic modulus and tensile strength of
2.800 GPa and 39 MPa, respectively were obtained at 3 wt % of PLA-g-CNFs. The authors also
revealed that on annealing the extruded composite filaments, the crystallinity of composite

filament was increased, which led to enhancement in mechanical properties.

Xu et al.[39] applied solvent blending approach to uniformly blend galactoglucomannan (GGM),
hemicellulose type found in softwood, and PLA. This blended composite was used for making

filament for FDM application and showed higher storage modulus and decreased thermal stability
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than neat PLA. PLA with up to 20 wt % GGM exhibited flexural modulus similar to PLA around

3.2 GPa.

Composite filament for 3D printing was developed using PLA and biocarbon, derived from
pyrolysis of wheat stems, and processing and wear behavior of printed specimen was studied.[56].
It was found that specimen fabricated from PLA and 30 vol % biocarbon had less wear volume and
a high coefficient of friction with fewer fluctuations. They also mentioned that with the increase
in vol % of biocarbon in composite, there was an increase in voids in printed samples and difficulty

in printing due to nozzle clogging.

Ou-Yang et al.[14] prepared the filament of PLA/poly(butylene succinate)(PBS) blend for 3D
printing where they observed that all blends had excellent processing properties. The blends having
PLA more than 40 wt % had smooth printing without any distortion or detachment from printing
surface, higher tensile strength, modulus, melt viscosity and showed better suitability for FDM.

Maximum tensile strength of printed sample was 21 MPa for blend composition PBS/PLA (40/60).

The study of effect of 3D printing direction in thermal and mechanical properties of specimen
printed from PLA/polyhydroxyalkanoate (PHA) composite filament revealed that vertically
printed specimen had better mechanical properties than horizontally printed specimen [34]. The
horizontally printed specimen had longer disintegration time than vertical and degradation was
more distinct at 50 °C. Based on observation, the contact time of specimen with printing platform
influenced their crystalline phase, however, additional study concluded that not only specimen’s
contact time on printing surface affected crystallinity, size of the specimen also played a vitalrole
[35]. During the printing process, the specimen having a smaller surface area had increased

crystalline phase.
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Antoniac et al.[57] extruded the PLA + Mg + vitamin E (a-tocopherol) composed filament of 1.75
mm diameter for manufacturing test samples using the FDM process. They found good integration
between Mg and PLA matrix due to the use of vitamin E during material preparation. However,
according to the obtained results, authors were not able to guarantee the uniform distribution of

Mg with the PLA matrix.

Prashantha et al.[58] studied the 3D printed specimen made up of PLA/graphene nanocomposites
containing 10 wt % graphene in the PLA matrix. It was detected that specimen printed from these
filaments by FDM technique had improved thermal and mechanical properties compared to object
printed from neat PLA filaments. Addition of 10 wt % graphene in PLA increased the modulus
and strength of PLA from 1827 to 2454 MPa and 31.6 to 40.2 MPa, respectively. Furthermore,
uniform distribution of graphene in the PLA matrix was also found from scanning electron

microscopy of the printed object.

Ferreira et al.[59] compared between 3D printed PLA and PLA with carbon fibers (CFs)
(reinforced with 15 wt % short CFs of length about 60um) found that reinforced material had
increased stiffness in direction of printing due to the alignment of short carbon fibers in the printing
direction. However, they found that on adding short CFs, printed samples turned out to be brittle.

Poor adhesion between PLA and CFs was observed possibly due to the shorter length of CFs.

Rasselet et al.[60] found improved tensile properties and ductile behavior of 3D printed object of
PLA/Polyamide 11 (PA11) blend, with 3 wt % incorporation of Joncryl, a multi-functionalized
epoxide. From the results of SEM of the tensile fracture surface, they observed the improved
interfacial adhesion which was due to Joncryl. They observed the maximum tensile strength and

elongation at break of 58.8 MPa at 2 wt % Joncryl content and 9.8% at 3 wt % Joncryl content,
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respectively. 3D printed samples from PLA/PA11 composite showed brittle nature than that of an
injected sample. This was because of poor adhesion and porosity between the deposited layers
whereas elastic modulus was higher for FDM printed specimen as compared to injection molded

specimen.

To reduce the excess use of PLA and widen its applicability in diverse field, trend of using different
fillers with PLA to develop biocomposite filaments have increased. Among all these fillers, WF
is the extensively studied and used biomaterial to develop composite filaments. Beside WF,
cellulose nanofiber and lignin are other two promising biobased materials which have abundant
and sustainable source and needs further research and development. Investigation of several
additives should be done to improve composite’s properties so that they will be able to replace

widely used petroleum-based composite filaments.

2.3 Lignin

Lignin is the second most abundant plant based polymer that acts as a supporting structure for
plant cells [61,62]. Lignin has highly heterogenous complex structure. Lignin is basically
composed of three types of phenyl propane units in different ratios based on plant species [63,64].
They are coniferyl alcohol, p-coumaryl alcohol, and sinapyl alcohol represented by Figures 2.4,

2.5 and 2.6, respectively.
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Figure 2.4 Coniferyl alcohol  Figure 2.5 Coumaryl alcohol  Figure 2.6 Sinapyl alcohol
Its structure and properties basically depends on the source from what it is obtained and how it is
extracted [65]. Depending on the sources from where lignin is obtained, it can be classified into
three types described below.
e Hardwood lignin— It is derived from deciduous trees like maple and contains both coniferyl
alcohol and sinapyl alcohol in different ratios. It is also termed as guaiacyl- syringyl lignin.
e Softwood lignin — It is coniferous tree-based lignin, known as guaiacyl lignin. It is mainly
composed of coniferyl alcohol and trace amounts of sinapyl alcohol.
e Grass lignin — It contains all three type of units, but major amount is derived from p-
coumaryl alcohol. It is also known as guaiacyl-syringyl lignin.
2.3.1 Lignin extraction process
2.3.1.1 Sulfite process
It is the most commonly used process of extracting lignin. Annually approximately 1000 tons of
lignin is produced by this method [63]. In this process, aqueous solution of sulphite or bisulfite
salt with counter cations like sodium, ammonium, magnesium, calcium etc. are used and
sulphonation reaction takes place between aqueous solution and lignin. The lignin thus formed can
be isolated from aqueous solution using different techniques such as precipitation, ultrafiltration,

chemical destruction of sugars. Lignin obtained from this process contains sulfur in it.
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2.3.1.2 Soda process

Lignin from non-woody biomass is generally extracted using this process. Biomass is added in
aqueous solution of sodium hydroxide and is heated to approximately 160 °C resulting in lignin
depolymerization and formation of free phenolic groups [63]. The lignin obtained from this

process does not contains sulfur and is pure than lignin obtained from sulfite process.

2.3.1.3 Kraft process

In this process, biomass is added to a mixture of sodium sulfide and sodium hydroxide and is
heated between 150 °C and 180 °C [63]. Similar to soda process, lignin depolymerization occurs.
The lignin, thus, obtained from this process contains sulfur in it. Kraft lignin is not active unless it

is modified so it is generally burned to produce energy [66].

2.3.1.4 Organosolv process

In this method, organic solvents or organic acids are used in order to isolate lignin [63]. Besides
lignin, cellulose and hemicellulose are also extracted along with. The lignin obtained from this
process is highly pure and sulfur free and is also preferred for biomaterial production [66].
Additionally, organosolv process is considered as environmentally friendly process since it does

not require condition of high temperature and pressure as other process [63].

Lignin is produced in large scale from pulp and paper industries and bioethanol industries
[62,67,68]. Worldwide annual production of lignin is 50 million tons and among this 98% is burnt
to generate energy [62,68]. However, the energy value is just 50 US dollars/ton because of low
energy content of lignin [62]. Only remaining 2% of annually produced lignin is used for other
purposes such as dispersant, carbon nanostructure, feedstock for resins, composites, aerogels,

antioxidants [67]. Properties such as high abundancy, low cost, bio-degradability, ecologically
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friendliness, high carbon content and reinforcing capacity makes lignin a potential filler for making

biocomposites [62,67].

2.3.2 3D printing of polymer/lignin composites

Mimini et al.[41] compared the compatibility of kraft lignin (KL), organosolv lignin (OSL), and
lignosulfonate (LS) with PLA in 3D printing by FDM. The mechanical behavior was poor for
KL/PLA specimen, whereas OSL/PLA specimen showed higher compatibility as compared to
others. KL/PLA and OSL/PLA composites exhibited better thermal resistance as compared to LS.
There was no improvement in flexure strength of PLA with the addition of any of that lignin. In
the research conducted by Gkartzou et al.[40] using PLA with low-cost kraft lignin, it was found
that the addition of lignin content led the blend sample to become heterogeneous that resulted in
increased surface roughness and affected thermal stability. In fact, there was an increase in PLA’s
brittleness because of lignin aggregates, while no adverse effect was seen on the modulus of
elasticity. The authors also revealed that with addition of lignin from 0 to 15 wt %, tensile strength
and elongation at break of PLA/lignin composite decreased from 56 MPa to 41 MPa and 4.57% to

1.88%, respectively.

Tanase-Opedal et al.[62] incorporated 40 wt% soda lignin in PLA matrix and developed bio-
composite filaments for 3D printing. On performing thermogravimetry analysis, authors found that
42 wt% of lignin sample was still there at 800 °C which was due to the formation of highly
condensed aromatic structure that has ability to form char. Also, with the increase in lignin
concentration, degradation of composite started earlier. From the results of mechanical analysis,
they found the decreased mechanical strength with increase in lignin. They explained the reason
behind this might be due to poor layer adhesion between printing layers. However, the strength

was improved on increasing extrusion temperature to 215 °C which was probably due to
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improvement in layer adhesion. They also mentioned the decrease in strength with increase in
extrusion temperature to 230 °C which was basically due to degradation of carbohydrates in lignin

to volatile gases that led to formation of microstructures in polymer matrix.

Dominguez-Robles et al.[69] prepared 3D printable filaments having antioxidant properties using
PLA and (3 wt %) lignin. Materials printed from these filaments could be used in different
healthcare application like wound healing. Filaments were prepared by extruding PLA pellets
coated with lignin and castor oil. Because of the incorporation of lignin, Dominguez-Robles et

al.[69] found an increase in a maximum load before fracture and higher wettability.

Nguyen et al.[61] found that modulus of elasticity remained comparable with the addition of lignin
(40 wt %) in ABS. The problem of increased brittleness due to addition of lignin in ABS was
resolved by the addition of acrylonitrile butadiene rubber (NBR41, 41 mol% nitrile content).
ABS/lignin composite displayed excellent plasticity and prominent increase in tensile strength
with 10 wt % addition of NBR41. Mechanical properties were further enhanced with just 10 wt %
addition of carbon fibers (CFs) in ABS/lignin/NBR41 composite. Akato et al.[70] revealed that
the addition of 10 wt % PEO (polyethylene oxide) in ABS/lignin (30 wt %) composite showed
similar properties to that of neat ABS. Nguyen et al.[49] performed research on nylon 12/hardwood
lignin (6:4) composite, where they observed a significant increase in material’s strength and

stiffness with the addition of CFs.

Akota et al.[70] revealed that the use of kraft lignin simulates a strong olfactory response which
could be detrimental for a commercial approach. They performed further experiments using
organosolv (Alcell) lignin, instead of kraft lignin and found that unpleasant odor was eliminated

because of the absence of sulfur. Finally, they concluded that all lignin-containing hydroxyl groups

24



such as organosolv lignin, soda pulped lignin and lignin from bio-refinery residues can be used for
composite formation. Additionally, Nguyen et al.[49] mentioned that organosolv hardwood lignin
offers good thermal processing and good printability characteristics in contradiction to kraft

softwood lignin which has higher viscosity.

Table 2.2 represents the usage of different types of lignin obtained from various sources with
different polymer to develop biocomposite filaments. It also presents the effect of varying

concentration of lignin on the properties of polymer-lignin composites.

Table 2.2 Usage of different types of lignin to develop composite filaments

Polymer | Type of lignin Lignin content | Remarks Reference
matrix
PLA Soda lignin | 20, 40 wt% e | in mechanical strength | [62]
(3D850) | (Norway spruce) with increase in lignin
which was improved on
increasing extrusion
temperature to 215°C.
PLA Kraft lignin (Pine) |5,10,15, 20 | e Elongation at break and | [40]
(2003D) wit% TS of PLA/lignin

composite | on 1 lignin.

e No effect on E of
PLA/lignin composite
with addition of lignin.

e On adding 20 wt %
lignin, aggregation
concentration 1 due to
coalescence of lignin

particles.
PLA Kraft lignin (Pine) |5, 10,15wt% |e No improvement in [41]
(4043D) | Organosolv lignin flexural strength on
(Beech) incorporating any of that
Lignosulfonate lignin.

(Beech)
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| in IS with 1 in lignin
content.

matrix, led to T in E
while TS was nearly
same as neat nylon 12.

Spherical aggregated
lignin phases were seen
in polymer matrix.

PHB Lignin (Pinus | 10, 20, 50 wt % Storage modulus of PHB | [71]
radiate wood chips) was | with addition of
20 wt % of lignin.
Filament had polymer
rich surface and lignin
particles in central core.
ABS Organosolv  lignin | 20, 30, 40 wt% Incorporation 40 wt % [72]
(Hardwood) lignin in ABS | TS of
composite.
Well dispersed phase
separated lignin  was
seen.
Nylon Organosolv  lignin | 40, 50, 60 wt% Addition of 40 wt % [49]
(Hardwood) lignin to nylon 12

Note: 1- increase, |- decrease

From all the above-mentioned research, it was found that with the addition of any type of
unmodified lignin, there was degradation in tensile strength of composites. Various strategies were
applied to increase the properties of polymer-lignin composites such as addition of plasticizer,
carbon fibers and modification of lignin Plasticizers are the additives that are generally added to
improve the processability, flexibility, impact toughness and reduce the Tg of the polymers [73].
For obtaining the high properties of polymer or polymer composites, it is very essential to select

the appropriate plasticizer and its content. Two different plasticizers - one polyethylene glycol and
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other commercial plasticizer Struktol TR451 were selected for our research and they are briefly

described below.

2.4 Polyethylene glycol (PEG)

PEG is one of the efficient plasticizers that has broad range of molecular weight ranging from 200
- 20000 g/mole. This nature of broad range molecular weight makes its processability with
different polymers easier [74,75]. It is also exhibits excellent water solubility, biodegradability,
non-toxicity, lubrication, bondability and dispersibility [73,76]. These all properties make it (PEG)
suitable for different field such as pharmaceutical and biomedical fields, cosmetics, chemical

industries and food processing [73]. Figure 2.7 represents chemical structure of PEG.

Various researches [73,74,77,78] were carried out to investigate the effect of PEG in PLA matrix.
Li et al. [73] found that properties of PLA/PEG blend depends on the molecular weight of PEG
added. So, to obtain the optimal properties of PLA/PEG blend, proper selection of both the content
and molecular weight of PEG should be done. Li et al. [74] found the similar effect molecular
weight of PEG in mechanical properties of PLA/PEG composites. Terminal hydroxyl group of
PEG reacts can react with carboxyl group of PLA making it miscible. Beside this optimal content
of PEG improves the flexibility and elongation at break of PLA by increasing its chain mobility

[74,75].

Figure 2.7 Chemical structure of PEG
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2.5 Struktol TR451

Struktol TR451 is a commercial plasticizer composed up of special oleo chemicals. TR451 is
generally used in order to increase the filler amount in the polymer without deteriorating
processability and physical properties of the composites [79]. TR451 was found to improve the
tensile strength and elongation at break of PLA-lignin composites by 20% and 90%, respectively
[80]. It was mentioned that TR451 helped to improve the process ability and stress transfer ability

of the PLA-lignin composites.

2.6 Conclusions

Very few researches [38,65,81,82] were done on improvement of PLA/lignin composites but none
of them are applied for PLA/lignin composite filaments and 3D printed objected from those
filaments. There is still a lack of study in the field to improve properties of PLA-lignin composite
filaments. For our research, in order to improve the mechanical properties of PLA-lignin composite
filaments, strategy of adding plasticizer was implemented. The result obtained from this study can
help other researchers in appropriate selection of plasticizer and their effect in PLA-lignin

composites.

Additionally, none of the research done with lignin in 3D printing were with HIPS. There is lack
of study regarding HIPS-lignin composite filaments. The results obtained from this study of HIPS-

lignin help other in developing HIPS-lignin composites that can be applied for several application.
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Chapter 3

Lignin-PLA filament for 3D printing

3.1 Abstract

The growing concern towards environmental pollution due to the excessive use of petroleum-based
plastic has led to increase in interest towards the biobased sustainable alternative. The objective of
this work was to develop polylactic acid (PLA)-lignin biocomposite filaments with improved
properties. PLA and organosolv lignin were mixed in different ratios, and extruded to obtain
composite filaments. The mechanical, thermal, and morphological properties of filaments were
examined. This study found that the tensile strength and elongation decreased with increase in
lignin content. We were able to incorporate till 20 wt% lignin; however, its tensile strength and
elongation was significantly decreased. Two plasticizers (polyethylene glycol-PEG 2000) and
struktol® TR451) were added separately in varying concentration to enhance the properties of
PLA_L20 (20% lignin) composite filaments. Investigation on the effect of lignin in PLA, and PEG
and struktol in PLA_L20 was performed using tensile test, differential scanning calorimeter,
thermogravimetric analysis, scanning electron microscopy, Fourier transform infrared
spectroscopy of the filaments and dynamic mechanical analysis of 3D printed samples. Adding 2
wt% of PEG in PLA_L20 showed significant improvement in mechanical properties. PEG in
PLA _L20 composite resulted in decreasing the size of lignin particles and improvement in
dispersion of lignin in PLA matrix. On the other hand, struktol did not show significant

enhancement in tensile stress at max. load of PLA_L20 composite.

Keywords: PLA, lignin, filaments, 3D printing, PEG 2000, Struktol® TR451.
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3.2 Introduction

Additive manufacturing or 3D printing is a rapidly growing manufacturing technology that allows
freeform fabrication of complex geometrical structure in an efficient way. Among different
additive manufacturing technologies, fused deposition modeling (FDM) is the most popular and
versatile technique in which a solid thermoplastic-filament is used as a feedstock [1]. The filament
is passed through an extruder where it is melted and material is deposited layer by layer in the
build platform which then solidifies to form a final object [2,3]. Various thermoplastic polymers
such as polylactic acid (PLA) [4,5], poly(e-caprolactone) (PCL) [6-8], ethylene vinyl acetate
(EVA) [9], polyamides [10], and acrylonitrile butadiene styrene (ABS)[11,12] are generally used

for FDM printing, and most of them are petroleum-based.

Petroleum-based plastics are extensively used in packaging, automobiles industries, construction
[13]. Their excessive use has created environment problems such as “plastic plague” and increase
in greenhouse gas emissions. To address environmental issues as a result of excessive use of
petroleum-based plastic, and the society transitioning for single-use economy to circular-economy,
researchers are working on the development of bio-based sustainable materials that can be

alternative of petroleum-based plastics.

PLA is the most commonly used thermoplastic biopolymer produced from glucose derived from
corn-starch, sugarcane, and sugar beets [13-16]. It is biodegradable and biocompatible polymer
widely used for 3D printing application [17,18]. Lower glass transition temperature, lower melting
point and non-adherence to printing surface makes it suitable for 3D printing application
[14,18,19]. Despite of its promising properties, brittle nature, low toughness, moisture sensitivity

and comparatively higher cost limit its wider applications [13,18].
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On the other hand, lignin is the second most abundant biomaterial after cellulose. It is available
relatively in large amount as a byproduct from pulp and paper, and potentially from the 2"
generation bioethanol industries [20—22]. The large portion of annually produced lignin is burnt to
generate energy [20]. Due to lignin’s properties such as heterogeneous-complex structure, low-
purity standard, smell and color problem, and the need of some form of physical and chemical
modifications before its use, only 2% of annually produced lignin is used for preparing carbon
fibers, chemicals, adhesives, plastics and composites. However, all those applications still lack

successful commercialization [18,20,23].

Blending lignin with PLA to produce composite filaments for 3D printing is a promising bio-based
option that could increase the utilization of lignin other than burning for energy. In other words,
using lignin as a feedstock in this rapidly growing manufacturing technology helps in valorization
of lignin. Additionally, incorporating lignin in PLA decreases the amount of PLA being used and
thus, decreases the overall cost of filaments. Several studies were carried out regarding the
incorporation of lignin in PLA matrix to form composite filaments for 3D printing [13,18,20].
From all the previous studies, it was evident that the addition of lignin led to decrease in tensile
strength and elongation. Filaments with poor properties will dearth successful commercialization.
There is still a lack of studies done regarding enhancement in properties of PLA-lignin composite
filaments. From literature, various strategies were found to be applied for enhancing the properties
of polymer-lignin composite filaments such as modifying lignin, adding plasticizers and carbon

fibers [1,23,24].

In this study, organosolv lignin was blended with the PLA in varying amount to obtain composite
filaments. We were successfully able to incorporate 20 wt% lignin in composite filament and

beyond 20 wt%, filaments were too brittle that could not be coiled around the spooler. The thermal,
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mechanical, and morphological properties of produced composite filaments were studied. On
observing the results, adding 20 wt% lignin in PLA showed poor mechanical properties. Only
getting the filaments out of lignin will be of no use if its properties are degraded. Therefore, two
different plasticizers (polyethylene glycol-PEG 2000 and struktol® TR451) were added in varying
concentration in PLA-20 wt% lignin mixture. Furthermore, the thermal, mechanical, and
morphological properties of the composites were examined to determine the effect of plasticizers.
The main hypothesis of this study is that plasticizer can improve the mechanical properties of PLA-

lignin composite filaments.

3.3 Materials and methods

3.3.1 Materials

PLA pellets (commercial grade: Ingeo 2003D) were purchased from Jamplast Inc. (Ellisville, MO,
USA). Organosolv lignin (hardwood) was supplied by Attis Innovations, LLC (Milton, GA, USA).
PEG 2000 was obtained from ThermoFisher Scientific Chemicals, Inc. (Waltham, MA, USA)

whereas struktol® TR451 was supplied by Struktol Company of America, LLC (Stow, OH, USA).

3.3.2 Sample preparation

PLA pellets and lignin were oven dried at 50 °C for more than 24 hours prior to processing for
filaments. Composition of the filaments that were prepared in this study is presented in Table 3.1,
and the samples were coded. For example, PLA_L20_S0.25 means that the filaments were made

from 20% lignin, 0.25% struktol and the balance is PLA (79.75%).

PLA pellets and lignin were first manually mixed (more like PLA pellets were coated with lignin)
before feeding to the twin extruder (Leistritz Mic 18/GL 40D, Nuremberg, Germany). The twin

extruder has seven temperature zones, and they were set as follows from zone 1 to 7: 154 °C, 157
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°C, 165 °C, 170 °C, 175 °C, 178 °C, and 178 °C, respectively. Temperature selection was done
based on the different literatures that were focused on extrusion of PLA, and trial and error based
on those temperature ranges in order to produce successful filaments [13,18]. The screw speed was
set at 50 rpm. Filaments obtained were of varying diameter from the range of 1.30 mm to 2.10
mm, which were coiled around the filament spooler and later was stored in zip-lock bags. Figure
3.1 represents the extrusion process of filaments, and Figure 3.2 is the twin extruder used for

extrusion.

Manual feeding

Filament spooler

Twin screw

v
\ / v — Filamen
1| 2]3|4|5]|6|7 u\7—tl

= F

T
Water bath

Figure 3.1 Schematic representation of filament extrusion
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Figure 3.2 Twin extruder used for filament extrusion

Table 3.1 Total samples prepared along with their sample codes

Sample code PLA (wt%) Lignin (wt%) PEG (wt%) Struktol (wt%)
PLA 100 - - -
PLA_ L5 95 5 - -
PLA_L10 90 10 - -
PLA L15 85 15 - -
PLA L20 80 20 - -
PLA_L20 P0.25 79.75 20 0.25 -
PLA_L20 P0.5 79.5 20 0.5 -
PLA_L20 P0.75 79.25 20 0.75 -
PLA L20 P1 79 20 1 -
PLA L20 P2 78 20 2 -
PLA_L20 _P3 77 20 3 -
PLA_L20 P4 76 20 4 -
PLA_L20_P5 75 20 5 -
PLA L20_S0.25 79.75 20 - 0.25
PLA_L20 S0.5 79.5 20 0.5
PLA_L20 _S0.75 79.25 20 - 0.75
PLA L20 S1 79 20 - 1
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3.3.3 3D printing of filaments

3D cad model of dynamic mechanical analysis (DMA) samples of dimension 40mm x 10mm x
2mm, and dog bone sample according to ASTM D638 type V were prepared first using Autodesk
Fusion 360, and the files were converted into .STL format. Figures 3.3 and 3.4 represent the
drawing of dog bone and DMA samples, respectively. Ultimaker Cura 4.2.1 slicing software was
used to slice the 3D model, and the gcode files were prepared. Filaments with the diameter in the
range of 1.6 to 1.9 mm were selected and used for 3D printing using Monoprice MP Select Mini
3D Printer V2 (Monoprice Inc., Rancho Cucamonga, CA, USA). Printing parameters used for 3D

printing are represented in Table 3.2 below.
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Figure 3.3 CAD drawing of dog bone sample
40 2

Figure 3.4 CAD drawing of DMA sample

Table 3.2 3D printing parameters

Nozzle temperature 210 °C

Bed temperature 60 °C
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Nozzle diameter 0.4 mm
Layer height 0.1 mm
Infill density 100%
Infill pattern Rectilinear

Infill angle 45°
Printing speed 30 mm/s
Fan speed 100%

3.3.4 Lignin characterization

3.3.4.1 Proximate analysis

Proximate analysis includes determination of moisture, volatile matter, ash, and fixed carbon
content. Moisture content of lignin was determined according to the ASTM E871 using Mettler
Toledo moisture analyzer (Columbus, OH, USA). Volatile matter and ash content were determined
according to the ASTM E872 and E1755, respectively. Finally, the fixed carbon was calculated by

subtracting moisture, volatile matter, and ash content from 100.

3.3.4.2 Particle size distribution
From the ground lignin sample, 50 grams was used to determine the particle size distribution using

Camsizer (Retsch Technology, Jenoptik, Germany).

3.3.4.3 Ultimate analysis
The total C, H, N and S content of lignin was determined using Vario micro elemental analyzer
(Elementar Americas Inc, Ronkonkoma, NY, USA). Three replicates of lignin samples were

prepared, and average values of C, H, N and S content were reported.
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3.3.5TGA

Thermogravimetric analysis of all the samples were carried out by Q500 (TA instruments, New
Castle, DE, USA) under nitrogen atmosphere at the flow rate of 60 mL/min. Samples of mass
ranged from 7 to 13 mg were placed on platinum pan and was heated from room temperature to

600 °C at the heating rate of 10 °C/min.

3.3.6 DSC

Differential scanning calorimetry (DSC) was carried out in order to determine glass transition
temperature (Tg), cold crystallization temperature (Tcc), cold crystallization enthalpy (Hcc),
melting temperature (Tm) and melting enthalpy (Hm) for PLA, PLA-lignin and PLA-lignin-
plasticizer composites. DSC was performed using Q 2000 (TA instruments, New Castle, DE, USA)
which was operated under nitrogen environment. Nitrogen flow rate was maintained at 50 mL/min.
Tzero aluminum pan was used for samples and empty tzero aluminum pan was used for reference.
Samples of weight ranged 4 to 6 mg were prepared, and they were first heated to 200 °C from
room temperature at a heating rate of 10 °C/min and then was cooled from 200 °C to 40°C at a

cooling rate of 10 °C/min.

3.3.7 Mechanical testing
Mechanical properties of filaments were measured using Instron 5565 (Norwood, MA, USA) with
load cell 1 kN. The gauge length was fixed at 50 mm and cross-head speed was set at 5 mm/min.

The tensile test was carried out on 15 specimens for each case, and average values were reported.

3.3.8 DMA
Dynamic mechanical analysis was carried out to determine the viscoelastic behavior of the

composites over the temperature range. Viscoelastic behavior is represented by storage modulus
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(E”), loss modulus (E”) and tan 6. Viscoelastic properties of the 3D printed composites were
studied using RSA 3 (TA instruments, New Castle, DE, USA) under three-point bending mode.
Dynamic temperature ramp test was performed over a temperature range from 25 °C to 100 °C at
a ramp rate of 5 °C/min, frequency of 1 Hz and strain of 0.3%. Three specimens for each case were

tested and average values were reported.

3.3.9 SEM

Scanning Electron Microscopy (SEM) was used to study surface of mechanically tested filaments
and 3D printed samples using Zeiss EVO50 (Carl Zeiss Microscopy, NY, USA). Liquid nitrogen
was used to fracture filaments. As the specimens were non-conductive, they were gold-sputtered
using EMS 150R ES (Electron Microscopy Sciences, PA, USA) sputtering system. Surface was
studied at different magnification at an accelerating voltage of 15 kV, and a working distance of 8

mm to 10.5 mm approximately.

3.3.10 FTIR

Fourier transform infrared spectroscopy (FTIR) analysis of the samples was carried out using
Nicolet 6700 FTIR (ThermoFisher Scientific, Madison, WI, USA). Two spectra were collected in
the wavelength range from 400-4000 cm™ for each sample, and average spectrum was reported.

Each spectrum was recorded for total of 64 scans with a resolution of 4 cm™.

3.3.11 Statistical analysis
Statistical analyses were performed using SAS 9.4 (Cary, NC). Analysis of variance (ANOVA)
was carried out to evaluate the effect on mechanical properties upon addition of lignin and

plasticizers in PLA. All analyses were performed at 0.05 significance level (i.e. a = 0.05).
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3.4 Results

3.4.1 Lignin characterization

3.4.1.1 Proximate analysis

The value of moisture, volatile matter, ash, and fixed carbon content depends in the type of lignin
used as well as their extraction process. The moisture, volatile matter, ash, and fixed carbon content
of the lignin sample used for experiment were found to be 1.39 = 0.07 %, 78.25 £ 0.51%, 2.88
0.27% and 17.49 = 0.61% (all on mass basis), respectively. On comparing the moisture content
among different lignin, Gordobil et al. [25] mentioned that the average moisture content of all
types of lignin are in the range of 2-5% which is nearly similar to the values obtained in our
analysis. However, the values of volatile matter and fixed carbon content of the lignin used in this
study had huge variation than that mentioned by Gordobil et al. [25]. Gordobil et al. [25] found
63% of volatile matter and 33% of fixed carbon content in organosolv eucalyptus lignin.
Furthermore, ash content of the lignin used for this study was slightly less than that mentioned by
Gordobil et al. [25]. They found the ash content of organosolv eucalyptus lignin to be 3.6%, which

was relatively less that kraft eucalyptus lignin (ash content of 49.8%).

3.4.1.2 Particle size

From the Camsizer, average particle size of the lignin sample was found to be 911pum. Figure 3.5
represents the particle size distribution of lignin. It was found that particle size of filler affects the
mechanical properties of the composites [26]. However, none of the research done on bio-
composite filaments using lignin has mentioned the exact values or range of particle size of lignin

for better filament processing.
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Figure 3.5 Particle size distribution of lignin

3.4.1.3 Ultimate analysis

With regards to ultimate analysis of the lignin sample, average carbon, hydrogen, nitrogen, and
sulfur content was found to be 65.70 + 0.70%, 6.10 £+ 0.05%, 0.15 + 0.01% and 0.30 + 0.10%,
respectively. Mimini et al. [13] have also reported the CHNS analysis of kraft, organosolv and
lignosulphate lignin used for blending with PLA. They found that among three types of lignin,
organoslov lignin had the highest carbon content and lowest sulfur content. The values of C, H, N
and S reported by Mimini et al. [13] were 62.3%, 6.28%, 0.29% and <0.02%, respectively, and is

similar to our result of ultimate analysis.

342 TGA
TG curve gives the weight loss of the substance with respect to temperature whereas first derivative
(DTG) reveals the corresponding rate of weight loss. The peak of the DTG can be used to compare

the thermal stability among different materials.
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From the TG curve of lignin (Figure 3.6), it was found that 36.62% of lignin sample still was
remaining at 600 °C which was due to the formation of highly condensed aromatic structure having
ability to form char [20,27]. The TG graph of lignin reveals that weight loss of lignin has different
stages. Lignin structure contains different functional group and structural elements. All these
functional group and structural elements have different decomposition temperature. This leads to
the multistage degradation of lignin. From the DTG curve of Figure 3.6, two different degradation
peaks were observed, one with maximum degradation peak at 215 °C and other with the maximum
degradation peak at 340 °C. First weight loss is due to evaporation of water which starts nearly at
80 °C. Second weight loss starts from nearly 175 °C to 240 °C which is due to degradation of
components of carbohydrate in lignin sample to gases such as CO, CO2 and CH4[27]. Further, the
other weight loss occurs in the range of 275 °C and 460 °C. This stage takes place at the slower

rate and removal of gaseous products, phenolics, alcohols and aldehyde acids take place [27].
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Figure 3.6 TG and DTG curve of lignin
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Figure 3.7 shows the TG curve of PLA and PLA-lignin composites (5%, 10%, 15% and 20% lignin
concentration). It was found that with the addition of lignin, there was a gradual decrease in onset
decomposition temperature of PLA. The result shows that onset temperature of decomposition of
PLA decreases from 349 °C to 342 °C on adding 20 wt% lignin in PLA. This decrease in onset
decomposition temperature of PLA_L20 might be earlier decomposition of lignin present in PLA

matrix. It was also found that at 600 °C, there was increase in residue to 7% with the addition of

20 wt% lignin.
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Figure 3.7 TG curve of PLA-lignin composites
On adding different concentration of PEG (0.25%, 0.5%, 0.75% and 1%) in PLA_L20 composite,
there was no change in TG curves (Figure 3.8). However, there was a decrease in maximum
decomposition temperature from 371 °C to 345°C with the increase in PEG to 2 wt% which can
be observed in DTG curve presented in Figure 3.9. On further increasing the PEG content to 5wt%
there was no notable change in TG and DTG curves (Figure 3.8 and 3.9). Li et al. [28] observed

similar decrease in maximum degradation temperature of PLA with the addition of PEG.

50



100

o]
o
1

——PLA_L20

604 ——PLA_L20_P0.25
——PLA_L20_P05
——PLA_L20_P0.75
404 ——PLA_L20_P1
—— PLA_L20_P2

Weight loss (%)

PLA_L20_P3
209 —PpLA_L20_P4
——PLA_L20_P5

0 T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Figure 3.8 TG curve of PLA-lignin-PEG composites
However, with the addition of up to 1wt% struktol® TR451 in PLA_L20, there was no notable

change in TG curve (Appendix, Figure A.1).
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Figure 3.9 DTG curve of PLA-lignin-PEG composites

3.4.3DSC
The results of DSC using PLA, PLA-lignin and PLA-lignin plasticizer composites are presented

in Figure 3.10. Heating cycle gives the three characteristics features namely glass transition, cold
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crystallization and melting while cooling cycle gives the crystallization peak that determines the
crystalline nature of materials. At 10 °C/min cooling rate, no significant crystallization peaks were

found in case of PLA as well as PLA composites.

From the obtained results, neat PLA showed the Tg of 59 °C which decreased to 53 °C on
incorporating 20 wt% of lignin. This implies that on adding 20 wt% lignin in PLA, PLA shows
soft and rubbery properties at lower temperature than neat PLA. On performing DSC of same
grade PLA, Gkartzou et al. [18] reported the value of Tg to be 59 °C which is same as the value
obtained in our study. The decrease in Tg with addition of lignin was due to the modification of
molecular mobility of the PLA matrix on adding lignin[29]. However, there was no noticeable
change in Tg of PLA-lignin composites on adding PEG and struktol. This might be because of low

concentration of incorporated PEG and struktol.

There are several factors such as spatial confinement, nucleation on sample boundaries,
temperature gradient and melt flow which affects crystallization [13]. Crystallization rate is also
affected on adding filler like lignin in PLA matrix. These additional phase (i.e. lignin) either assist
or hinders the chain mobility and thus affects the crystallization [13]. From the DSC thermographs
(Figure 3.10 a) and a table (Table A.1 in appendix), change in cold crystallization temperature
(Tcc) of PLA can be seen with the addition of lignin particles. With the addition of 20wt% lignin,
Tce of PLA decreases from 121 °C to 113 °C which means that crystallization occurs at lower
temperature than neat PLA. Mimini et al. [13] observed the decrease in Tcc from 130 °C to 120
°C and to 115 °C upon adding kraft lignin and lignosulphate in PLA matrix, respectively. Tcc of
PLA_L20 further decreased to 107 °C and 109 °C on adding 5 wt% PEG and 1 wt% struktol,
respectively. This decrease in Tcc was basically due to increase in chain mobility [28]. Similarly,

on adding 20 wt% lignin, melting temperature of PLA-lignin composite decreased from 150°C to
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146 °C. However, there was no change in melting temperature of PLA_L20 composite with the

addition of PEG and struktol (Figure 3.10 b and c).
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Figure 3.10 DSC graphs (1st heating cycle) of a) PLA-lignin composites b) PLA-lignin-PEG
composites and ¢) PLA-lignin-struktol composites

3.4.4 Mechanical testing

3.4.4.1 PLA-lignin composites
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Figure 3.11 Mechanical properties of PLA-lignin composite filaments

(Data presented as average + standard deviation. Different letter denotes statistically different at

p<0.05.)

Results of mechanical testing of PLA and PLA-lignin composite filaments are presented in Figure
3.11. Result shows that with the addition of lignin in PLA, tensile strength of the composite
decreases. There is a 25% decrease in tensile strength with a 20 wt% addition of lignin. From the
statistical analysis, it was found that tensile stress at maximum load of PLA decreased significantly
upon adding 10, 15 and 20 wt% of lignin. This was due to decrease in effective load bearing cross-
section of PLA in presence of lignin [30]. With the increase in lignin amount, the size of lignin
particle gets larger (can be seen in SEM images, Figure 3.17 b to e). Larger the filler size, smaller
is the surface area to volume ratio that results in smaller interfacial area and stress transfer to the
matrix-filler interface. Anwer et al. [29] also found the decrease in tensile strength with the
increase filler size and filler content in the polymer matrix. Similarly, there was significant

decrease in elongation at maximum load on adding lignin to PLA matrix. Spiridon et al.[31] also
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mentioned 50% decrease in elongation of PLA on adding 15 wt% lignin and explained the reason
of decrease might be due to H-bonding and polar interaction between PLA and lignin particles,
which restricted the ductile flow. On contrary, tensile modulus increased on adding lignin to PLA

matrix which was possibly due to the constraint exerted by the lignin on the PLA matrix [31].

3.4.4.2 PLA-lignin-PEG composites
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Figure 3.12 Mechanical properties of PLA-lignin-PEG composite filaments

(Data presented as average + standard deviation. Different letter denotes statistically different at

p<0.05.)

Tensile stress at maximum load of PLA_L20 increased on adding PEG till 2 wt%. Tensile stress
at maximum load of PLA_L20 was increased by nearly 19% on adding 2 wt% PEG. Tensile stress
at maximum load decreased on further adding PEG. PLA_L20_P5 had similar tensile strength as
that of PLA L20. On applying Tukey’s HSD test for multiple comparison, it was found that
concentration of PEG from 0.75-4 wt% in PLA_L20 composite had significant improvement in

tensile stress at maximum load when compared with PLA_L20 (p<0.05) however the improvement
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was not in the range of tensile stress of neat PLA. There still was a significant difference of 11%

in tensile stress at max. load between PLA and PLA_L20 P2.

Elongation at maximum load of PLA_L20 on other hand was significantly increased by 35% on
adding 2 wt% PEG. There was no significant change in elongation at max. load on further adding
PEG till 5 wt%. Also, adding 2-5 wt% PEG in PLA_L20 composite had similar elongation at max.
load as that of neat PLA. There was decrease in tensile modulus of PLA_L20 on addition of PEG,
and the value was similar to that of neat PLA. Gordobil et al.[32] found the similar decrease in

modulus with the addition of plasticizer.

3.4.4.3 PLA-lignin-struktol composites
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Figure 3.13 Mechanical properties of PLA-lignin-struktol composite filaments
(Data presented as average * standard deviation. Different letter denotes statistically different at

p<0.05.)

On adding struktol, a commercial plasticizer, there was slight increase in tensile stress at max load.
PLA_L20_S0.25 showed maximum increase in tensile stress at maximum load. Tensile stress at

maximum load of PLA_L20 was increased by 7% on adding 0.25 wt% struktol. On performing
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Tukey’s HSD test for multiple comparison on obtained results of tensile stress of PLA-lignin-
struktol composites, it was found that there was no significant improvement in tensile stress at

max. load of PLA_L20 composite upon adding struktol till 1 wt% (p>0.05).

However, it was found that elongation at maximum load was increased significantly by 24% on
adding 0.5 wt% struktol in PLA_L20 composite. On adding struktol above that there was a
decrease in elongation at max. load of PLA_L20. On the other hand, as expected, tensile modulus
of PLA_L20 decreased on adding struktol plasticizer. And the tensile modulus of PLA_L20 with

varying concentration of struktol had no significant difference than that of neat PLA.

3.45 DMA

Storage or dynamic modulus (E’) indicates the stiffness of the material and is related to Young’s
modulus [33]. It represents the ability of material to store the applied energy. With the increase in
temperature, E’ decreases and the decrease is sharp once it reaches the glass transition temperature.
This decrease in E’ is due to increment in molecular mobility of polymer chain [34,35]. The
variation in E’ as a function of temperature for PLA-lignin composites, PLA-lignin-PEG
composites and PLA-lignin-struktol composites are shown in Figure 3.14a, 3.14b and 3.14c,
respectively. E” of PLA-lignin composite was higher than that of PLA implying that stiffness of
PLA increases on adding lignin. It was found that even with the lower concentration of lignin,
PLA LS5 exhibited similar E’ as that of PLA_L15 and PLA_L20 which might be due to the better
dispersion of lignin at lower concentration (which can be seen from SEM image, Figure 3.17b).
Better dispersion is expected to have stronger interfacial bonding which results in higher storage
modulus. Dahal et al.[35] also found the improvement in E’ of the composite with the improvement

in filler dispersion in polymer matrix.
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It was found that with the addition of PEG in PLA_L20 composite, there was decrease in E’. The
rigidity and stiffness of PLA L20 composite declines due to plasticizing effect of PEG and
flexibility of molecular chain. Guo et al. [36] found similar decrease in storage modulus upon
adding epoxidized soybean oil in PLA-succinylated lignin-epoxidized soybean oil composites.
There was also a decrease in E” upon addition of struktol to 1 wt% in PLA_L.20 composite which

might also be due to plasticization effect of struktol.
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Figure 3.14 Storage modulus of a) PLA-lignin composites b) PLA-lignin-PEG composites and c)
PLA-lignin-struktol composites

Tan ¢ is the mechanical damping factor or loss factor and is represented as ratio of loss modulus

to storage modulus. From the Figure 3.15, it can be noted that with the increase in temperature,
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tan & value increases till it reaches Tg and then decreases. Temperature at which gives maximum
tan & value is Tg. High value of tan & represents the non-elastic nature of material whereas lower
value represents the elasticity [33]. From Figure 3.15a, it was found that there was no notable
change in Tg on adding 5 and 10 wt% lignin. However, Tg shifts slightly to the lower temperature
with addition of 15 and 20 wt% of lignin which is due to poor dispersion of lignin particles in PLA

matrix (can be seen in SEM images, Figure 3.17d and e)

Figure 3.15b represents the loss factor with respect to temperature of PLA_L20 and PLA L20
with varying concentration of PEG. It was found that the value of tan 6 decreased with the addition
of PEG. Decrease in value of tan & with addition of PEG (till 3 wt%) represents elastic nature of
composite which is due to plasticizing effect of PEG and improvement in dispersion of lignin
particles in PLA matrix. However, there was increase in the value of tan & on further increasing
PEG to 5 wt% which is probably due to presence of void as seen in SEM images (Figure 3.17h).

Furthermore, there was no notable shift in glass transition temperature with the addition of PEG.

Loss factor with respect to temperature of PLA_L20 and PLA_L20 with varying concentration of
struktol is represented in Figure 3.15c. It was found that there was slight decrease in the value of
tan & on adding struktol on varying concentration. This was probably due to less improvement in

lignin dispersion on adding struktol.

On comparing the value of Tg between the one obtained from DSC and DMA, value of Tg obtained
from DMA are comparatively higher than that obtained from DSC. Since Tg represents thermo
dynamic transition, its value for same material depends on several factors such as measurement
technique, sample geometry, and anisotropy [37]. And the anisotropic nature of 3D printed

samples is the reason behind the difference in values obtained among DMA and DSC [37].
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Loss modulus is the material’s ability to dissipate applied energy. It represents the viscous response
of the material. E” is sensitive to different molecular motions, transition, morphology and
structural heterogeneities [33]. The curves of PLA and PLA-lignin composites are presented in
Figure 3.16a. At room temperature, it was found that neat PLA had low E’’ than other composites.
This represented that there was change in polymer motion [36]. Increase in lignin content resulted
to increase in the molecular friction and this might be the reason of higher E” of PLA-lignin

composites. From Figure 3.16b and Figure 3.16c, it was found that there was slight decrease in E”
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Figure 3.16 Loss modulus of a) PLA-lignin composites b) PLA-lignin-PEG composites and c)
PLA-lignin-struktol composites
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Figure 3.17 SEM images of cryogenically fractured a) PLA b) PLA L5 c) PLA L10 d)
PLA L15¢e) PLA_L20 f) PLA L20 P1g) PLA_L20 P2 h) PLA_L20 P5andi) PLA_L20 S1
composite filament

SEM of neat PLA (Figure 3.17a) seems smooth with little plastic deformation representing a brittle
failure. With the increase of lignin content, size of lignin particle enlarges. Similar enlargement in
particle size of lignin with increase in lignin content was observed by Nguyen et al.[1] too. On
adding PEG in PLA_L20 composite, particle size of lignin was greately reduced and lignin paticles
were well dispersed in PLA matrix as well. The mechanical properties of PLA-lignin composites
were highly influenced by the dispersion of lignin. Smaller the particle size, larger is the interfacial
area and larger is the stress transfer to matrix-filler inteface. This was the reason of increase in
tensile strength of PLA_L20 composite with addition of PEG to 1-2 wt%. There was increase in
ductile fibrils with the increase in PEG content till 2 wt% (in Figure 3.17g) which represented
equal dispersion of PEG particles in PLA matrix and resulted in increase in elongation at maximum
load [38]. However on further increase in PEG content to 5 wt%, there was observable voids in
fractured surface, which was probably due to accumulation of PEG during phase separation
(Figure 3.17h). These observable voids and cavities were probably the reason for decrease in
tensile strength of the composite. Similar ductile fibrils as well as voids were observed by

Sungsanit et al.[38] on varying PEG content in PLA matrix.
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On observing the SEM image of PLA_L20_S1 composite (Figure 3.17i), it was found that there
was not significant decrease in lignin particle size. Also the distribution of lignin particle in PLA
matrix was not improved on adding struktol. Cryogenically fractured surface had short fibrially
structure which represents the ductile failure nature. This was the reason behind slight

improvement in elongation at maximum load on adding 1 wt% struktol in PLA_L20.

PLA_L20 P2 composite filaments showed better mechanical properties among PLA L20 and
PLA_L20 plasticizer composites so the PLA_L20 P2 filaments were used for 3D printing of dog
bone sample to investigate the 3D printing behavior and print quality. It was found that nature of
filament diameter and its consistency played the crucial role in the final print obtained, sample’s
mechanical properties and shape accuracy. It was found that region printed with lower filament
diameter had observable voids, pores and missing layers whereas the one printed with diameter
above 1.9 mm had problem of over-extrusion. Over- extrusion was major reason behind the poor
shape and dimension accuracy. On observing the SEM images of fractured dog bone sample
(Figure 3.18), it was found that there was good layer adhesion between two printed layers and no

voids.
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Figure 3.18 SEM images of a) fracture surface and b) side view of dog bone sample prepared
from PLA_L20 P2 filaments
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3.4.7FTIR
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Figure 3.19 FTIR spectra of PLA and PLA-lignin composites
FTIR spectra of PLA and PLA-lignin composites are presented in the Figure 3.19. From the FTIR
spectrum of neat PLA, strong absorption band near 1746 cm is seen which was attributed by C=0
stretching of carbonyl group. Lignin spectrum had similar IR absorption near this region, but the
peak intensity is weaker as compared to that of PLA. In the spectrum of PLA, peak at 1450 cm™,
1380 cm™ and 1360 cm™ were induced by CHz anti-symmetric bending vibration, Deformation

and symmetric mode of CH group respectively whereas the one nearly at 2996 cm™ was due to

stretching of CHs group.

O-H stretching of hydroxy!l group of lignin, yielded a strong absorption band near 3400 cm™ [30].
On adding lignin in PLA matrix, there was slight increase in peak intensity at 3450 cm™. This

might be because of formation of hydrogen bond between phenolic hydroxyl group of lignin and
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carbonyl groups of PLA [30,39]. Small peak at 1515 cm™ can be seen in PLA_L20 composite

which might have attributed by C=C groups of aromatic rings of lignin[20].

Table 3.3 represents the different peaks for PLA and lignin along with the representation of
vibration for respective peaks. Since the amount of PEG and struktol added was in small, there
was not any notable changes in spectra.

Table 3.3 Data of FTIR spectra of PLA and lignin [30,40]

Material Wavenumber (cm™) Vibration
PLA 2996 and 2940 Asymmetric and symmetric stretching
vibration of CHs
1746 C=0 stretching vibration
1450 CHs antisymmetric bending vibration
1380 and 1360 Deformation and symmetric mode of CH
group
1180, 1080 and 1038 C-O-C stretching vibration
Lignin 3380 OH stretching vibration in aromatic and
aliphatic OH group
2935 and 2865 CH asymmetric and symmetric vibration
in methyl and methylene group
1600 and 1513 C-C of aromatic skeletal vibration
1459 CH deformation in CH2 and CHs
1424 CH aromatic ring vibration

3.5 Conclusions

Biocomposite filaments using PLA and lignin were developed, and their thermal, mechanical, and
morphological properties were studied. On adding lignin, there was gradual decrease in tensile
strength and elongation whereas increase in tensile modulus and storage modulus. Even upon 5
wt% addition of lignin, there was significant drop in elongation at maximum load; however, tensile
strength was comparable to that of PLA. We demonstrated that 20 wt% PLA can be replaced by
lignin while making filaments but with the significant decrease in tensile strength and elongation.

However, the modulus increased with the increase in lignin percentage. On increasing the lignin
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content above that, filament obtained were brittle and did not have enough flexibility to be rolled

in the filament spooler.

It was found that addition of 2 wt% of PEG in PLA_L20 composite, tensile strength, and
elongation of PLA_L20 significantly increased by 19% and 35%, respectively. On the other hand,
adding 0.5 wt% struktol in PLA_L20 significantly increased elongation by 24%. However, there
was no significant improvement in tensile strength. Prepared bio-composites showed good
extrudability and printability. SEM images of the 3D printed specimen suggested the better
adhesion between the layers with no observable voids. Even after adding the plasticizer in

PLA_L20 composites, tensile strength was still significantly lower by 11% than neat PLA.
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Chapter 4
Development of biocomposite filaments using high impact polystyrene (HIPS) and lignin

for 3D printing

4.1 Abstract

The search of sustainable material to replace or partially replace petroleum-based polymer is
increasing recently. Among them, lignin is the most promising biobased material that can be used
for partially replacing petroleum-based polymer. The objective of this research was to develop
high impact polystyrene (HIPS) and lignin biocomposite filaments for 3D printing. The thermal,
mechanical, and morphological properties of filaments were examined to determine the effect of
lignin in HIPS matrix. In this study, we demonstrated 20 wt% replacement of HIPS with lignin but
with significant decrease in tensile strength and elongation at break. However, filament with 10
wt% lignin had no significant difference in mechanical properties as that of pure HIPS. Besides,
flame test was carried out on HIPS-lignin composites to determine the flame-retardant capacity of
lignin showed that adding unmodified lignin do not contribute in improvement of flame-retardant

capacity of HIPS.

Keywords: HIPS, lignin, biocomposites, filament, 3D printing.

4.2 Introduction

Three-dimensional (3D) printing is a manufacturing technology in which a 3D object is created
from 3D model data through depositing material layer by layer in a build platform [1]. Fused
deposition modeling (FDM) is one of the widely used 3D printing techniques that requires solid
thermoplastic filament as a feedstock. Most of the thermoplastic filaments used for FDM printing
are acrylonitrile butadiene styrene (ABS), nylon, high impact polystyrene (HIPS) and are derived

from petroleum based.
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Among all the polymers, HIPS is one of the widely used polystyrenes for structural materials, and
are prepared by adding polybutadiene during polymerization of polystyrene [2]. It is a
thermoplastic resin widely used in several fields such as electronic and electrical industry,
construction and automotive production because of its good mechanical properties, electrical
character and ease of processing [3-5]. HIPS is also among the widely used polymer in 3D
printing. Because of its solubility in chemical limonene, it is generally used to print supporting
parts. However, its properties such as easy combustibility and smoke generation limit the

application of HIPS in several fields.

Additionally, the excessive use of petroleum-based plastics has increased the growing concern of
limited fossil resources as well as environmental pollution. This has driven the interest of scientific
community towards the development of sustainable and ecofriendly material. Several studies are

being carried out to replace or reduce the use of traditional plastics with green sustainable material.

Lignin is a bio-based amorphous polymer obtained abundantly as a by-(co-)product from pulp and
paper and bioethanol industries [6]. Among the different biomaterials studied, lignin is considered
one of the promising material for preparing composites because of its low cost, non-toxicity and
biocompatibility, biodegradability and could provide multiple functionalities because of its
complex structure [6-10]. Several studies regarding polymer-lignin composites were reported

where lignin behaved as antioxidant [11,12], flame retardant [13] and nucleating agent [14].

In recent years, researches regarding incorporation lignin in different thermoplastic polymer have
been increased which not only helps in reduction of excessive use of traditional polymer but also
helps in reduction of cost of filament [15-17]. However, the effect of incorporating lignin in HIPS

filament and its use in 3D printing has not been studied yet.
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The main objective of this study was to develop HIPS-lignin composite filaments for 3D printing
purpose. Lignin with the wt% of 5, 10, 15 and 20 was blended with HIPS and composite filaments
were developed. The thermal, mechanical, and morphological properties of thus obtained filaments

were studied using a number of analytical tools that are discussed in Section 4.3.

4.3 Materials and Methods

4.3.1 Materials

HIPS pellets were purchased from 3DXTECH (Grand Rapids, MI, USA) and the organosolv lignin
was supplied by Attis Innovations, LLC (Milton, GA, USA). The properties of lignin used are

mentioned in the Chapter 3 (Section 3.4.1, 3.4.2 and 3.4.3).

4.3.2 Sample preparation

HIPS pellets were oven dried at 80 °C for 8 hrs and lignin was oven dried at 50 °C for more than
24 hrs prior to processing. HIPS pellets and lignin were manually mixed first and then were
extruded in twin extruder (Leistritz Mic 18/GL 40D, Nuremberg, Germany). The twin extruder
used for extrusion is presented in Chapter 3 (Figure 3.2). Temperature of different zones of
extruder were set at 160 °C, 165 °C, 170 °C, 180 °C, 191 °C, 195 °C, 198 °C from zonel to zone
7, and the screw speed was set at 55 rpm. Temperature of different zones was selected based on
extrusion temperature of HIPS, and trial and error within that temperature range to get filaments.
The filaments obtained from twin extruder had varying diameter in the range of 1.3 to 2.5 mm.

Those were coiled and stored in zip lock bags for further characterization.

Table 4.1 Samples prepared along with their sample codes

Sample code HIPS (wt%) Lignin (wt%)
HIPS 100 -
HIPS L5 95 5
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HIPS_L10 90 10

HIPS_L15 85 15

HIPS_L20 80 20
433 TGA

Q 500 (TA instruments, New Castle, DE, USA) was used to perform thermogravimetric analysis
of all the samples. Samples of mass ranged from 6.5 to 10.4 mg were placed on platinum pan and
were heated from room temperature to 600 °C at the heating rate of 10 °C/min. All the runs were

carried out under nitrogen atmosphere with the nitrogen flow rate of 60 mL/min.

4.3.4 DSC

To determine the thermal properties of HIPS and HIP-lignin filaments, DSC was performed using
Q2000 (TA instruments, New Castle, DE, USA). Experiment was performed under nitrogen
atmosphere with the nitrogen flow rate of 50mL/min. Sample with the mass ranged 3.6 to 4.3 was
placed in Tzero aluminum pan and the sample was heated from room temperature to 250°C and

cooled down back to 40°C with both heating and cooling rate of 10 °C/min.

4.3.5 Mechanical testing

Instron 5565 (Norwood, MA, USA) was used to measure the mechanical properties of the
filaments. The load cell of 1kN was used and the cross-head speed was set at 10 mm/min. The
gauge length was fixed at 50 mm. The tensile test was carried out on 15 specimens for each case,

and average values were reported.

4.3.6 SEM
Scanning electron microscopy was used to study the surface of cryogenically fractured filaments

using Zeiss EVO50 (Carl Zeiss Microscopy, NY, USA). Samples were prepared by gold sputtering
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using EMS 150R ES (Electron Microscopy Sciences, PA, USA) sputtering system. Accelerating
voltage of 15 kV was used and specimen were studied at different magnification with a working

distance of 8.5 to 10 mm approximately.

4.3.7 Flame test

Flame test was performed according to the ASTM D3801-19a to determine fire retardant properties
of lignin. Samples were prepared according to the dimension mentioned in the standard by
compression molding. CAD drawing of samples are presented in Figure 4.2. Five specimens for
each case were subjected to the 20 mm flame for 10 sec and afterflame time for each specimen

were noted after 10 sec of flame exposure.
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Figure 4.1 Experimental setup according to ASTM D3801-19a [18] (adopted for only
illustration)

125 , 3
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Figure 4.2 CAD drawing of flame test samples
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438 FTIR

Nicolet 6700 FTIR (ThermoFisher Scientific, Madison, WI, USA) was used to perform FT-IR
analysis of the sample. Two spectra were collected in the wavelength range from 400 - 4000 cm™
for each sample and average spectrum was reported. Each spectrum was recorded for total of 64

scans with a resolution of 4cm™.

4.3.9 3D printing

Filaments in the range of 1.6 to 1.9 mm were selected for 3D printing. 3D printer and all the
printing parameters were kept same as Chapter 3 (Section 3.3.3) except extrusion temperature was
set at 230 °C. Dog bone samples according to ASTM D638 type V (CAD drawing shown in

Chapter 3, Figure 3.3) were prepared.

4.4 Results

441 TGA

Thermal stability and degradation nature of a material is determined using the TGA. Figure 4.3
and 4.4 represent the TG and DTG curve of HIPS, lignin, and HIPS-lignin composites,
respectively. Single step degradation of the composites can be observed from TG curve. The pure
HIPS starts to degrade at 410 °C and its maximum degradation occurs at 429 °C. Xia et al. [4] too
found the initial degradation temperature of HIPS to be 410 °C. With the addition of lignin in HIPS
matrix, there was decrease in intial degradation temperature, which can be observed in TG curve
below. This was because lignin starts degrading earlier. On incorportaing 20 wt% of lignin in HIPS
matrix, intial degradtion temperature was shifted from 410 °C to 395 °C whereas there was slight
change in maximum degradation temperature of HIPS from 429 °C to 424 °C. However, there was

increase in char residue from 1 to 9% with addition of 20 wt% lignin at 500 °C. This shift in intial
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degradation might help composite to decompose earlier to form char which acts as covering layer

and block the transfer of heat and oxygen [13].

— s
100 - -~ - HIPS_L5
""" HIPS_L10
S e N HIPS_L15
e S N HIPS_LZO
= — lignin
/2]
E 60
=
Re)
5]
40 -
=
20
0 T T T T T T T
0 100 200 300 400

Temperature (°C)

Figure 4.3 TG curve of HIPS and HIPS-lignin composites
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Figure 4.4 DTG curve of HIPS and HIPS-lignin composites
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4.4.2 DSC

Heating cycle of DSC curve generally gives glass transition, cold crystallization and melting
region. Since HIPS is an amorphous polymer, no clear melting temperature was observed in
heating cycle of pure HIPS. However there was a visible change in the curve in the region of 100
°C representing the glass transition temperature (Tg) of the HIPS. However, Arraez et al.[19]
mentioned slightly lower Tg of HIPS (in the range of 95.4 °C). Figure 4.5 represents the enlarged
section from 60 °C to 125 °C of heating curve of HIPS and HIPS-lignin composites. From the
curve, it can be noted that with the addition of 20 wt% of lignin, there was a gradual shift in Tg
from 100 °C to 92 °C. This imples that on heating, HIPS turns out to be rubbery at lower
tempertaure on adding lignin. The decrease in Tg with addition of lignin was due to the
modification of molecular mobility of the HIPS matrix on adding lignin [20]. This decrease in Tg
with addition of lignin and presence of single glass transition region in heating curve of HIPS-
lignin composite implies that HIPS and lignin are compatible to certain extent [21]. At 10 °C/min

cooling rate, no notable change in cooling curve was observed on adding lignin.
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Figure 4.5 Enlarged section of heating curve
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4.4.3 Mechanical testing
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Figure 4.6 Tensile stress-strain curve of HIPS and HIPS-lignin composite filaments

From the tensile test of HIPS filament, tensile strength was found to be 21.73 MPa. Benini et al.
[22] found the tensile strength of HIPS slightly higher i.e. 24.6 MPa. From the curve of neat HIPS
(in Figure 4.6), it was found that, after filament reached the yield point, filament was still able to
bear further increasing load and finally broke at higher value at tensile stress than at yield point.
With the 20 wt% addition of lignin, there was change in nature of the curve. Curve reached
maximum load condition at the yield point and on further stretching beyond the yield point, tensile

stress of filament decreased and finally broke at lower tensile stress than that at yield point.

From the tensile results obtained, it was found that there was no significant difference in tensile
strength among HIPS and HIPS-lignin filaments (with lignin content till 15 wt%) However, on
increasing the lignin to 20 wt%, there was significant decrease in tensile strength by nearly 8%.
Furthermore, there was no significant difference in modulus on adding 20wt% lignin in HIPS

matrix. From the Figure 4.6 and Table 4.2, a gradual decrease in elongation at break on adding
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lignin can be observed. There is no significant difference in elongation at break till 10 wt% addition
of lignin in HIPS matrix; however, the difference turns out to be significant on further adding 15
and 20 wt% lignin. 20 wt% addition of lignin led to decrease in elongation at break of HIPS by
34%.

Table 4.2 Data presenting mean + standard deviation of mechanical properties of HIPS and HIPS-
lignin composite filaments

Sample Tensile strength Modulus (GPa) Elongation at break
(MPa) (%)
HIPS 21.73 £ 1.71%P 1.17 £0.10%P 64.69 + 5.54°
HIPS L5 22.61 +1.222 1.03 +0.11° 63.86 + 7.10?
HIPS_L10 21.06 + 1.68"¢ 1.06 + 0.20° 58.75 + 7.32%P
HIPS_L15 22.06 + 1.50*P 1.13 +£0.143° 56.11 + 5.85°
HIPS_L20 20.06 + 1.06° 1.22 £ 0.15° 42.65 £ 7.62°

Any two means in the same column with different letters are significantly different (p<0.05) by

the Tukey’s HSD test.

4.4.4 SEM

Figure 4.7 a, b, ¢, d and e represents the SEM images of cryogenically fractured HIPS, HIPS_L5,
HIPS_L10, HIPS_L15 and HIPS_L20 filaments, respectively. SEM image of neat HIPS has
unidirectional fibrillar structure representing the ductile failure. Such fibrillar structure can also be
observed in the SEM images of HIPS_L5 and HIPS_L10 composite. However, on increasing the
lignin content, no such fibrillar structure were found in the SEM images (Figure 4.7d and €) which
represents the change in nature of deformation from ductile to brittle. Akato et al.[23] observed
the similar change in nature of failure from ductile to brittle on adding lignin in ABS matrix. From
the SEM images below, it can also be noted that with the increase in lignin content, there is increase

in the particle size of lignin which is basically due to coalescence phenomena [15].
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Figure 4.7 SEM images of a) HIPS b) HIPS_L5 c¢) HIPS_L10 d) HIPS_L15 and e) HIPS_L20
composite filaments
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4.4.5 Flame test

Figure 4.8 presents the lab flame test done on the HIPS and HIPS_L20 composite according to the
ASTM D3801-19a. After flame time for HIPS and HIPS_L20 was 212.9 + 14.2 s and 113.1+9.7
s, respectively (data presented as average * standard deviation). On adding lignin, composite
burned faster than that without lignin. The flame burned up to the holding clamps for both HIPS
and HIPS_L20 samples. During flaming, the molten flaming material dripped from the specimen
on the cotton placed below the specimen and it ignited the cotton as well for all the cases.
Specimens for both the cases burned all the way, and there was no need for second ignition. From
the overall flame test, it was found that unmodified lignin in HIPS matrix did not show any flame-
retardant property. Chen et al.[13] also hardly saw any improvement in UL94 test of polybutylene
succinate (PBS) on adding 30wt% pure lignin in PBS. However, they found improvement in fire
retardancy properties of lignin on grafting cyanuric chloride - 2,6,7-Trioxa-1-phosphabicyclo-

[2,2,2]octane-4-methanol-1-oxide (CNC-PEPA).

Figure 4.8 Lab flame test of HIPS and HIPS-lignin composite samples
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446 FTIR

Figure 4.9 represents the FTIR spectra of HIPS, lignin, and HIPS_L20. From the spectrum of neat
HIPS, the peak at 3024 cm™, 2918-2849 cm! represents aromatic CH stretching and CH stretching
in CHs and CH2 respectively [24]. Lignin spectrum has similar peaks due to CH stretching at 2935
cm* and 2865 cm™. The absorption band at 1600 cm™ and 1492 cm™ in HIPS spectrum was due
to aromatic ring stretching whereas the one at 1451 cm™ was attributed by CH bend. The other
peaks at 1027 cm™, 694 cm™, 537 cm™ represented aromatic CH bend, aromatic CH out of plane
bend, and aromatic ring out of plane bend respectively[25]. IR spectrum of lignin has peaks at O-
H stretching of hydroxyl group of lignin, yielded a strong absorption band near 3400 cm™[26]. On
adding lignin in HIPS matrix, absorption band near 3450 cm™ was observed in HIPS_L20 spectra

but the peak intensity was weak than that of lignin. This might be due to interaction between HIPS

and lignin.
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Figure 4.9 FTIR spectra of HIPS, lignin and HIPS_L20 composite
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4.4.7 3D printing

The dog bone samples prepared from 3D printing were subjected to tensile testing. On performing
the tensile test for all the HIPS as well as HIPS-lignin samples, problems such as failure of only
half region of specimens and separation of layers of printed parts were observed, presented in
Figure 4.10a and 4.10b. On analyzing, the main reason behind those problems were found to be
poor layer adhesion and which was due to the lower bed temperature. It was found that bed
temperature plays the crucial role in improving the mechanical properties of the printed parts [27].
The printer used for printing these dog bone samples had maximum bed temperature of 60 °C,
which was less than the glass transition region of HIPS. Generally, it is suggested to use the bed
temperature in the glass transition region of the polymer used for 3D printing. Beside these
problems, filament showed the good printability. Upon increasing the bed temperature and using

the optimized printing parameters, better 3D printed parts can be obtained from the HIPS-lignin

composite filaments.

Figure 4.10 Microscopic images of tensile tested specimen, a) specimen failure in half region and
b) layer separation
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4.5 Conclusions

Bio composite filaments using HIPS and lignin were developed and their thermal, mechanical, and
morphological properties were studied. Furthermore, flame-retardant properties of HIPS-lignin
composites were also investigated. We were able to replace 20 wt% of HIPS with lignin but with
significant decrease in tensile strength and elongation at break. On further increasing the lignin
content to 25 wt%, filaments did not have enough flexibility to be rolled around the filament
spooler. From mechanical testing, it was found that on replacing till 10 wt% HIPS with lignin, the
filaments showed comparable properties to that of neat HIPS and had no significant difference in
tensile strength, elongation at break and modulus. Besides, the obtained filaments exhibited good
printability however due to the lower bed temperature of printer, there was poor layer adhesion
between the adjacent printed layers. Additionally, from the flame test, it was found that adding 20
wt% unmodified lignin in HIPS did not exhibit any improvement in flame retardant capacity of

HIPS.
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Chapter 5

Summary and future recommendations

5.1 Summary

The effect of lignin in PLA-lignin composite filaments were investigated. With the addition of
lignin, gradual decrease in tensile stress and elongation at maximum load was observed. In order
to improve mechanical properties, two plasticizers (PEG 2000 and struktol TR451) were added
and their effect in thermal, mechanical and morphological properties of PLA_L20 filaments were
observed. Among these plasticizers, 2 wt% PEG was significantly able to improve both tensile
stress and elongation at maximum load of PLA_L20 filament and 0.5 wt% struktol was able to
enhance only the elongation at maximum load. On 3D printed samples, the prepared filaments

showed better printability and good layer adhesion.

Additionally, the effect of lignin in thermal, mechanical, morphological, and flame-retardant
properties of HIPS were also studied. Adding up to 10 wt% lignin in HIPS showed similar
mechanical properties as that of neat HIPS. However, on further adding lignin to 20 wt%, there
was decrease in both tensile stress and elongation at break. Also, adding unmodified lignin in HIPS

did not improve the flammability of HIPS.

From both the studies, it was found that lignin content and its distribution in polymer matrix greatly

affects the properties of composites prepared.

5.2 Recommendations
Filament diameter greatly influence the properties of printed parts. So, it is recommended that in
further studies, various strategies can be applied to obtain uniform filament diameter such as

double extrusion using twin extruder first and then single screw extruder, maintaining uniform
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feed rate, maintaining uniform extrusion and filament spooler speed. Beside this, in the Chapter 3,
it was observed that PLA_L20 P2 filament had significantly lower tensile strength than net PLA.
This could be improved in 3D printed object by altering various printing parameter. Therefore, it
is recommended that future studies can be done on investigation of different 3D printing

parameters to print the parts using PLA_L20 P2 biocomposite filaments.

In the study of HIPS-lignin filaments, no strategies were applied to enhance the mechanical
properties and flame-retardance of HIPS_L20 composites. Thus, it is recommended that future
work can be done on developing HIPS L20 composite filaments having better mechanical and

flame-retarding properties.
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Appendix A

Supplementary data of Chapter 3
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Figure A.1 TG curve of PLA-lignin-struktol composites

Table A.1: Transition temperatures of PLA, PLA-lignin, PLA-lignin-PEG and PLA-lignin-
struktol composites

Sample Tg (°C) | Tce (°C) | Hee (J/g) | Tm (°C) Hm (J/g)

PLA 59.13 121.22 9.62 150.43 13.03
PLA L5 58.57 120.48 16.56 149.49 17.16
PLA L10 55.38 119.01 16.68 147.76 15.26
PLA L15 53.71 119.04 12.83 147.73 14.31
PLA L20 52.57 112.91 9.19 145.65 14.33
PLA_L20 P0.25 52.06 105.43 9.78 144.76 17.49
PLA L20 P0.5 52.6 105.8 11.13 143.79 15.84
PLA L20 P0.75 51.3 108.02 10.08 144.9 1541
PLA L20 P1 52.77 108.38 13.45 145.54 14.61
PLA L20 P2 52.71 106.3 12.50 143.78 22.46
PLA L20 P3 51.66 109.16 7.77 144.96 13.43
PLA L20 P4 51.82 113.43 9.66 145.63 14.46
PLA L20 P5 51.49 107.21 11.15 145.83 15.05
PLA_L20 S0.25 54.53 119.24 15.94 146.67 17.04
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PLA_L20_S0.5 51.51 108.24 13.17 142.81 18.97
PLA_L20_S0.75 51.35 109.11 13.15 142.91 18.15
PLA_L20_S1 51.02 108.9 11.31 145.97 15.35

Table A.2: Data presenting mean + standard deviation of mechanical properties of PLA-lignin
composite filaments

Samples Tensile stress at max. load | Tensile modulus | Elongation at max. load
PLA 57.18+1.522 1.93+0.21° 4.14+0.422
PLA_L5 54.93+3.18? 2.19+0.25%0 3.60+0.30°
PLA_L10 50.46+3.87° 2.11+0.29%b 3.29+0.55"¢
PLA_L15 49.25+2.77" 2.28+0.36% 3.14+0.32°
PLA_L20 42.90+3.59¢ 2.26+0.272 2.94+0.32°

Any two means in the same column with different letters are significantly different (p<0.05) by
the Tukey’s HSD test.

Table A.3: p values obtained from multiple comparison of tensile stress between the PLA-lignin
composite filaments using Tukey’s test

PLA PLA_L5 PLA_L10 PLA_L15 PLA_L20
PLA 0.2850 <0.0001 <0.0001 <0.0001
PLA_L5 0.2850 0.0017 <0.0001 <0.0001
PLA_L10 | <0.0001 0.0017 0.8197 <0.0001
PLA_L15 | <0.0001 <0.0001 0.8197 <0.0001
PLA_L20 | <0.0001 <0.0001 <0.0001 <0.0001

Table A.4: p values obtained from multiple comparison of modulus between PLA-lignin composite
filaments using Tukey's test

PLA PLA_L5 PLA_L10 PLA_L15 PLA_L20
PLA 0.0974 0.4252 0.0100 0.0164
PLA_L5 0.0974 0.9309 0.9099 0.9575
PLA_L10 |0.4252 0.9309 0.4664 0.5731
PLA_L15 |0.0100 0.9099 0.4664 0.9998
PLA_L20 |0.0164 0.9575 0.5731 0.9998

Table A.5: p values obtained from multiple comparison of elongation at max. load between PLA-
lignin composite filaments using Tukey's test

PLA PLA_L5 PLA_L10 PLA_L15 PLA_L20
PLA 0.0055 <0.0001 <0.0001 <0.0001
PLA_L5 0.0055 0.2528 0.0257 0.0003
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PLA_L10 <0.0001 0.2528 0.8539 0.1365
PLA_L15 <0.0001 0.0257 0.8539 0.6510
PLA_L20 <0.0001 0.0003 0.1365 0.6510

Table A.6: Data presenting mean + standard deviation of mechanical properties of PLA-lignin-
PEG composite filaments

Samples Tensile stress at max. load | Tensile modulus | Elongation at max. load
PLA 57.18+1.522 1.93+0.21Pcd 4.14+0.42°
PLA L20 42.90+3.59¢ 2.26+0.272 2.94+0.32¢
PLA_L20 P0.25 43.32+2.98¢ 1.76+0.31¢¢ 3.47+0.34°
PLA L20 P0.5 45,552,474 1.79+0.26"cd 3.63+0.46"¢
PLA L20 P0.75 48.12+3.340¢ 1.77+0.320cd 3.81+0.372b¢
PLA L20 P1 49.43+3.28° 1.97+0.3220¢ 3.61+0.430¢
PLA L20 P2 50.84+4.01° 2.08+0.302P 3.98+0.592P
PLA L20 P3 50.40+3.67° 1.96+0.25%P¢ 3.89+0.413b¢
PLA L20 P4 47.30+2.41P°¢ 1.88+0.21Pcd 3.74+0.443b¢
PLA L20 P5 42.39+4.09¢ 1.62+0.20¢ 3.95+0.342b¢

Any two means in the same column with different letters are significantly different (p<0.05) by
the Tukey’s HSD test.

Table A.7: p values obtained from multiple comparison of tensile stress between the PLA-lignin-
PEG composite filaments using Tukey’s test

PLA |PLA_ |PLA_ |PLA_ |PLA_ |PLA_ |PLA_ |PLA |PLA |PLA_
L20 L20 (L20_ |L20_ |L20_ |L20_ |L20_ |L20_ |L20 P
P0.25 | P0.5 P0.75 | P1 P2 P3 P4 5
PLA <0.00 | <0.00 |<0.00 |<0.00 | <0.00 |<0.00 |<0.00 | <0.00 |<0.00
01 01 01 01 01 01 01 01 01
PLA_ | <0.0 1.000 | 0.428 | 0.000 | <0.00 |<0.00 |<0.00 |0.010 | 1.0000
L20 001 0 3 8 01 01 01 0
PLA_|<0.0 |1.000 0.674 | 0.003 | <0.00 |<0.00 |<0.00 |0.031 |0.9986
L20 P (001 |O 1 0 01 01 01 4
0.25
PLA_|<0.0 |0.428 |0.674 0.474 | 0.040 |0.000 | 0.002 | 0.897 | 0.1908
L20 P (001 |3 1 0 0 6 6 0
0.5
PLA_ |<0.0 | <0.00 [0.003 |0.474 0.982 |0.392 | 0.648 | 0.999 | 0.0001
L20 P |001 |01 0 0 9 2 1 5
0.75
PLA_ | <0.0 | <0.00 |<0.00 |0.040 |0.982 0.972 |0.998 | 0.727 | <0.00
L20 P (001 |01 01 0 9 1 2 6 01
1
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PLA_ | <0.0 [<0.00 |<0.00 |0.000 |0.392 |0.972 1.000 | 0.088 | <0.00
L20 P (001 |01 01 6 2 1 0 5 01

2

PLA_ | <0.0 | <0.00 |<0.00 |[0.002 |0.648 |0.998 | 1.000 0.213 | <0.00
L20 P (001 |01 01 6 1 3 0 5 01

3

PLA_ | <0.0 [0.010 |[0.031 |0.897 |0.999 |0.727 |0.088 |0.213 0.0021
L20 P (001 |O 4 0 5 6 5 5

4

PLA_ | <0.0 [1.000 [0.998 |0.190 |0.000 |<0.00 |<0.00 |<0.00 |0.002

L20 P (001 |O 6 8 1 01 01 01 1

5

Table A.8: p values obtained from multiple comparison of modulus between the PLA-lignin-

PEG composite filaments using Tukey’s test

PLA [PLA_ |PLA_ |[PLA_ |PLA_ |PLA_|PLA_ |PLA_|PLA_ |PLA_
L20 |L20 |L20_ |L20_ |L20_ |L20 |L20 |L20 |L20 P
P0.25 | P0.5 | P0.75 | P1 P2 P3 P4 |5
PLA 0.029 |0.746 |0.907 |0.818 | 1.000 |0.867 | 1.000 |0.999 | 0.0598
7 4 8 8 0 6 0 9
PLA_ | 0.02 <0.00 |0.000 | <0.00 |0.097 | 0.709 |0.068 | 0.004 | <0.00
L20 P | 97 01 1 01 8 3 3 7 01
0.25
PLA_ | 0.74 | <0.00 1.000 | 1.000 | 0.457 |0.035 | 0.551 | 0.967 | 0.9340
L20 P |64 |01 0 0 3 5 7 7
0.5
PLA_ | 0.81 |<0.00 |1.000 | 1.000 0.544 |0.051 | 0.639 |0.984 |0.8911
L20 P |88 |01 0 0 5 1 5 5
0.75
PLA_ | 1.00 |0.097 |0.457 |0.682 |0.544 0.981 |1.000 | 0.992 |0.0167
L20 P |00 |8 3 9 5 1 0 7
1
PLA_ | 0.86 | 0.709 |0.035 | 0.088 |0.051 |0.981 0.959 |0.522 | 0.0003
L20P |76 |3 5 2 1 1 9 1
2
PLA_ | 1.00 | 0.068 | 0551 |0.769 |0.639 | 1.000 |0.959 0.997 |0.0256
L20 P |00 |3 7 1 5 0 9 6
3
PLA_ | 0.99 |0.004 |00967 |0.996 |0.984 |0.992 |0522 |0.997 0.2311
L20 P |99 |7 7 4 5 7 1 6
4
PLA_ | 0.05 | <0.00 |0.934 | 0.794 |0.891 |0.016 |0.000 | 0.025 |0.231
L20 P |98 |01 0 7 1 7 3 6 1
5
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Table A.9: p values obtained from multiple comparison of elongation at max. load between the
PLA-lignin-PEG composite filaments using Tukey’s test

PLA |PLA_ |PLA_ |PLA_ |PLA_ |PLA_ [PLA_ |PLA_[PLA_ [PLA_
L20 |L20_ |L20_ |L20_ |L20_ |L20 |L20 |L20 |L20 P
P0.25 |P0.5 |P0.75 |P1 P2 P3 P4 5
PLA <0.00 | 0.001 |0.038 |0517 |0.027 |0.990 |0.833 |0.228 | 0.9679
01 0 1 4 1 0 0 2
PLA_ | <0.0 0.022 | 0.000 |<0.00 | 0.000 |<0.00 |<0.00 |<0.00 |<0.00
L20 | 001 8 5 01 8 01 01 01 01
PLA_ |0.00 | 0.022 0.988 | 0.434 |0.994 |0.035 |0.170 |0.757 | 0.0618
L20P |10 |8 4 1 9 7 7 8
0.25
PLA_ |0.03 |0.000 |0.988 0.972 | 1.000 | 0.408 |0.803 |0.999 |0.5387
L20 P |81 |5 4 7 0 3 1 4
05
PLA_ | 051 |<0.00 |0.434 |0.972 0.951 |0.985 |1.000 |1.000 |0.9963
L20 P |74 |01 1 7 3 0 0 0
0.75
PLA_ |0.02 [0.000 |0.994 |1.000 |0.951 0.337 | 0.736 |0.998 | 0.4605
L20P |71 |8 9 0 3 7 4 1
1
PLA_ |0.99 |<0.00 | 0.035 |0.408 |0.985 |0.337 0.999 | 0.860 | 1.0000
L20 P |00 |01 7 3 0 7 9 3
2
PLA_ |0.83 [<0.00 |0.170 |0.803 |1.000 |0.736 |0.999 0.993 | 1.0000
L20 P |30 |01 7 1 0 4 9 4
3
PLA_ |0.22 [<0.00 | 0.757 |0.999 |1.000 |0.998 |0.860 |0.993 0.9320
L20 P |82 |01 8 4 0 1 3 4
4
PLA_ |0.96 |<0.00 |0.061 |0.538 |0.996 |0.460 |1.000 | 1.000 | 0.932
L20P |79 |01 8 7 3 5 0 0 0
5

Table A.10: Data presenting mean + standard deviation of mechanical properties of PLA-lignin-
struktol composite filaments

Samples Tensile stress at max. load | Tensile modulus | Elongation at max. load
PLA 57.18+1.522 1.93+0.210¢ 4.14+0.422
PLA L20 42.90+3.59° 2.26+0.282 2.94+0.32°
PLA L20 S0.25 45.88+3.82° 2.09+0.272P 3.25+0.28"¢
PLA L20 S0.5 44.81+2.44° 1.71+0.25° 3.65+0.67"
PLA_L20 _S0.75 42.97+2.79° 1.87+0.28"¢ 3.21+0.44°¢
PLA L20 S1 44.36+3.14° 2.08+0.35%P 3.20+0.50°¢
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Any two means in the same column with different letters are significantly different (p<0.05) by
the Tukey’s HSD test.

Table A.11: p values obtained from multiple comparison of tensile stress between the PLA-

lignin-struktol composite filaments using Tukey’s test

PLA |[PLA L |PLA _L20 SO | PLA _L20_S | PLA_L20_SO | PLA_L20
20 25 05 75 s1
PLA <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001
PLA_L20 <0.00 0.0779 0.5012 1.0000 0.7611
01
PLA_L20 SO | <0.00 | 0.0779 0.9208 0.0920 0.7275
25 01
PLA_L20 SO | <0.00 |0.5012 | 0.9208 0.5460 0.9984
5 01
PLA_L20_SO | <0.00 |1.0000 |0.0920 0.5460 1.0000
75 01
PLA _L20 S1 | <0.00 |0.7611 |0.7275 0.9984 0.7991
01

Table A.12: p values obtained from multiple comparison of modulus between the PLA-lignin-
struktol composite filaments using Tukey’s test

PLA [PLA L [PLA L20 SO [PLA L20 S |[PLA L20 SO | PLA L20
20 25 05 75 s1
PLA 0.0189 | 0.6424 0.2633 0.9919 0.7004
PLA_L20 0.018 0.5150 <0.0001 0.0030 0.4562
9
PLA_L20 SO | 0.642 | 0.5150 0.0049 0.2878 1.0000
25 4
PLA_L20 SO | 0.263 | <0.0001 | 0.0049 0.6101 0.0066
5 3
PLA_L20 SO | 0.991 | 0.0030 |0.2878 0.6101 0.3363
75 9
PLA_L20 S1 | 0.700 | 0.4562 | 1.0000 0.0066 0.3363
4

Table A.13: p values obtained from multiple comparison of elongation at max. load between the
PLA-lignin-struktol composite filaments using Tukey’s test

PLA [PLA L [PLA_L20 SO [PLA L20 S [PLA L20 SO | PLA_L20
20 25 05 75 _s1
PLA <0.0001 | <0.0001 0.0497 <0.0001 <0.0001
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PLA_L20 <0.00 0.4140 0.0007 0.5880 0.6296
PLA_L20_S0 2%).00 0.4140 0.1690 0.9998 0.9994
ﬁl:r)A_LZO_SO 8.10497 0.0007 | 0.1690 0.0922 0.0791
i35LA_L20_SO <0.00 | 0.5880 | 0.9998 0.0922 1.0000
gl?A_LZO_Sl %16.00 0.6296 | 0.9994 0.0791 1.0000

Table A.14: Values of storage modulus and glass transition temperature of PLA, PLA-lignin,
PLA-lignin-PEG and PLA-lignin-struktol composites

Sample Storage modulus (GPa) Glass transition (Tg)
PLA 2.19+0.16 64.96+0.11
PLA L5 2.76x0.19 64.09+0.68
PLA L10 2.77+0.25 64.43+0.47
PLA L15 2.81+0.25 61.20+0.98
PLA L20 2.65+0.36 61.08+2.35
PLA L20 S0.25 2.61+0.32 59.44+1.08
PLA L20 S0.5 2.18+0.04 61.67+0.2
PLA L20 S0.75 2.16+0.43 59.34+0.49
PLA L20 S1 2.02+0.23 60.92+0.56
PLA L20 P0.25 2.58+0.10 60.56+1.59
PLA L20 P0.5 2.57+0.12 60.42+0.36
PLA L20 _P0.75 2.43+0.07 60.75+0.34
PLA L20 P1 2.39+0.19 59.20+0.59
PLA L20 P2 2.56+0.39 59.12+0.86
PLA L20 P3 2.331£0.17 60.36+0.59
PLA L20 P4 1.58+0.09 60.43+0.02
PLA L20 P5 2.03+0.11 60.83+0.69
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Appendix B

Supplementary data of Chapter 4

Table B.1: p values obtained from multiple comparison of tensile strength between HIPS-lignin
composite filaments using Tukey’s test

HIPS HIPS_L5 HIPS L10 | HIPS_L15 | HIPS_L20
HIPS 0.4346 0.7196 0.9715 0.0201
HIPS_L5 0.4346 0.0327 0.8109 <0.0001
HIPS L10 | 0.7196 0.0327 0.3408 0.3334
HIPS L15 | 0.9715 0.8109 0.3408 0.0031
HIPS L20 | 0.0201 <0.0001 0.3334 0.0031

Table B.2: p values obtained from multiple comparison of modulus between HIPS-lignin
composite filaments using Tukey’s test

HIPS HIPS_L5 HIPS L10 |[HIPS_L15 | HIPS L20
HIPS 0.0854 0.2834 0.9639 0.8394
HIPS_L5 0.0854 0.9757 0.3179 0.0050
HIPS L10 | 0.2834 0.9757 0.6770 0.0282
HIPS_L15 | 0.9639 0.3179 0.6770 0.4441
HIPS_L20 | 0.8394 0.0050 0.0282 0.4441

Table B.3: p values obtained from multiple comparison of elongation at break between HIPS-

lignin composite filaments using Tukey’s test

HIPS HIPS_L5 HIPS_L10 HIPS_L15 HIPS_L20
HIPS 0.9972 0.1240 0.0074 <0.0001
HIPS_L5 0.9972 0.2418 0.0197 <0.0001
HIPS_L10 0.1240 0.2418 0.8196 <0.0001
HIPS_L15 0.0074 0.0197 0.8196 <0.0001
HIPS_L20 <0.0001 <0.0001 <0.0001 <0.0001
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