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ABSTRACT

With the growth of rapid production methods, such as additive manufacturing,
petroleum derived plastics are becoming ever more prevalent in consumer homes
and landlls. As the industry grows, research into a more circular approach to
designing and using materials is critical to maintaining sustainability. Bioplastics
such as poly(hydroxybutyrateeo-hydroxyvalerate) (PHBV) and poly(lactic acid)
(PLA) provide material properties comparable to petroleum derived plastics and
are becoming more common in the additive manufacturing eld. Biobased llers,
such as bio-derived cellulose, lignin byproducts, and biochar, can be used to modify
the thermal, mechanical, and electrical properties of polymer composites. Biochar
(BioC), in patrticular, is of interest for enhancing thermal and electrical conductivities
in composites, and can potentially serve as a bio-derived graphitic carbon alternative
for certain composite applications. In this work, we investigate a blended biopolymer
system: PLA/PHBV, and addition of carbon black (CB), a commonly used functional
ller as a comparison for Kraft lignin-derived BioC. We present calculations and
experimental results for phase-separation and nano ller phase a nity in this system,
indicating that the CB localizes in the PHBV phase of the immiscible PHBV:PLA
blends. The addition of BioC led to a deleterious reaction with the biopolymers, as
indicated by blend morphology, di erential scanning calorimetry showing signi cant
melting peak reduction for the PLA phase, and a reduction in melt viscosity. For the
CB nano lled composites, electrical conductivity and dynamic mechanical analysis
supported the ability to use phase separation in these blends to tune the percolation
of mechanical and electrical properties, with a minimum percolation threshold found
for the 80:20 blends of 1.6wvt.% CB. At 2% BioC (approximately the percolation
threshold for CB), the 80:20 BioC nanocomposites had a resistance of 3.48°  as
compared to 2.99 1  for the CB, indicating that BioC could potentially perform
comparably to CB as a conductive nano ller if the processing challenges can be
overcome. Investigations into alkaline and dealkaline lignin sources have shown that
alkaline lignin experiences a signi cant e ect on the thermal stability of PHBV eluding
that alternate sources of lignin may provide a solution to the processing challenges
mentioned. This work has helped to develop a understanding of the factors that aid
in creating sustainable materials sourced from PLA,PHBV, and BioC.
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INTRODUCTION

Conductive laments consist of polymers blended with an electrically conductive
media such as graphitized carbon or carbon black (CB). These laments can be used
in an additive manufacturing processes such as 3D printing in order to rapid prototype
electrical circuits, wearable electronics, and touch sensitive devices. Furthermore this
inclusion of a low density ller allows for the tuning of certain material properties
such as strength, thermal conductivity and nal part weight.Use of these llers
has created a family of laments unique in their ability to be custom tailored
into exible, strong, and lightweight electronics. As these materials develop it is
bene cial to investigate the substitution of bio-sourced materials for the petroleum-
based standard. Biopolymers such as poly(lactic acid) (PLA) have been in common
use in the 3D printing eld since 2007 [3]. Additionally recent studies of bio-sourced
graphitized carbon such as biochar (BioC) have provided new insights into potential
replacements for their non-bio based counterparts [4].

3D printing in conjunction with electrically conductive lament has enabled
complex designs to be manufactured with relative ease and the added benet of
including circuit design. Parts that were once time and cost intensive to make can
now be generated a ordably and prototyped e ectively. These prints allow for custom
sensor design that can be included into fabrics to produce wearable electronics and
collect data such as stress, strain, and temperature. These printable electronics play a
crucial role in advancing the eld of bio mechanics [5]. Larger parts can be produced
to provide radio frequency shielding for applications in settings where interference

is a concern. This radio frequency shielding capability is due to the ability of the
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ller material to restrict RF movement through its body. Conductive laments are a
growing eld with many promising applications.

Though innovative in their creation and potential applications, there are some
notable drawbacks of the currently available conductive laments. At the time of this
paper, the majority of conductive laments are quite costly in comparison to their
non-conductive counterparts. The inclusion of carbon in a lament can cost the user
anywhere from nine to eleven cents per gram where standard PLA lament is around
two cents per gram. More conductive than neat polymers, conductive laments are
less conductive than solid metals such as copper, lead, or steel. Increasing the amount
of carbon included in a polymer blend can increase conductivity however, even at its
highest possible volume percents, carbon black infused conductive laments lack the
free electron eld that allows for electricity to move through materials like metals.
When carbon is included at lower volume percents it can have adverse e ects on the
lament such as micro-cracking and brittleness. These e ects cause substantial issues
in applications, as a tightly wound lament spool can often break during its feeding
into a 3D printer. Carbon infused lament can also cause long term damage to the 3D
printer's nozzle due to its abrasive nature. Long term, this problem can cause many
issues for a printer and its operators. After the material has been purchased, handled,
and printed with, market available conductive laments are not able to be recycled or
disposed of in a sustainable manner. These laments do not follow a circular life cycle
and must be disposed of thoughtfully due to there high carbon inclusion. Industry
sized applications present serious questions to the sustainability and functionality of
conductive laments. Some of these questions can be answered by substituting the
materials in use.

Industrial pursuit towards a more sustainable future has driven great ad-

vancements in material science and engineering, including unique bio-sourced re-
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placements for petroleum based materials. Bio-sourced materials like PLA and
poly(hydroxybutyrate- co-hydroxyvalerate) (PHBV) have made substantial impacts
on the polymer industry over the last few years [1]. PLA has become a common
installation in the additive manufacturing eld while PHBV has sparked signi cant
interest as an attractive additive in PLA blends [1]. In composites, bio-sourced
carbon or BioC has drawn signi cant attention in its practicality as an additive in
soils to aid in carbon sequestration [2]. There has also been a substantial amount
of work that suggests that BioC possess attractive material and electric properties
when produced at high temperatures [4]. As the temperature of production rises, so
does the degree of graphitization and thus the ability of electron exchange between
the particles. This ability thus enhances the ller material's conductivity improving

its use in conductive lament. These developments suggest that the inclusion of
a bio-based ller material into bio-based polymers has the potential to replace the
industrially available conductive laments.

The incorporation of BioC into bio sourced polymers can provide a sustainable
alternative to their synthesized relatives. In order for large scale production of these
materials to be successful, research must discover the solutions to their manufacturing
methods. The following research objectives explore the parameters surrounding the

use of BioC in PLA:PHBV blends:

1. Develop a method of predicting blend morphology of PLA:PHBV while also

predicting CB localization in the blend.

2. Determine the percolation constant of PLA:PHBV blends with CB used as the

ller material.

3. Determine and quantify e ects of adding BioC to PLA:PHBYV blends.
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To understand the e ects nanoparticulates have on polymer blends, CB was
added to three principal mixtures of PLA:PHBV blends (10:90, 20:80, 40:60). These
composites were produced in a mini extruder and injection molded into dynamic
mechanical analysis (DMA) bars for testing. To monitor how conductivity changes
as ller is added, impedance spectroscopy is run on each sample. When ller
material is added to a blended polymer, there are likely changes in the material's
crystallinity, polymer morphology, and mechanical properties such as strength and
modulus. Using di erential scanning calorimetry (DSC) reveals how the melting
temperature (T,,), glass transition temperature {y), and crystallinity of each blend
changes with increasing ller content. These e ects on morphology are investigated
visually through eld emission scanning electron microscopy (FE-SEM), and predicted
via contact angle analysis with Owens-Wendt theory. Filler e ects on modulus and
strength are monitored through DMA in a three point bending con guration.

The initial results revealed that BioC has substantial e ects to PHBV:PLA
blends. To investigate these e ects, neat alkaline lignin (AL) and dealkaline lignin
(DAL) were added to PHBV and PLA individually. These samples were evaluated for
e ects on crystallinity through DSC , thermal stability through thermogravimetric
analysis (TGA), and molecular weight through gel permeation chromatography

(GPC).
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BACKGROUND

Trash production in the United states has steadily increased from 88 million
tons in 1960 to 251 million tons in 2012, an 185% increase in 52 years. Only 35%
(87 million tons) of that waste was recycled. Of the plastic products used in 2012
only 30% of polyethylene terephthalate (PET) and 28% of high density polyethylene
(HDPE) was recycled [6]. Though thermoplastics are considered a recyclable material,
their consumer application sometimes hinders their recyclability. Most of recyclable
petrol-plastics are used and disposed of into land lls, sewage, waterways, or in the soil
as general litter. Like petrol-plastics bio-derived plastics can be recycled, however the
70% that nds its way to the land Il is degraded by the environment into non-toxic
products [7]. Bio-derived polymers have the potential to replace many industrially
available plastics, including in applications such as electrically conductive lament.

This review discusses the current state of PLA:PHBV blends, production of
BioC, conductive laments, and the the potential for using bio-sourced materials
as a replacement for the industry available. PLA, an already popular material for
conductive lament, can be combined with other bio-sourced materials such as PHBV
to reduce the amount of ller used, leading to tune-able material properties. Reducing
the ller content while maintaining su cient conductivity is a method of tuning a
composites conductivity while also reducing material cost. Similarly, increasing the
conductivity of the BioC allows for a reduction in the amount of ller material used
and a product's subsequent cost. This increase in conductivity is created by increasing
the temperature at which BioC is produced through a slow pyrolosis process . In
slow pyrolosis, a material is gradually heated ( i@:/min) to a nal high treatment
temperature (HTT) under an oxygen free environment. The conductivity of BioC has

been shown to increase with slow pyrolosis HTT above 8@ [2]. Market-available
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conductive laments typically do not take advantage of this potential tune-ability of
blends though recent research has shown that conductivity of petroleum polymers can
be tuned by manipulating morphology and blend ratios, the same should be possible

with bio-sourced polymers.

Materials

Compositesand Additives

Composite materials are becoming more popular in applications where a
combination of sti ness, durability, weight, and cost are of concern; growing in all
industries from aerospace applications to household appliances. These composites
involve a combination of a polymer matrix with reinforcement of ber mats, strands,
or spherical particles. Typically, the matrix used is a thermoset, however it is also
common to see thermoplastics used in the composite industry. The matrix provides
the bulk support while additives increase strength and sti ness leading to engineered
material properties magnitudes larger than their individual constituents. The scope
of the work covered in this paper involves particle nanocomposites where the matrix

is a polymer blend, and the particles are select sources of nanometer-sized llers.

PHBV/PLA Blends

PHBYV is a member of the poly(hydroxyalkanoate) (PHA) family which is a
group of bio-plastics produced in nature by bacterial fermentation of sugars and
lipids [1,8]. PLA is a common bio-sourced material that is known for its relatively
high modulus and strength [8]. When blended together, these two polymers begin
to show signi cant bene ts to their material properties.The inclusion of PLA in
at ratios of 50:50 and above with PHBV has been shown to steadily increase the

tensile strength and modulus of the blend [1]. Additionally, the inclusion of PHBV



Formulation Flexural strength Flexural modulus

[ in wt%)] [MPa] GPa]
neat PHBV 30.2 0.56 1.2 0.02
neat PLA 94.1 1.92 3.6 0.09
PHBV/PLA(50:50) 62.5 1.10 2.4 0.03
PHBV/PLA(60:40) 61.0 2.32 2.2 0.06
PHBV/PLA(70:30) 53.7 1.44 190.11

Table 2.1: Mechanical Properties of PHBV have been show to improve through
blending with PLA, reproduced from Nanda et al. [1].

in PLA can increase the crystallinity of the PLA regions, thus inducing a brittle
to ductile transition in the blend [8]. Most signi cantly, blends of PHBV:PLA are
immiscible in all ratios and combinations, meaning that PLA will occupy a sea-island
structure in the PHBV matrix [1,8]. This structure is especially important to polymer
nanocomposites as it allows for three potential regions for the ller to inhabit. As
nano ller is mixed in with PHBV:PLA blends it will localize only in the PHBV
region, the PLA region, or the interphase between them. This localization is driven
by the entropic nature of the ller to nd the region of least resistance which can be

characterized through the particulate's wettability.

Bio Carbon Production

Agriculture has taken advantage of carbon rich charcoal or BioC to enhance soil
for many generations, and recent research has expanded its potential applications into
the electrically conductive realm [2]. BioC can be de ned as a charcoal produced from
biomass through the process of pyrolysis. In this process select bio-mass materials

are heated up to a HTT in the absence of oxygen. Pyrolosis under nitrogen allows
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the biomass to convert into BioC without combustion or ashing of the material. The
most in uential parameters when producing conductive BioC are the ramp rate,the
value of the HTT, and the source. If these factors are manipulated properly, the
degree of carbonization increases thus increasing conductivity [2,4].

With the increase of pyrolysis HTT the conductivity of BioC has been shown
to increase due to carbonization [2,4,9,10]. During slow pyrolysis, more volatiles
are released as the temperature climbs, leaving a higher wt% of carbon behind. As
can be seen in Figure 2.1 eventually the carbon will reach a graphitic organization
around 1000C and increase in order as temperature rises [2]. Rhim et al. were able
to break this microstrucural evolution into 5 regions based on the materials reaction
to AC or DC electrical current [10]. Speci cally they found that in region 1V (600-
1000 C), DC conductivity is observed and continues to increase with HTT as carbon
clusters grow. In Region V (1200-20002), the DC conductivity ceases to increase as
the bio-mass reaches a fully percolated state and its max potential conductivity. In
order to maximize the conductivity of bio-sourced carbon particulates without further
alteration, the HTT must be as near to Region V as possible.

Though not as inuential as the HTT, the source of the material plays a
considerable role in the feasibility and sustainability of BioC. Lignin derived as a
waste product from the kraft paper process has several attractive attributes for BioC
production. With nearly 60 wt% carbon content, lignin begins the process with a
signi cant advantage [11]. Available from nearly any plant source, lignin is readily
available and continually being produced. The type of lignin used in pyrolosis (alkali
lignin, dealkaline lignin, Klason lignin, bio-re nery sources) can also have signi cant
e ects on the end product as their chemical make up is di erent. In an investigation
of alternate macro sources of lignin (sugar maple, oak, hickory, and bamboo), Gabhi

et al. found that across all forms of sourced material, a HTT of 95@ for 8 hours



Figure 2.1: lllustration from BioChar for Environmental Managementshowing
with increase in HTT there is (a) increased proportion of aromatic carbon, Highly
disordered in amorphous mass;(b)growing sheets of conjugated aromatic carbon,
turbostaticly arranged;(c) structure becomes graphitic with order in the third
dimension [2]
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had a greater e ect on conductivity than changing sources. In summary, the source of
the lignin or material used in BioC is an important consideration during production,

although the primary factor is the HTT.

Conductive Filaments

Incorporating conductive llers such as CB or graphene into petroleum based
polymer blends increases their conductivity [12,13]. As more ller material is added to
the blend, the resistance decreases until the blend reaches a maximum conductivity.
At this point the ller material percolates through the polymer blend forming a
conductive network through the matrix, reducing the resistivity to near that of the
ller material alone [14]. Attempts to manipulate this percolation threshold can allow
for the reduction of ller material used, and increase a blends conductivity [13, 14].

One potential method of controlling the percolation threshold takes advantage
of phase-separation in immiscible blends. These binary or ternary blends allow for
the separation of a ller material into speci ¢ regions due to the di erent surface
energies of the two or more polymers. Zhang et al. discovered that when blended,
thermoplastic polyurethane (TPU) spread at the interface of the two major phases
of polyoxymethylene/polyamide copolymer (POM/COPA) allowing for a shell and
core morphology of the ternary blend [13]. As CB is added to this mixture it is
found to localize in the shell region (TPU) of the blend. This localization in the
shell region permitted a signi cant drop in the percolation threshold as the CB was
able to form connective networks through the bulk of the material, yet reduce its
occupation to only the minor TPU phase. By controlling the amount of TPU in the
blend connective roads can be built through the material allowing for a signi cant
drop in ller material used while still retaining su cient conductivity.

The ability to manipulate polymer blends through their immiscibilty is powerful,



11

yet not limited to petroleum based polymers, allowing for discoveries made in these
polymer to carry over into bio-based polymers. Notably PHBV:PLA composites
have been shown to be immiscible due to their surface energies [1,15,16]. Snowdon
et al. was able to create a shell and core morphology of PLA and PHBYV in a matrix

of polypropylene similar to the COPA/TPU blends discovered by Zhang et al. As
Zhang showed, manipulating the immiscibility can also manipulate the conductivity

of the blend through preferentially locating the conductive ller material. This ller
material is traditionally a synthesized CB however as mentioned above, BioC may
be a sucient replacement. As material science progresses to a more circular life
cycle design for all materials, sustainable and renewable plastics research a ords an

opportunity to advance the eld of conductive laments.
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Introduction

Increasing concern for the environment and volatile petroleum prices has led
to growth of bio-based and biodegradable materials as alternatives to petroleum
derived plastics [17]. Plastics from bio-derived sources, or bioplastics, can be
processed from a variety of feedstock including raw and re ned plant sources
and methane gas from biological degradation processes [7]. One class of bio-
plastics, poly(hydroxyalkanoates) (PHAS), such as poly(hydroxybutyrate) (PHB)
and its industrially-produced copolymer poly(hydroxybutyrateeo-hydroxyvalerate)
(PHBV), is synthesized by microorganisms as a storage polymer and can be harvested
to produce a usable plastic [18]. PHBV has mechanical properties most similar to
polypropylene, however thermal processing of PHBYV is challenging due the proximity
of the thermal decomposition temperature to the melting temperature [19, 20].
Poly(lactic acid) (PLA) is another important bioplastic, that can be produced through
renewable resources, and has mechanical properties most similar to that of polystyrene
[20]. Alone, both bioplastics are brittle, with relatively poor impact strength and
low thermal degradation temperatures. The toughness and processability of these
bioplastics can be improved through multiphase blends of PHBV and PLA, resulting
in attractive material properties not obtainable in the neat biopolymers [1, 7].

One growing application space for bioplastics is additive manufacturing, and an
emergent area of this space is conductive lament. Conductive lament is used in the
rapid prototyping and production of electrically conductive components on a variety
of 3D printers [?,12]. This production method enables various applications from low
cost sensors to conductive traces, branching into electromagnetic and radio frequency
shielding [21, 22]. Typically, conductivity in thermoplastics is achieved through the

addition of a conductive ller, such as silver nanopatrticles, carbon black nano llers, or
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graphene [22,23]. In addition to electrical conductivity, these value-added composites
can reduce cost and weight, add color, provide anti-static potential at low volume
percent, and enhance the mechanical and thermal properties over that of the neat
polymer [15]. Of these llers, the majority of conductive laments are produced with
carbon black (CB), a commercially available petroleum-derived ller.

Though CB o ers many positive bene ts to polymer blends, when designing
biobased composites having a renewable source for and considering the fate of ller
materials is also important. Biochar (BioC) carries many of the same benets
as CB, but comes from renewable plant-derived sources and, as a widely applied
agricultural amendment, is compatible with the bioplastic's ability to biodegrade.
This bio-sourced form of carbon is produced in a similar way to charcoal. Thermal
decomposition of biomass in the absence of oxygen results in roughly 35% syngas,
30% bio-oil, and 35% BioC [2]. The electrical conductivity of lignin sourced BioC
has been shown to improve with pyrolysis at high treatment temperatures (over
800 C) [4, 24, 25].

The bulk of the work exploring conductive nanocomposites, including with
polymer blends, consists of polymers mixed with CB, graphene, carbon nanotubes
(CNTs), or other graphite llers [?, 12 14, 26]. The conductivity of PLA-based
composites has been successfully modi ed with CNTs [27, 28], graphene [29 32],
and CB [33,34]. Conductive lament made from PLA and conductive llers (CB,
graphene) is commercially available [35, 36]. Fewer conductivity studies have been
done with PHB and PHBV-based carbon nanocomposites; this work has been
primarily with CNTs and graphene or graphene oxide, with conductivities in the
range of 0.1 S/m to 30 S/m with loadings above the percolation threshold [37 39].

Studies of conductive polymer blends have shown that nano llers lower the

percolation threshold of the blend over that of nano ller incorporated into a single
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polymer, due to the ability to reside in either the minor or major phase, or the
interfacial region [13]. This partitioning of the nano ller produces higher conductivity

at lower weight percent ller than in their non-blended counterparts. Phase-
separation has been used to control nano ller localization in blended PLA composites
[27 29,40]. Dierences in nano ller aspect ratio contribute to the phase-localization
behavior in addition to phase separation in these composite blends [34, 41, 42].
The studies of BioC involve particulate in a single polymer, conductivity of non-
incorporated monolithic BioC, or large (microns to millimeters) llers in a polymer
blend [4, 15,43, 44].

This study provides a novel investigation into the localization of CB and
BioC nano ller in biopolymer blends, and the resultant impact on mechanical and
electrical properties of nanocomposites of interest for 3D printing. The focus is
to investigate: (i) nano ller localization and resultant morphology in a blended
biopolymer system, PHBV:PLA, (ii) electrical and mechanical percolation of the
nano lled composites, and(iii) the impact of the two nano llers on processing
and melt rheology. To elucidate how nano ller localization would be expected to
occur in the blends, we predict the interfacial energies of the blends using contact
angle measurements and calculations of surface tension and verify these predictions
using eld emission scanning electron microscopy (FE-SEM). We then use impedance
spectroscopy, Raman spectroscopy, and dynamic mechanical analysis (DMA) to
evaluate the electrical and mechanical properties of the nanocomposites and calculate
the percolation threshold in blended and non-blended systems. We use melt rheology
during compounding and di erential scanning calorimetry (DSC) to evaluate the
impact of nano ller addition during processing and how these interactions impact

blend microstructure, thermal stability, and processability.
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Theory

Polymer blend phase separation and incorporation of nano llers can be described
through the use of the Owens-Wendt theory [45]. The thermodynamics of phase
behavior of polymers in a blend is governed by the surface tension of the polymers.
The surface tension is comprised of polar and dispersive components, and is typically
measured using the contact angle between the polymer surface and liquids with known
polar and dispersive values. The Owens-Wendt theory combines the Goods equation

(3.1) with the Young's equation (3.2) to create the linear form (3.3) [45]:
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where | is the overall surface tension of the wetting liquid, ¢ is the overall surface
energy of the solid, the polar and dispersive components are represented byf’ and

2, ,d respectively, 4 represents the interfacial tension between the solid and the
liquid, and is the contact angle between the liquid and the solid. A solid's unknown
polar and dispersive components ¢, ;’) are calculated using contact angles with
liquids of a known polar and dispersive component K |d). This calculation is done
by plotting contact angle data (x;y: equations 3.6 and 3.4) and using a line of best t
to determine a slope ands-intercept [46]. This form of the Harmonic Mean Method
requires a minimum of two liquids for which surface tension data is well known to
develop a best t line.

In general, binary polymer blends exhibit either a blended morphology represen-
tative of miscibility, or they may exhibit a sea-island structure representative of an
immiscible blend. For binary polymer composites, there are typically three potential
locations of the nano ller: it may exist in the major phase, the minor phase, or in
the interfacial region between the two. The interfacial tension between the blended
polymers and the nanoparticulates was calculated using the Harmonic Mean Equation
(3.8), and used to predict the morphology of the system [46].

49 jd 4" j|o

j i j d d p p
[ j i j

(3.8)

To determine miscibility of the polymer blend, the spreading coe cient j; was
calculated for phase on phasej (3.9). A positive j indicates that polymeri will

spread and is miscible o, while a negative number indicates immiscibility between
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i onj [46].

ij j i i (3.9)

The localization of the nano ller in the blend can be predicted by determining the
wetting coe cient of the polymer on the particulate, ! ;. This coe cient is given
in equation (3.10), where jyr represents the interfacial tension of the nano ller on
polymer i [46].

iNF iNF

i fj (3.10)

By this de nition, if ! is greater than 1 the particulate will localize in thej phase
of the polymer blend. In turn, if ! j is less than -1 it will localize in thei phase and
nally if !; is between 1 and -1 the particulate will localize in the interfacial region
between the blends.

The contact angle between the polymers during molten ow can be characterized

by equation (3.11) and used to predict the shape of the minor phase in the major [46].
j COs S (3.11)

Materials and Methods

Materials

Commercially available PHBV (ENMAT Y 1000p, >98% purity) in pellet form
was provided by Tianan (Nigbo City, China). PLA (2003D), also in pellet form, was
supplied by Nature Works (Minnetonka, USA). Powdered CB (Vulcan XCMAX22)

with a density of 0.19 g/cm3 was provided by Cabot Chemical Corporation (Boston,
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USA). Kraft lignin, with a density of 1.3 g/cm3 at 25 C, was purchased from Sigma
Aldrich and used to produce the BioC. All materials were stored in a desiccator prior

to composite fabrication.

BioC Production

BioC was produced through slow pyrolysis of ball milled kraft lignin. Powdered
kraft lignin (20g) was milled with zirconia media for 24 hrs at 60 rpm. The media
were removed and the milled lignin was stored at 106 to remove moisture. Prior to
pyrolysis in a tube furnace, nitrogen gas was purged through the tube at 0.95 CCM for
15 minutes to establish an oxygen free environment. After the initial purging, nitrogen
ow was reduced to 0.55 CCM and heating began at 1G/min to 750 C. After one
hour at 750 C the temperature was ramped to 95@ at a rate of at 10 C/min and
held for an hour. The sample was then allowed to cool to room temperature while

still under nitrogen ow. Post pyrolysis, samples were stored at 108.

Composite Fabrication

Composites were prepared by melt compounding in a Thermo sher Scienti c
HAAKE Minilab Il dual screw extruder at 50 rpm and 190 C for 5 min. During this
time, rheology data were collected and viscosity was calculated from Minilab outputs
as shown in Appendix B. After mixing, blends were extruded into a Thermo sher
scienti ¢ Minijet Pro injection molder. Initial injection pressure was 600 bar for 10 s
followed by 450 bar for 60 s. Injection temperatures were 19Din the gun and 60C in
the mold, as established through prior optimization. All composites were injected into
a DMA sample mold (Thermo sher Scienti ¢ 557-2295) with dimensions of 60x10x1
mm®. Table 3.1 gives the blend ratios used for the PHBV:PLA blends and blends
with nano llers. CB nano lled blends were made with all PHBV:PLA blend ratios,

while samples of BioC were produced as feasible due to viscosity challenges during
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Table 3.1: PHBV:PLA composite blend ratios with CB and BioC nano ller

Vol.% of Blend Wt.% of Total

PHBVY 100 90 80 60 Nanoller (CB,BioC) 2 6 10 14 18
PLA 0 10 20 40 PHBV:PLA blend 98 94 90 86 82

processing. Nano ller was measured as a weight fraction of the total polymer blend.

Characterization

Interfacial parameters, polymer blend morphology, moduli, thermo-mechanical,
and electrical properties were evaluated by video contact analysis, FE-SEM, DMA,

DSC, Raman spectroscopy, and 4-point probe impedance spectroscopy measurements.

Contact Angle Analysis To better understand the interactions of the polymer

blends during mixing, polar and dispersive components of polymer surface tensions
were calculated by measuring contact angles with deionized water and diiodomethane
(MI). Contact angles were measured using a video contact angle system with drop sizes
of 245 .5 L and a minimum of 5 measurements. Angles were divided into their
dispersive and polar components using the Owens-Wendt relationship as described
in Section 3 (equations (3.1-3.3)). Table 3.2 shows the known dispersive and polar
components of water and MI used as the contact liquid. Matlab code was developed
to analyze the surface tensions and predict interfacial interactions, phase separation,
and nano ller localization in the polymer blends and nano lled composites [47].
It is particularly di cult to consistently measure contact angles for nano llers

in order to determine surface energies. Instead, alternate methods such as absorption
and heat of immersion are standard techniques and have been explored in previous

studies which provided the literature values for CB used in this study [48,49].
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Table 3.2: Surface tensions for water and diiomethane

Liquid P d

Water 72.8 51.0 21.8
Ml 50.8 04 504

Dynamic Mechanical Analysis Dynamic mechanical measurements were con-

ducted on a TA instruments Q800 DMA. A multi frequency-strain experiment in
the 3-pt bending con guration was run at a frequency of 1 Hz, amplitude of 20m,
and a force track of 125%. The temperature was equilibrated at -4Dfor ve minutes
and increased to 150C at a constant rate of 5C/min. During the temperature ramp,

storage modulus, loss modulus, an@n data were collected.

Di erential Scanning Calorimetry A TA Instruments Discovery DSC (Serial

Number DSCI-0220) was used to assess the impact of the nano llers on the polymers
and blends. The nitrogen ow rate was 50 mL/min, as optimized in previous work [50].
Samples were encapsulated in aluminum pans with a target sample weight of 5 mg
2 mg, and heated from -20C to 180 C in the rst heating cycle at a rate of
10 C/min. After equilibrating to 190 C, they were held at 190C for 2 minutes prior
to cooling at 10 C/min to -20 C. The samples were then heated at 1G/min to
195 C in the second and nal heating cycle. The glass transition temperaturery)
was taken to be the midpoint of the heat capacity change, the melting temperature
(T) was measured as the minimum of the endothermic peak upon heating, the cold
crystallization temperature (T..) was measured as the maximum of the exothermic
peak (when present) upon heating, and the crystallization temperaturd{) was taken

as the maximum temperature of the exothermic peak upon cooling (in between the
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rst and second heating cycles).
The percent crystallinity of the PHBV and PLA in the matrix, p, was
determined using a modi cation to the standard equation for single phase composites

[51]:

0,
i W,  100% (3.12)

where H,, and H are the enthalpies of melting and cold crystallization measured
upon heating, Wy is the weight fraction for the PHBV or PLA, and H{n is the
reference value for 100% crystalline polymer: 146 J/g or 12.5 kJ/mole [52, 53] for
PHB and 93.7 J/g for PLA [54]. As a reference, a typical value for the crystallinity of
annealed PHB samples measured by Barham was 8&¥al. [52]. To convert between
volume and weight percent, densities of 1.24 g/ctfor PHBV and 1.25 g/cm® for
PLA were used. Sample density was measured using a Mettler Toledo XS205DU
Excellence series analytical balance with the Mettler Toledo Density determination kit
for Excellence XP/XS analytical balances. The measurement is a buoyancy technique
based on the Archimedes' principle.

To evaluate the e ect of BioC on each of the individual biopolymers, DSC was
used to evaluate neat PHBV and PLA compared with each of the polymers with BioC.
BioC was added on top of each of the biopolymers prior to the rst heating cycle.
The melting endotherms of the neat polymers were compared to the endotherms of

the rst and second heating cycles in the BioC nano lled biopolymers.

ScanningElectron Microscopy To obtain a cross section of the nano lled blends,

samples were cryo-fractured using liquid nitrogen. Examination of fracture surfaces
though FE-SEM was conducted on a Supra 55VP System 2512 at 1 kV with an
SE2 detector. Samples were uncoated. Nano ller and matrix microstructure were

characterized and the particle-matrix interfaces were imaged along with assessing
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potential localization of the nano llers.

ImpedanceSpectroscopy The polymers' resistivity, impedance, capacitance, and

phase angle were measured using a Hioki 3522-50 LCR HiTester in the 4 point
con guration at room temperature. Each data point is the average of 3 measurements
taken from 0.1 Hz to 16 Hz. The percolation threshold for the composites was

calculated using a Sigmoidal Boltzmann function [55]:

L u (3.13)

where is the measured resistivity, | is the lower limit for resistivity,  is the upper
limit for resistivity, ' is the percentage of CB in the blend; . is the percolation
threshold, and ' is the slope in proximity to the percolation threshold. The data
for resistivity from impedance spectroscopy at POHz were tted using the curve

tting toolbox in Matlab R2018b.

Raman Spectroscopy A fully integrated high resolution Raman microscope for

confocal Raman analysis, Horiba LabRam HR Evolution NIR, was used to evaluate
CB, BioC, and nano lled composites for graphitic content. The confocal microscope
was used for optical images of the composite samples at 20xXLWD and 50xLWD.
During Raman spectral acquisition, Raman spectra were acquired at 50xLWD and
100x, the stigmatic spectrometer was used with a grating of 1800 gr/mm, and the
532nm 100mW laser at 1%. To reduce the impact of heating in the samples, the
acquisition time was 3 s, and the spectra were accumulated for 3 acquisitions. Raman
spectra were recorded between 1000 and 1800 &nwhich corresponds to the spectral
region that provides data on the microstructure of carbons giving a measure of the

graphite band at 1530-1610 cni (G) and the disorder-induced band at 1320-1370
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Table 3.3: Contact angles and surface tensions using the Owens-Wendt model

Contact Angles Surface Tensions
H,O MI (20 C) (190 C) d P
deg deg MIm?3  (MIm?  mMIm? (mMIm?
PHBV 64.55 (1.06) 47.24 (0.98) | 45.095 35.195 32.365 12.729
PLA 64.00 (0.66) 62.02 (3.05)| 40.996 31.096 23.892 17.104
CB [48,49] - - 98.1 87.9 84.1 3.2

cm ' (D) [30,56,57]. The cftool in Matlab was used to t gaussian exponentials to
the CB and BioC peaks observed in this region to determine the peak locations for

D and G peaks and the intensity ratio,'c@; [58].

Resultsand Discussion

Evaluation of Blend Morphology and Nano ller Localization

Predictions from Interfacial Tension Contact angle analysis with water revealed

that the two polymers exhibit hydrophilic characteristics as contact angles were below
90 . In addition, evaluation with MI showed that both PHBV and PLA exhibit
dispersive dominate components (Table 3.3).

Table 3.4 shows predictions of miscibility of the polymer blends and the
localization of the nano ller within the blends made from equations (3.9) and (3.10).
A negative spreading coe cient between PHBV on PLA suggests that the PHBV
phase is immiscible with the PLA phase. The tension between the CB and PHBV
is signi cantly lower than that between the CB and PLA, suggesting that the CB

will preferentially localize in the PHBV phase. This predicted separation is further
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Interfacial tensions and spreading coe cients between polymers and

Component Interfacial tensions

mN_
m

PHBV/PLA 1.924

PHBV/CB 5.187

PLA/CB 8.682

Blend (i5j) Spreading Coef ,‘J) Wetting Coef Particulate localization

PHBV:PLA -6.0072 29.918 -7.4971 PHBV

PLA:PHBV 2.1592 150.08 7.4971 PHBV

supported by the negative wetting coe cient between CB on the PHBV major phase,

and a positive wetting coe cient with the PLA major phase. These equations predict

that for the blends studied here, PLA will form an immiscible structure within PHBV

while CB will reside in the PHBV phase.

Veri cation of Nano ller Partitioning and Blend Morphology Figure 3.1 shows

FE-SEM micrographs of an 80:20 PHBV:PLA blend with and without CB and

BioC nano ller. Immiscibility of PLA in PHBV is seen in its sea-island structure

(Figure 3.1a), as predicted by the surface tension results. As CB is added to the

blend (Figure 3.1b), it appears to localize in the major PHBV phase while the PLA

phase is left absent of nano ller. This morphology observed via FE-SEM shows a

granularity characteristic of the CB nano ller, and is comparable to other studies

where SEM observation of carbon black localization was veri ed with transmission

electron microscopy (TEM) [59, 60]. Furthermore, the addition of CB does not alter

the immiscibility of the two polymers. The e ects of adding BioC to the blend
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Figure 3.1: FESEM Images of 80:20 PHBV:PLA with: 4) no nano ller, (b) 6% CB,
and (c) 6 wt% BioC.

can be seen in Figure 3.1c. In the blend with BioC, there is no visual distinction
between the two polymer phases. Based on this observation and additional supporting
evidence through mixing experiments, rheology, and DSC, we hypothesize that BioC
reacts with the biopolymers, potentially preferentially depolymerizing the PLA phase.
Previous studies have observed that reduced molecular weight PLA is miscible in
PHBV and vice versa [8,61 64]. Therefore, the lack of observable phase separation
in FE-SEM is potentially indicative of this molecular weight reduction. In summary,
the partitioning of the CB nano ller behaves as predicted. The interactions of the
BioC with the polymer blend are more complex and are discussed in additional detail
in Sections 3 and 3.

For the surface energy and partitioning predictions made in Section 3 to be
accurate, the ller particle size should be smaller than the minor phase regions
of the blend. The as-received lignin yielded BioC with an average particle size of
approximately 100 m, larger than the 1-3 m domains of the PLA in the PHBV
(Figures 3.1a & b and 3.2a). The milled lignin yields BioC with a comparable particle
size to that of the CB (Figure 3.2). This nano size enables the ller material to reside

in either the minor or the major phase of the blend.

Electrical and Mechanical Percolation of Nano llers




28

Figure 3.2: FE-SEM of @) un-milled BioC, (b) milled BioC, and (c) CB shows that
the size reduction of the BioC after milling is comparable to the particle size of theCB.

Figure 3.3: Probe orientation on Samples

Impedance Spectroscopyof Polymer Blends Impedance Z) is de ned as the

e ective resistance of a component to an alternating current made up of redd () and
imaginary (Z") components ¢ Z° jZ"). The real and imaginary components

of impedance are classi ed as resistance and reactance respectively. As frequency is
increased,Z" will rapidly decrease in insulators and remain constant in conductive
materials. Figure 3.4 shows the resistanc®, and impedanceZ, by weight percent

CB (Figures 3.4a and 3.4b) and by volume percent PLA (Figures 3.4c and 3.4d).
Figure B.1 in Appendix C shows the full spectrum data collected from impedance
spectroscopy. For blends with CB ller content below 18%, there is a signi cant

decrease inZ around frequencies olld* Hz (shown in Appendix Figure B.1). This
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frequency is considered the characteristic frequency,) at which a dependency
on frequency forms. Insulators below, behave independently of frequency until
frequency is increased above where they become frequency dependent. Samples
above 18% CB did not experience this drop o and were considered to behave
independent of frequency.

As expected, increasing the percentage of CB added to the matrix increased the
conductivity of the nano lled blend. Using the Sigmoidal-Boltzmann function to t
the resistivity showed that with increasing volume percent of PLA, the percolation
threshold (' ;) shifted from 3.6 % in neat PHBV to a minimum of 1.6 % for 80:20
PHBV:PLA. Table 3.5 gives the values for . with the PLA percentage of the blend.
Depending on the conditions for the selective localization of CB at the interface or in
one of the polymer phases, in this case PHBV,. changes with the relative amounts
of the polymer phases in the system [65,66]. Other researchers have seen a similar
optimization in the mechanical properties for a related 80:20 system [67].

The 80:20 PHBV:PLA 2% BioC sample that was fabricated and measured, had a
resistance of 3.4310°  as compared to 2.99 10° forthe 2% CB samples, indicating
that BioC has the potential to perform similarly to CB when the BioC is produced via
the method described herein, provided that challenges during composite fabrication
(Section 3) can be overcome. Converting the measured resistance to resistivity, at 18
wt.% CB the resistivity of the PHBV:PLA nanocomposites ranges from 128 cm
to 167 cm, which is comparable to commercially available lament ( 0.5 115

cm) [35, 36].

Polymer-Nano ller Interactions Raman spectroscopy provided insight both into

the graphitic content of the BioC as well as the polymer-nano ller interface in the

blends. Table 3.6 gives the D and G bands for BioC as compared to previously
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Table 3.5: Percolation threshold, ., with volume percent PLA

PHBV:PLA S
vol.% wt.% CB
100:0 3.6 0.02
90:10 2.4 0.90
80:20 1.6 0.60
60:40 24 0.01

characterized CB [56]. As expected, for both CB and BioC, only partial graphitization
is present, as evidenced by the contribution of the D band which corresponel;s:3
carbon and is attributed to a higher proportion of defects [57,68]. The intensity
ratio between the D and G bands'¢@) is similar between CB and BioC, potentially
indicating similarities in the graphitic and disordered carbon content, although this
relationship is complex and is also linked to pyrolysis conditions [69 71]. Raman
spectroscopy does support the formation (ﬁp2 states in the lignin-derived BioC
which contribute to electrical conductivity.

Raman spectra provide insight into the polymer-nano ller interaction via
excitation energy shifts upon being incorporated into composites [72]. The Raman
spectra corresponding to the D and G bands of both nano llers were clearly observable
in the composites. The CB nano lled composites had a minimal downshift in the G
and D peak intensities upon incorporation of the CB. The BioC showed a more
signi cant upshift in the G band of 39 cm *. This G-band shift is often observed
in chemical modi cation of the carbon, the presence of electron-donor or acceptor

impurities, and surface interactions at the polymer- ller interface [72,73]. Given that
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Figure 3.4: Four point impedance spectroscopy of PHBV:PLA blends with increasing
CB nano ller percentages at 16Hz: (a) resistance versus CB%,) impedance versus
CB%, (c) resistance versus PLA fraction, andd) impedance versus PLA fraction.

there is a complex relationship between the biopolymers and the lignin-derived BioC

(Section 3), this shift can likely be attributed to that interaction.
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Table 3.6: Graphitic (G) and disordered (D) bands and peak intensity ratio!¢@;)
in CB and BioC nano lled blends

D G 1o @,
(1320-1370 cm?)  (1530-1610 cm?)

CB [56] 1359 1604 1.12
BioC 1366 1534 1.13
80:20, 6% CB 1342 1599 1.08
80:20, 6% BioC 1368 1573 1.03

Dynamic Mechanical Analysis Figure 3.5 shows the mechanical analysis of

a subset of the PHBV:PLA:CB nanocomposites for blends below or near the
percolation threshold (2% CB) and above the percolation threshold (10% CB). At
low temperatures, below theT, for PLA, there is an increase in elastic modulus of
5500 MPa 1695 MPa for the high versus low nano lled composites. This increase is
likely due to the combined increase in PHBV and PLA crystallinity between the 2%
and 10% CB composites (Figure 4.1a). At high temperatures, the storage modulus
of the composites is primarily a ected by the blend ratio (PHBV:PLA).

The loss modulus is related to the material's ability to dissipate mechanical
energy and the loss tangenttan ), or the ratio between the loss and storage
moduli, is related to damping. In composites these values can be linked to interfacial
interactions and toughness [74, 75]. Both were in uenced by the CB content and
blend ratio, with the loss modulus at high temperature increasing slightly in the high
nano lled composites while decreasing with increasing PLA content. There is not a
clear dependence dan on CB or blend ratio except for aroundT,. All blends show

a prominent peak intan around 65.5 C 2.3 C for 2% CB and shifted upwards to



33

70.4 C 1.3 Cfor 10% CB. The observed peak is near thi, for PLA, however as
even the 100% PHBV composite shows this peak, there is also a contribution due to
the presence of the nano ller. For blends with PLA, the magnitude of théan peak
decreased between the low and high CB composites, indicating that the presence of
additional nano ller reduced material damping aroundTg. For all of the blends there
was a shiftintan towards higher temperatures with increasing CB content, which can
be attributed to the increased nano ller content inhibiting chain movement [76, 77].
This shift can also indicate increased thermal stability in the nano lled composites.
The nano lled composites also improved temperature stability in the loss and storage
moduli over that of neat PHBV (data not shown), which started to decrease around
105 C as compared to 120 C for the nano lled composites. Like the electrical
percolation of the nano ller through the polymer blends, the increases in storage
modulus andtan can be linked to the intercalation of the nano ller through the

matrix.

Nano llers and Fabrication

The behavior of the nano llers during fabrication was highly dependent on the
nano ller type, CB or BioC. Melt rheology during compounding showed that the
melt viscosity of the CB blends increased with increasing nano ller content, while the
viscosity of the BioC blends decreased signi cantly with the addition of the nano ller.
This e ect became more pronounced with increased addition of BioC. DSC showed a
modest e ect on the melting temperature T,,) and crystallinity ( ) upon the addition
CB to the blends. In the case of BioC, the addition of small amounts of nano ller

had a pronounced e ect on bothT,, and

RheologyDuring Extrusion In addition to modifying the electrical and mechani-

cal properties of the solid composites, the nano llers had disparate e ects on the melt
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Figure 3.5: A subset of the DMA data (for 2% and 10% CB) showing:aj storage
modulus, () loss modulus, and €) loss tangent tan ) for PHBV:PLA = 100:0,
90:10, 80:20, and 60:40.

rheology of the blends during mixing. For CB, the rheology measurements during the
mixing cycle of the extruder were largely as expected. Early in the mixing cycle,
viscosity peaks prior to full mixing of the nano lled biopolymer blends. As ller
and polymers mix, the viscosity of the system begins to decrease until it plateaus.
This plateau indicates that the nano llers are incorporated and melt blending has
stabilized, which occurred by 5 minutes for all CB samples. Also as expected, as CB

increased in the blends, the melt became more viscous (Figure 3.6). This e ect is
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attributed to the added amount of ller in the mixture. Alternatively, the viscosity

of BioC blends drops to zero nearly immediately as the ller is added, resulting
in a polymer blend that is too uid for extrusion and injection molding. Due to

this rapid reduction in melt viscosity and underlying material causes for the reduced
viscosity, BioC nano lled blends above 2wvt.% could not reproducibly be processed
into dimensionally stable composites. The unexpected e ect of the BioC on melt
viscosity is likely due to chemical reactions with the polymer matrix, as described in

Section 3 and Appendix B.

Figure 3.6: Melt rheology of the 80:20 PHBV:PLA blends during melt blending.
Increasing wt% of CB causes an increase in in the viscosity of blends during mixing.

Di erential Scanning Calorimetry Figure 3.7 shows the DSC results for the

melting peaks of the blended polymers with increasingt.% CB. In Figure 3.7a for
neat PHBV with CB, the melting peak shifts slightly towards lower temperatures
with increasing CB. With increasing PLA content in the blend, Figures 3.7b-3.7d,
the impact on the melting behavior becomes more pronounced. Figure 3.7d for the
blend (black line) clearly displays the split melting peak, PHBV (170.iC) and PLA
(149.3\C), anticipated for a phase-separated blend [1,64,75]. With increasing CB,
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there is a reduction in the main melting peak areas for both components, which
results in a decrease in crystallinity, , attributed to these primary peaks. This
reduction is shown in Figure 4.1a (solid lines, PLA 10%-40%), with the reduction
of for PHBV. After an initial increase at low CB%, the crystallinity of the PLA
phase remains largely unchanged with increasing CB, Figure 4.1a (dashed lines), due
in part to attributing the shoulder peaks to the PLA phase. This increase in peak
shoulders and the shift toward lower temperatures (e.g. Figure 3.7d) is indicative of
decreased crystallite size and order likely due either to molecular weight reduction in
the PHBV component, PLA component or both, or nano ller-induced disruption of
the crystalline phases?,?,50].

Another feature, most clearly observable for Figures 3.7c and 3.7d, is the
presence of a cold crystallization peak, which is most pronounced for GR&.%
of 10% and above. This peak shows a general trend of shifting towards lower
temperature with increased CB (Figure 4.1b, dashed lines). The presence of cold
crystallization indicates barriers to full crystallization during cooling. Because PLA
has a cold crystallization peak in the region of the transition observed in the nano lled
composites, we attribute this cold crystallization to the PLA phase (Appendix C,
Table B.1) [78]. The presence of cold crystallization with increased CB supports
nano ller disruption of the crystallization process in the blends. Appendix C, Table
B.1 gives the complete DSC data for the CB nano lled blends.

In addition to the reduction in crystallinity in the PHBV phase due to the CB
content, there is a more pronounced reduction with the increase in PLA content.
Also, while the PLA phase shows a reduction in the cold crystallization peak, the
crystallization peak of the blend has an initial increase due to the presence of the
nano ller and then remains largely independent of CB content. Therefore, while

shows some e ect due to the nano ller, the PHBV phase is in uenced primarily by
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the vol% of PLA. Toughness and physical e ects of aging in PHBV:PLA blends have
been shown to improve above that of the neat polymers, because of this tailoring
of crystallinity and phase interactions, indicating the potential of these blends for
enhanced stability and mechanical properties [8,67].

In contrast, the e ects of adding BioC to the blends were signi cantly di erent.
As discussed in Section 3, when added to the melt, the viscosity decreased
substantially. To explore this e ect, Figure 3.9 shows a comparison between neat
PHBV, neat PLA and BioC added to PHBV and PLA prior to the heating cycles in
the DSC. BioC has a substantial e ect on the melting endotherm for both PLA and
PHBV. PLA:BioC exhibits a melting peak around 150C on the rst cycle, as would
be expected in neat PLA. PHBV:BioC also has a melting peak similar to the neat
polymer on the rst cycle. After mixing with BioC and undergoing a thermal cycle,
PLA:BioC exhibits no melt peak implying that PLA no longer has crystalline regions.
A similar e ect takes place in the PHBV:BioC, with a signi cant reduction in the
area of the peak. These results indicate that the signi cant material changes in the
blend upon addition of this lignin-based BioC are likely due to a reaction between
the BioC and the polymers. This reaction renders use of BioC prepared from this
source di cult for use in extrusion and injection molding. Additional evidence of this

reaction is given in Appendix B, Figure B.1.
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Figure 3.7: Stacked DSC (endo up) of the melting peak of PHBV:PLA blends
with increasing wt:% of CB: (a) PHBV:PLA = 100:0, (b) PHBV:PLA = 90:10, (c¢)
PHBV:PLA = 80:20, and (d) PHBV:PLA = 60:40.
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