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ABSTRACT

Cellulose nanomaterials (CNMs) are abundant, renewable nanomaterials with unique
properties leading to the exploration of these materials in industries such as the textile, electronics,
automotive and packaging industries. In polymer-composites, they have been heavily investigated
as mechanical reinforcements since CNMs have densities comparable to polymers, but high axial
strength and stiffness. One of the key challenges in nanocellulose composites is processing. Early
studies focused on solution processes that would be challenging to make industrially viable or they
focused on water-soluble polymers with limited application space, while more recent research has
emphasized melt-processing. Some of the key challenges to creating CNM/polymer composites
are overcoming temperature stability differences and chemical compatibility.
This thesis concentrates primarily on poly(lactic acid) (PLA). PLA is a biopolymer derived
from corn known for its use as 3D printer filament, biomedical applications, and packaging. The
focus for PLA was two-fold: 1) to improve mechanical properties like stiffness and strength, and
2) to drive the crystallization rate, in turn leading to improvements in properties. Two projects for
creating PLA nanocomposite fibers were explored, with the second leading to the development of
a generalizable process for the solvent-less dispersion and distribution of CNMs into polymers. In
the first project, a dry-spinning process for creating nanocomposite fibers was developed. In the
second project, a melt-spinning process was developed in which CNMs were exchanged from their
native solvent (water) into a known plasticizer which acted as a compatibilizer and processing aid
as well. By exchanging the CNMs, no solvents were spent in the melt-processing step and the
plasticizer served multiple functions during processing, but also served a final purpose in the
composite as well. The fiber spinning projects fell under the first direction for PLA. The process
developed became the basis for a preliminary investigation into the bulk properties of plasticized
PLA. Since the process produced very small concentrations of CNMs in PLA, concentrations
typical of commercial heterogeneous nucleation agents, the crystallization kinetics were
investigated for very small concentrations in plasticized PLA; this fell under the second direction
for PLA. Both the first and second set of projects under the two directions suggest that small
concentrations of PLA can be effective in modifying composite properties. Lastly, the plasticizer
method was investigated in a preliminary study on nylon 6 where the primary goal is to create
dispersed nanocomposites.
13

INTRODUCTION

1.1

Nanocellulose Background

Cellulose nanomaterials (CNMs) encompass a wide variety of cellulose-based
nanoparticles. Their exceptional properties, inherent abundance and renewability, and non-toxicity
are all motivations that have driven research with these nanomaterials. Applications for these
materials and their composites include uses in the packaging, automotive, and electronics
industries

[1,2]

. CNM’s and their polymer composites have been shown to enhance thermal

properties,[3,4] gas barrier behavior,[5] as well as mechanical performance[6]. The diverse
application space for these materials continues to expand as methods to process these materials
and chemically modify them are developed.
CNMs are natural polymer nanoparticles that come from cellulose-containing resources
like wood, cotton, fungi or bacteria [2]. Natural cellulose is comprised of amorphous and crystalline
regions. During the isolation of these nanoparticles, the CNMs are subjected to a combination of
chemical and mechanical treatments where the material is purified, homogenized, and refined [1].
Depending on the treatments, different types of nanoparticles can be obtained with different
properties (e.g. aspect ratio, surface chemistry, etc.). One common method of refinement is acid
hydrolysis

[1,2]

. Sulfuric acid, which creates a negative charge on the surface of CNM’s, is very

common in acid hydrolysis processes as the electrostatic repulsion between nanoparticles results
in a more stable dispersion[2,7]. Furthermore, CNMs differ with cellulose source material; i.e.
bacterial cellulose will produce different microfibrillar cellulose structures than wood-based
cellulose which translates to differences in the nanoparticles isolated from these two sources [2].
Two important classes of CNMs are cellulose nanocrystals (CNCs) and cellulose nanofibrils
(CNFs), which are the focus of the current work. CNCs, like those in Figure 1.1 A, are rigid rodlike nanoparticles while CNFs are long fibrillar, flexible nanoparticles (Figure 1.1 B). Both are
high aspect ratio nanoparticles and due to their small size have a high surface area to volume ratio
that composites take advantage of [1].
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A

B

Figure 1.1 Transmission electron microscopy (TEM) images of A) CNCs B) CNFs.

CNCs are high-aspect-ratio nanoparticles with dimensions between 5-20 nm wide and 20500 nm long and crystallinities between 54-88%[2]. In wood-CNCs, such as those used in this
dissertation, these nanoparticles are typically produced from the acid hydrolysis of cellulose after
it has been cleaned of lignin and hemicellulose in a pretreatment phase[2]. One of the most common
variants is sulfuric acid hydrolysis CNCs. However, other variants include phosphoric acid CNCs,
which are less susceptible to browning during nanocomposite processing[7,8]. CNCs are anisotropic
in their mechanical, optical, and thermal properties. CNCs have a high axial elastic modulus, 57 145 GPa, and transverse elastic modulus, 18-50 GPa as well as high strength (although this has
not been experimentally validated yet to the best of the author’s knowledge) [2]. Additionally, CNCs
are birefringent. When viewed through cross-polarized film, oriented CNC films can exhibit
direction or angle-dependent color and CNC solutions exhibit Schlieren or “finger-print” structures
when agitated[2]. Research has shown the CNCs and CNC films can exhibit high modulus, strength,
thermal conductivity, and low coefficients of thermal (CTE) and hygroscopic (CHE) expansion [2–
4,9,10] .

CNFs are also high-aspect-ratio nanoparticles but are significantly larger. CNFs are 4-100
nm wide, but can have lengths over 10 µm[1]. These nanoparticles are typically much less
crystalline than their CNC counterparts. CNFs typically is a good mechanical reinforcement in
polymers due to their high entanglement density, which can be seen in Figure 1.1 B
15

[2] .

These

bigger nanoparticles are typically lower cost compared to CNCs since they are after only subjected
to mechanical treatments, however, oxidized versions

exist; for example, 2,2,6,6 -

tetramethylpiperidine-1-oxyl radical (TEMPO) CNF.

1.2

Putting Polymer Sustainability into Context

One of the appeals of using bio-polymers like poly(lactic acid) (PLA) or CNCs/CNFs is
that they are renewably sourced; both materials are derived from natural resources. However, these
materials are not inherently more sustainable compared to petroleum alternatives due to the
expenditure of resources over the course of the material or product life cycle. The life cycle
comprises of the extraction of raw resources, processing, and manufacturing of those resources to
create a material or product, its distribution and use phases, and its end of life (landfill, reuse,
recycling, etc.). When discussing life cycles, the entire life cycle is not always considered; for
instance, the production of polymer resins which can be used for a variety of different products, is
usually cradle-to-gate. A cradle-to-gate analysis covers the production of raw resources through
the manufacturing phase while “cradle-to-grave” covers through the entire life cycle. The
accumulated environmental impact from the life cycle of a product can be determined by applying
the life cycle assessment (LCA) methodology to account for various material and energy
inputs/outputs throughout the course of a product life. The idea of conducting an LCA is to use
that information to direct changes that will increase sustainability. Common environmental impact
indicators from LCA are the global warming potential (GWP) in CO 2 eq. (sequestered heat by
greenhouse gases relative to CO2), acidification potential (acidification of soil and nutrient
depletion), abiotic depletion potential (i.e. fossil fuel depletion), and freshwater ecotoxicity
potential. The GWP and waste generation for various polymers is shown in Table 1.1. For highly
ubiquitous, commercialized products like polyethylene (PE), polyethylene terephthalate (PET),
polyvinyl chloride (PVC) or polypropylene (PP), the waste generated (2015) is also provided [11].
Packaging applications, which account for 146 million tons of plastic produced yearly (2015), are
a primary target for PLA[11]. Many packaging polymers, like PP, PE, and PET also account for a
large amount of the plastics waste generated every year (Table 1.1).
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Table 1.1 Environmental impacts of bio-polymers and petroleum-based polymers. All references
in order from left to right along columns of data.
Polymer

GWP
kg CO2 eq/kg

Waste generation
(2015) 106 tonnes

Ref.

Nanocellulose (CNF)

0.7-3.1^

-

[12]

CNF (Carboxymethylation
treatment)

99

-

[12,13]

CNF (enzymatic or no
treatment)

0.79-1.2

-

[12,13]

CNC (acid hydrolysis)

29.64

-

[12,14]

PLA

0.6*, 1.4-2.3**

-

[11,15,16]

Low Density Polyethylene

2.2*, 1.3-2.3**

57

[11,15,16]

High Density Polyethylene

1.9*, 1.0-1.5**

40

[11,15,16]

Polyethylene Terephthalate

2.7*, 2.2-2.7**

32

[11,15,16]

Polypropylene

1.9*, 1.1-2.0**

55

[11,15,16]

Polyvinyl Chloride

2.4*, 1.9-2.5**

15

[11,15,16]

^ Many LCAs on nanocelluloses, CNCs or CNFs, are available for lab-scale/pilot-scale plants. The largest functional
unit (1-ton production) for a sulfite pulp-based nanocellulose is reported in this table.
*Cradle to gate (factory-resin)[15]
**Cradle to gate plus end of life; range shown for multiple common scenarios on petroleum-based resin products. All
petroleum-based polymers assumed to be landfilled. [16]

Several LCAs have been conducted on nanocelluloses, with cradle-to-gate analyses,
yielding GWPs as low as 0.75 kg CO2 eq/kg and as high as 1120 kg CO2 eq/kg [12]. The materials
selected were chosen as these materials are thought to best represent the CNCs and CNFs used in
this dissertation. The GWP range for a 1-ton function unit of CNF from sulfite pulp was 0.7-3.1
kg CO2 eq/kg and the range for 1 kg functional unit of CNF for three conditions (untreated,
enzymatic treatment, and carboxymethylation) was 0.79-99 kg CO2 eq/kg [12]. CNCs from an acid
hydrolysis process using bleached kraft pulp was 30 kg CO 2 eq/kg [12]. Generally, it appears that
the addition of a chemical-based treatment, like carboxymethylation or TEMPO-oxidation result
in higher GWP because of the addition of additional chemicals and solvents, however, these
pretreatments can also reduce the amount of energy required for fibrillation in mechanical
processes[12]. The LCA conducted by the Forest Products Laboratory is informative in this regard,
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as the GWP is quite large compared to the CNF LCAs. This is largely due to the production of
sodium hydroxide (NaOH), a chemical used to neutralize the CNCs after acid hydrolysis, and
electricity use[12,14]. Considering the relatively high GWP of some nanocelluloses investigated in
the literature, there is room for improvement in these processes which have largely been conducted
at lab-scale and are scaled up for the LCA. However, these early analyses are key in identifying
the areas for design which could have the largest impact on the environment.
The GWP of various polymers, biologically derived and petroleum derived, is shown in
Table 1.1 for two scenarios: one cradle-to-gate and the other cradle-to-gate plus disposal. The
GWP of PLA for the cradle-to-gate scenario from NatureWorks LLC, the largest PLA producer
(2020), is the lowest when compared to petroleum-based polymers (data from 2014)[15]. This low
GWP is largely due to the carbon sequestration in growing corn, the resource used to produce the
lactic acid monomer for PLA, in addition to other by-products that are used in the food industry
like cooking oil[15]. Considering the scenario which incorporated end-of-life emissions into a
cradle-to-gate LCA, the GWP of PLA is of comparable range to petroleum-based polymers. The
range shown for PLA is for multiple scenarios where it is landfilled or composted. Due its
molecular structure, this material can degrade/compost to release an additional 1.6 kg CO 2 eq/kg
plastic and, potentially, exceed the environmental benefits or credits from carbon sequestration
early in its life cycle[16].
Neither study accounted for additional manufacturing steps or use which may be equally
or more important in determining the GWP of a PLA product compared to a petroleum-based
polymer product simply because of the difference in polymer properties (Table 1.2). While
comparable in some of its properties (tensile strength for instance), PLA is very brittle compared
to other polymers and has a very low heat deflection temperature (HDT) which will be discussed
in subsequent chapters. Moreover, it has a higher density than polymers like PE or PP which are
used in food packaging. The key implication is that, to create a product with comparable
performance, the weight of the PLA product may be much higher and result in negative
environmental impacts downstream in its life cycle.
Creating polymer composites to modify the properties of the polymer is a common strategy
to achieve better performance regardless of polymer source (natural vs. petroleum) but is not a
guarantee that the composite will have a lower environmental impact. Hervy et al. demonstrated
that PP/glass fiber (GF) reinforced composites could exhibit lower environmental impact
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compared to a product made of neat PLA or a CNF/epoxy composite in a cradle-to-grave analysis
for an automotive product[17]. Some important considerations in this study were the processing
methods, which are different for GF/PP composites and CNF/epoxy composites. PP is a
thermoplastic that can be injection molded, while epoxy thermoset composites are primarily laid
up using vacuum-assisted forming methods; the latter is more resource intensive (consumable
items used). There were higher environmental impacts (GWP and abiotic depletion potential)
associated with the expenditure of consumable items in the production of CNF/epoxy composites
in the study by Hervy et al.[17]. This is not to say that CNF or CNC-based composites cannot be
more environmentally friendly, only that materials and products need to be evaluated on a case by
case basis, especially where some technologies may be premature. Should the GWP of CNCs and
CNFs remain relatively high, even after significant development, the improvements in composites
might still justify the use of these materials.

Table 1.2 Polymer properties.
HDT
(°C)

Tensile
Strength
(Mpa)

Young’s
Modulus
(Gpa)

Elongation
(%)

Density
(g/cc)

Ref.

Nanocellulose
(CNCs)

-

-

57-145

-

1.5

[2]

PLA

49 - 52

47 - 70

3.3 - 3.6

2.5 - 6

1.24 - 1.27

[18]

PE (LDPE and
HDPE) *

121

20.7 - 44.8

.621 - .89

200 - 800

0.939 0.960

[18]

PET**

70

51.8 - 63.8

2.79 - 3.01

270 – 330

1.29 - 1.39

[18]

PP***

100

27.6-41.4

0.89-1.55

100-600

0.89-0.91

[18]

PVC****

92

37.7-43.9

2.2-3.1

40-80

1.29-1.45

[18]

Polymer

* low density polyethylene (LDPE) and high-density polyethylene (HDPE)
** polyethylene terephthalate (PET)
*** polypropylene (PP)
**** polyvinyl chloride (PVC)

1.3

Polymer Nanocomposites General Context

Polymer nanocomposites have been prepared for several polar and non-polar engineering
polymers by solution processing[19,20], melt-processing[6,8], solvent-assisted processes[21], in situ
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polymerization[22,23], and milling[7]. PLA in particular has been widely studied, perhaps in part
because it is a good candidate for an entirely renewable polymer/nanocellulose composite (PLA is
a biopolymer derived from corn)[6,21,24–27]. This dissertation explored nanocomposites made
primarily of PLA, but also polyamide 6 (nylon 6). As each chapter in this dissertation provides a
thorough introduction to the nanocomposite system and the processes implemented, this section
will provide a brief overview to give context to the work as a whole.
Processing of nanocomposites poses several challenges that have been previously alluded to.
For the context of this work, it comes down to several interrelated issues: the difference in thermal
stability between the polymer and CNM that can complicate processing, inherent differences in
chemical compatibility as nanocelluloses are very hydrophilic compared to many engineering
polymers and overcoming agglomeration issues either upon drying or in processing with the CNM
slurry. The thermal stability of CNMs begins to degrade around 200-250°C which is why polymer
nanocomposites processed at high temperatures, like polyamide 11 [7] or polyamide 12[8] turn
yellow or brown after being exposed to high temperatures (Figure 1.2). Moreover, CNCs tend to
hydrogen bond strongly with neighboring CNCs, especially when dried and so re-dispersing them
can be challenging. Several methods are common in the literature for addressing the problems
facing polymer nanocomposites. One method is to surface modify the CNMs through the

Figure 1.2 Images of polyamide 12 (PA12)/CNC nanocomposites: (a) Neat PA12; (b) 10%
phosphoric acid CNCs; (c) 10% sulfuric acid CNCs. This figure was adapted and republished with
permission of Wiley.[8]

hydroxyls available on the nanocellulose surface. Several studies have grafted various chemical
groups to the surface such as PLA[28] to tune the hydrophilicity of the nanoparticles which
inherently prefer water. These methods have shown varying degrees of success [27,29,30]. Similarly,
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using CNCs with different surface groups from the acid hydrolysis process, like those discussed
previously for polyamide 11 and polyamide 12 can also address these issues [7,8]. Another method
is to coat the CNCs with a material that can shield the CNCs from each other and, ideally, is
compatible with the polymer matrix[31,32]. A last and important method is to use an additive, such
as a plasticizer, as a processing aid and compatibilizer to carry CNMs into the polymer melt [21].

1.4

Research Objectives and Scope

The overarching goal of this work was to develop new processing methods for creating
nanocellulose/polymer composites. Naturally, the nanocomposites produced by these methods
were characterized and assessed in terms of their target properties which were driven by a specific
application or interest.
The initially targeted application space for this work was in fibers. The goal of the first two
projects was to create high strength and high stiffness fibers using a continuous, scalable process.
The benchmark was to obtain similar specific stiffness and specific strength to fiberglass by using
CNMs as reinforcements in polymers such as PLA and polyvinyl alcohol (PVOH). If the
benchmark was met, then considerable weight savings in fiber-reinforced composites, like those
used in aerospace, could be made. One of the benefits of using a nanocellulose reinforced polymer
is that polymers are very affordable (dollars/lbs vs. hundreds of dollar/lbs) and very low density
(1-1.5g/cc) already.
In the first iteration of the fiber spinning project, a solution-based fiber spinning process was
envisioned. Solution spinning processes are used commercially for polymers like Kevlar and
poly(acrylonitrile) (PAN), which is commonly a precursor to carbon fiber. For nanocellulose
composites, the idea was to develop a solution spinning processes that would facilitate orientation
along the fiber axis during processing and enable high CNC loading. In the first project, trying to
maximize CNC loading was a primary effort as previous solution-spinning efforts had shown CNC
concentration to be important in maximizing properties[33]. In the second iteration of this project,
a melt-spinning process was developed. There are several reasons for the change to a melt process.
1) Melt-spinning is a simple process as it only relies on heat transfer while solution processes also
depend on mass transfer (solvents evaporating or diffusion from the fiber to solidify). 2) Meltspinning is much faster than solution spinning processes. 3) Melt-spinning processes typically do
not release volatiles into the air like solution processes. The second project emphasized the
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importance of alignment along the fiber axis and instead focused on smaller concentrations of
CNMs, but hot drawing to facilitate alignment. Both projects examined PLA as the primary phase
in the nanocomposite fibers.
Working with PLA, the scope of the research expanded to include other properties such as the
HDT and the crystallization rate. The HDT of PLA is close to its T g, around 50-60°C. The goal of
the preliminary study exploring the effects of different types of CNCs at different concentrations
was to determine if these materials could be used to improve the HDT to expand the potential
application space for these materials. This project led naturally to the investigation of CNCs and
CNFs in plasticized PLA. The method developed for the melt-spinning process enabled very small
concentrations of CNC and CNF to be dispersed in PLA and for the combined effect of a plasticizer
and a CNM on the crystallization kinetics to be studied. Lastly, since the method to create the meltprocessed PLA nanocomposites was successful, the final preliminary study aimed to see if the
process could be adapted to create other nanocellulose/polymer composites. Nylon 6 was chosen
as it is particularly challenging in processing due to its high melting point that is within the thermal
stability limit of unmodified CNMs.

22

DRY-SPINNING OF CELLULOSE
NANOCRYSTALS/POLY(LACTIC ACID) COMPOSITE
FIBERS

All lab work performed in this chapter was done by Caitlyn Clarkson. All writing was done
by Caitlyn Clarkson. Dr. Youngblood, Dr. Schueneman, and Dr. Snyder advised on research
directions and provided editing and guidance on all writing.
This chapter contains content reproduced with permission from C. M. Clarkson, G. T.
Schueneman, J. F. Snyder, J. P. Youngblood, Green Mater. 2018, 6, 6.

2.1

Introduction

Fiber spinning is commercially used to produce many synthetic fibers. Three primary
commercial techniques are described in the literature which are melt-spinning, and the two primary
solution processes: dry-spinning and wet-spinning. Melt spinning produces fibers at the highest
production rate by the simplest process. A polymer is melted and extruded through a spinneret into
a cooler where it then undergoes any number of post-processing steps. Similarly, in dry-spinning,
solutions of polymer and solvent are extruded from a spinneret. However, dry-spinning is a more
complex process as solidification depends on solvent evaporation which in turn depends on many
variables including the solution composition and concentration of constituents and processing
variables such as temperature. The slowest process is wet-spinning where the solution is extruded
into a miscible solvent bath and solidification occurs by diffusion of the fiber solvent into the bath
solvent. These processes offer different advantages. For instance, solution spinning processes offer
lower operating temperatures and the ability to process polymers that do not melt or flow-easily.
Nanocellulose reinforced polymer composites have been explored for fiber applications
due to the large stiffness and strength gains in low cost, commodity polymers [6,33–35]. Solution
spinning processes are the primary method to produce CNC nanocomposite fibers. These studies
focus primarily on polymers soluble in water and water-miscible organic solvents such as
acetone/dimethylacetamide to address challenges[33,35–37]. A study on polyvinyl alcohol and
cellulose nanocrystal composite fibers produced by gel spinning obtained improvements in tensile
strength and Young’s modulus with hot drawing [35]. In cellulose acetate fibers, the elastic modulus
increased by 637 % and the tensile strength increased by 137 % with the addition of 34 wt% CNC
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[33]

. However, the maximum alignment was achieved around 30 wt% after which the alignment

was constant and CNC content alone determined the mechanical performance [33]. The CNC
concentration at which the transition from alignment-dependent to CNC-loading controlled
properties varies between polymers as aggregation of the nanocellulose will change with polymer
system and processing. A ductile to brittle failure transition may accompany the aforementioned
change as was observed in dry-spun CA-CNC fibers with the addition of CNC and a reduction in
strain at failure was observed at as little as 2.5 wt% CNC [33].
Polylactic acid (PLA) is a sustainably sourced alternative to many industrially available
polymers but is insufficient in mechanical performance. PLA fiber is primarily melt-spun, but the
dry-spinning of PLA has been explored previously from solvents such as chloroform and
trichloromethane [38–41]. Tensile strengths were as high as 2.3 GPa and elastic moduli were as high
as 15 GPa have been observed for dry-spun polylactic acid fibers[41,42]. However, melt fracture and
heavy surface texturing is also observed in dry-spun fibers[38]. Alternatively, direct-injection of a
CNC/water solution into a polymer melt has been employed to produce fibers with the end goal of
creating films[43]. This study reported good dispersion in the fibers, however, the introduction of
water during processing can create issues such as the development of bubbles due to solvent
evaporation and residual water may be leftover.
In the present study, dry-spinning of CNC/PLA composite fibers (as opposed to meltspinning and wet-spinning) was explored as an option for producing CNC composite fibers as it
could enhance CNC dispersion in the polymer matrix for unmodified CNC, provide lower
processing temperatures which are essential to prevent thermal degradation of CNC, and eliminate
water from polylactic acid processing which can degrade molecular weight. To understand the
viability of this process for producing high strength, high stiffness fibers from CNC/PLA fibers
were produced and the surface morphology, crystallinity, and mechanical properties of the
reinforced fibers were investigated. To the best of our knowledge, these properties and this system
have not been reported.
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2.2
2.2.1

Materials and Methods

Materials
CNC slurry at 11.8 wt % (Batch 2014-FPL-CNC-064, 1 wt% sulfur on dried sodium CNC-

form) in water was received from University of Maine (Orono, ME, USA), the distributor for
nanocellulose manufactured by the USDA Forest Service- Forest Products Laboratory (FPL)
(Madison, WI, USA) who produces the material. Dimethylformamide (DMF) was purchased from
Sigma-Aldrich, St. Louis, MO, USA. NatureWorks 6202D fiber-grade polylactic acid (PLA) for
fibers and non-wovens was purchased from a distributor, Jamplast Management Co., Ellisville,
MO, USA. Resin pellets were dried at 80°C for 24 hrs before use. DMF was dried over molecular
sieves for 2-3 days before use. Solvent exchange of the CNCs from water into DMF was performed
on a rotary evaporator at 50 Torr to get a solution of approximately 8.5 wt% CNC.
Thermogravimetric analysis (TGA) was used to confirm that water had been removed from the
solvent/CNCs solution because water can initiate chain scission in PLA and thus lower the
molecular weight.
CNC/PLA solutions were prepared at a fixed concentration of polymer in solution, 30 wt%,
and varying CNC content to achieve a final concentration of 1 wt%, 3 wt%, and 5 wt% CNC in
the composite fiber. Solutions were prepared by first mixing the appropriate quantity of CNC/DMF
solution into the quantity of DMF needed to make a 30 wt% PLA solution. A homogenous solution
was achieved by first mechanically mixing the CNC/DMF solutions and then ultrasonicated to
further disperse the CNC in solution. Ultrasonication on a Branson Sonifyer was performed for 1
minute at 30 % amplitude with a 1-second pulse and 1-second rest to avoid damaging the CNC.
Under vigorous mechanical stirring, the final concentration of PLA in DMF was achieved by
elevating the temperature to 80-90°C while dissolving the polymer. Higher concentrations of CNC
could not be achieved because of a large increase in solution viscosity that inhibited the mechanical
mixing of the polymer pellets into solution.

2.2.2

Dry-Spinning Method
Direct-winding fiber spinning was used to produce dry-spun fibers. Fiber spinning was

performed on an Xplore 5cc twin-screw micro-compounder with a continuous feed hopper, 90°
turn, and funnel-tapered (conical V-taper) 250 µm orifice. A multiple temperature profile was
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employed for spinning where the top to bottom barrel temperatures were 100 °C, 110 °C, and
115 °C, respectively. The polymer solutions were loaded into the pre-warmed barrel and allowed
to compound at low speed (5 rpm) for a maximum of two hours until a spinnable viscosity was
achieved. The extrusion speed of the fibers was varied by altering the screw-speed of the
compounder; screw-speeds of 1, 5, 25, 50, and 100 rpm were initially investigated. Fibers were
collected directly from the orifice during the spinning process on a winding mandrel. The take-up
speed of the winding mandrel was 150 rpm and was held fixed for all processes. Before testing,
all fibers were dried in a vacuum oven at 70 °C for several hours to ensure all residual solvent and
any water absorbed from the atmosphere were removed.

2.2.3

Characterization of Dry-Spun Fibers

Optical microscopy images of as-spun fibers were taken on a Carl Zeiss (Axio Observer A1)
inverted light microscope. Spinning conditions produced fibers with diameters from 20 µm to 80
µm. Individual fiber diameters were measured for tensile test analysis.
Scanning electron microscopy (SEM) was utilized to image fiber surfaces on an XL40 FESEM. Samples were prepared by first sputter coating surfaces with gold-palladium to provide a
conductive barrier to dissipate charge from the organic media. For high-resolution images of
organic fibers, a 3-5 keV accelerating voltage and a working distance of 10-15 mm was selected.
Thermal data was collected on a Thermal Analysis (TA) Instruments Q2000 differential
scanning calorimeter (DSC). Heat-cool-heat temperature ramps were conducted at 10 °C/min in
nitrogen. The average sample size was 6 +/- 2 mg and three samples per experiment.
Tensile testing of the fibers was performed on a TA Instruments Q800 dynamic mechanical
analyzer (DMA). Stress/strain data was collected from a force ramp at 0.3 N/min and 0.001 N preload. To avoid pinch off during clamping and make sample loading easier, the carding
configuration in Figure 2.1 was adapted to conduct tensile tests[24]. Fibers were selected at random
from dry fiber bundles and the fiber diameter was measured before carding to screen specimens
for fiber diameter and bin them for easier comparison of experimental parameters. The pattern
below was printed onto heavy cardstock to use as a template and a hole punch was used to remove
the center of the cardstock. After screening, the fibers were sectioned into 25.4 mm pieces for
carding. The 25.4 mm long pieces were secured along the primary axis of the template and highstrength epoxy was used to secure the fiber. The final gauge was 6.2 +/- 1.1 mm length. From

26

optical microscopy images, the true gauge length and minimum diameter of the fiber were recorded
for calculation of the engineering stress and engineering strain.

2.3

Results and Discussion of Dry-Spun Fibers

Figure 2.1 Schematic of fiber testing geometry.

2.3.1

Surface Morphology
Mild to moderate melt fracture was observed on dry spun fibers as seen in Figure 2.2. By

tuning the extrusion speed relative to the take-up/winding speed, the surface morphology of the
fiber was seen to change, as seen in Figure 2.2. For slow screw speeds, the fiber morphology was
relatively smooth with random dimpling across the fibers. By increasing the screw speed, the
surface textures became much rougher with the onset of sharkskin (Figure 2.2 B&E) which
transitioned to more moderate distortion at 100 rpm screw speed (Figure 2.2 C). Large scale
distortion, like gross melt fracture, is thought to occur when an instability in the die forms that
cannot be resolved [45]. For surface textures like sharkskin, the instability is thought to occur within
the region of the die exit as the result of a cohesive failure and wall-polymer adhesion failure,
while severe (melt) fracture is believed to be caused by fluid instabilities within the die which then
propagate downstream

[45] .

Sharkskin melt fracture has been connected to many experimental

factors including temperature, composition, die geometry, and extrusion and winding speeds [45–47].
With those factors in mind, the experiment was designed to facilitate fiber diameter and
drawing rather than to tune specific surface morphologies. A concentration of 30 wt% polymer in
solution was chosen after preliminary studies showed stable jet formation and 115°C maximum
temperature was chosen to facilitate solvent evaporation. In the case of melt spinning, increasing
temperature has been shown to relieve melt fracture as the molecular mobility increases with
increasing temperature and thus polymer will relax more rapidly after stretching and shearing
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within the die and at the exit[46]. However, in dry-spinning, increasing temperature also increases
solvent evaporation and could result in an increase in concentration which may have the opposite
effect on melt fracture. Both were held constant as the effect of CNC content was the primary
interest. Interestingly, CNC content did not appear to have a significant effect on surface texture
despite some data which suggests that by promoting slip, melt fracture can be mitigated. CNCs are
shear thinning and may promote slip, but in this case, did not appear to reduce melt fracture, but
could have shifted the onset of severe sharkskin to lower screw speeds/extrusion speeds. This is
possible because of the increase in solution viscosity with increasing CNC content at sufficiently
high shear rates. Additionally, a conical v-tapered orifice with a diameter of 250 µm was employed.
It has been shown that zero-length or short length orifices like the one employed in the present
study can contribute to the onset of melt fracture because the length of the die does not allow
sufficient relaxation of the polymer and sharp entry angles create flow instabilities as the polymer
is compressed and stretched inside the die. Increasing the extrusion rate or the polymer
concentration can both exacerbate this effect as the polymer relaxation rate depends on how
quickly it is deformed and how high the molecular mobility of the solution is.

Figure 2.2 Fiber morphology from SEM: A) Neat PLA fiber produced at 1 RPM, B) 15 RPM, C)
100 RPM. Fiber morphology at 25 RPM for different concentrations C) 0 wt%, E) 1 wt%, and F)
5 wt% at a fixed RPM.
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2.3.2

Crystallinity of Composite Fibers
Crystallinity was examined as a function of the processing history and composition in the

as-spun fibers using DSC. Representative DSC thermograms are shown in Figure 2.3 A-B. All
specimens exhibited a single melting peak despite a double melting peak being common in
polylactides and PLA nanocomposites

[43,48] .

A double melting peak can be indicative of melt

recrystallization in which imperfect crystals from the process melt at a lower temperature, recrystallize to form new crystals during the heating scan, and subsequently re-melt at higher
temperature [43]. This second peak, which occurs at temperatures 5-10°C lower than the primary
melting peak, was absent in all dry-spun fibers which, in combination with the high melting point
of 166 +/- 1.7 °C, suggested that stable crystals formed in the dry-spinning process or during cold
crystallization upon heating.

Upon heating, the polymer can undergo crystallization above the glass transition
temperature if the polymer reaches a temperature at which the molecular mobility is high enough
for molecules to rearrange. PLA typically exhibits this phenomenon after rapid cooling because
molecular chains do not have sufficient time to crystallize. Since total crystallization depends on
nucleation and growth rate, both should be maximized to achieve the highest crystallinity possible.
Cold crystallization peaks are evident in the DSC thermograms, though the degree of cold
crystallization varied significantly with CNC content and screw speed. In the thermograms, a cold
crystallization peak was observed for many combinations of conditions, as seen in Figure 2.3.
However, some conditions, such as the 5 wt%, produced large cold crystallization peaks, while
other conditions produced very small cold crystallization peaks, such as the 1 wt% (Figure 2.3 A).
Highly crystalline fibers are desirable as the strength and stiffness should both increase with
increasing crystallinity. It may be desirable to eliminate or reduce cold crystallization by achieving
a high crystallinity during fiber spinning. This could reduce time and resources spent on postprocessing steps and avoid shape and property changes that may happen during use if the fiber is
heated above its glass transition temperature.
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The degree of crystallinity, χ, was calculated from Equation 2.1, where ΔH m is the enthalpy
of melting, the ΔHc is the enthalpy of cold crystallization (the opposite sign of ΔH m), ΔH m° is the
theoretical maximum enthalpy of melting (assumed to be 93 J/g), and xcnc is the weight fraction of
EXO UP

Figure 2.3 DSC thermograms for nanocomposite fibers for A) different CNC
concentrations and B) different screw speeds. Exothermic is up in all DSC
thermograms.
cellulose nanocrystals in the PLA/CNC fiber [43]. The cold crystallization temperature, T cc, was also
taken as the temperature of the maximum specific heat capacity.
Equation 2.1



H m   H c
 100 %
H mo 1  x cnc 

Figure 2.4 A summarizes the effects of CNC content and extrusion speed on as-spun
polylactic acid fibers. CNC has been shown to act as a nucleating agent for polylactic acid which
has a very slow rate of crystallization[29,31,33]. Of the fibers tested, the 1 wt% exhibited the highest
χ. However, further addition of CNC reduced χ as CNCs can inhibit crystallization by acting as a
barrier to polymer re-organization CNCs may act as a physical barrier or inhibit re-organization
when weak secondary interactions between the ester group oxygen of PLA and the hydroxyl
groups of the CNCs occur [34]. Weak hydrogen bonding has been thought to inhibit other molecular
processes in polymers. This observation appeared true for all screw speeds examined and data
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reached approximately similar degrees of crystallinity. Crystallinity in PLA is facilitated by straininduced alignment in processes like fiber spinning and film orientation; so, by increasing the
amount of spin drawing on the fiber, it was expected that χ would change. However, this did not
occur. It is possible that for the screw speeds examined, the difference in speed did not produce
alignment differences large enough to overcome the slow crystallization rate of PLA and therefore
samples achieved approximately the same amount of crystallinity. The variability in fiber
thermograms may also be attributed in part to the complex mechanism of solidification during dry
spinning in which evaporation and heat transfer occur simultaneously. Fibers were not drawn and
wound in a controlled atmosphere chamber, but rather the winding process took place under a
ventilated hood in an open lab which may have produced variations in evaporation rate. Regardless,
of the lack of rate dependence, dry-spinning did produce a significant increase in χ as compared to
the cast PLA solution. This can be attributed to the preferential alignment of molecular chains and
direct winding of the fibers from the orifice facilitating drawing of the fibers during processing.
Both enhance crystallinity.
Tcc decreased for the dry-spun fibers, as seen in Figure 2.4 B. Tcc is reduced from 133 °C
for the 0 wt% solution to the 84-97°C for the as-spun fibers with a minimum value of 84°C for the
0 wt% fibers. As seen in χ, where CNC content inhibited crystallization at CNC concentrations
greater than 1 wt%, T cc also began to increase as CNC content increased for the lowest screw

Figure 2.4 Summary of thermal properties from DSC thermograms: A) Degree of crystallinity, χ
and B) Tcc versus CNC content.
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speeds (Figure 2.4 B inset). This suggests that even at 1 wt%, the CNCs behaved as a barrier to
crystal growth because the temperature at which molecules had sufficient mobility to begin rearranging was suppressed to higher temperatures despite a more conducive initial state from the
spinning processing. For small screw speeds, fiber draw would be very large since the polymer is
being extruded slowly but wound onto the barrel quickly. This should have produced more
alignment of molecular chains and possibly the CNC along the tensile axis of the fiber, although
the crystallization process during fiber spinning would be competing with higher rates of cooling
and solvent evaporation. For the crystallinity and T cc, this would imply a higher total crystallinity
and a lower T cc due to the preferential alignment. Of the as-spun fibers, the 50-rpm screw speed
showed the most variability in T cc with CNC content and the 5 and 25 rpm showed only small
differences in T cc. The weak dependence on screw speed may, again, be a symptom of variable
atmosphere or it may be the efficient self-nucleation from solution was sufficient in all cases for
fibers to achieve the same level of crystallinity, and thus, the dependence on screw speed was weak.

2.3.3

Mechanical Performance and Micromechanical Modeling
A representative stress-strain diagram for each CNC content is shown in Figure 2.5 A.

Fibers exhibited a mixture of ductile and brittle behavior. Only the 5rpm condition was used for
tensile testing because 1) all solutions produced continuous fiber at this condition and 2) the fibers
were less brittle than faster extrusion speeds and could be handled throughout sample preparation.
The fibers were binned into sub-sets of 20-35 µm, 40-55 µm, and 60-75 µm +/- 2.5 µm.
Increased stiffness and strength were primary motivations for reinforcing PLA with CNC.
Factors which affected mechanical performance were crystallinity, and CNC loading. Elastic
moduli from 2-6.5 GPa were achieved for dry spun fibers, which is comparable to dry-spun PLA
values seen elsewhere (Figure 2.5 B) [23]. Of the three fiber diameter sets, the 40-55 µm shows the
clearest trend with CNC content; it increased linearly with increasing CNC content and
approximately doubles from 0 wt% to 5 wt%. The increase in elastic modulus is primarily due to
increasing CNC content as fiber crystallinity decreased with increasing CNC content, as seen in
Figure 2.4 A. Fibers failed in either a brittle or ductile manner, without a strong dependence on
CNC content, and thus, the strength at failure data is scattered (see Figure 2.5 C). The addition of
CNCs was expected to introduce some brittleness into fibers, especially at high concentrations
since other studies have observed embrittlement due to the addition of CNCs
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[33,53] .

For fibers

exhibiting ductile failure, the strength at failure is similar to the yield point. These values are
comparable to the low end of tensile strength values seen in polylactic acid fibers dry-spun from
chloroform [20]. Interestingly, the average strength at failure for a fiber diameter bin decreased with
increasing fiber diameter size, i.e. the smallest diameters exhibited the highest strength at failure.
This agrees with Griffith’s failure criterion which states that the likelihood of a defect being present
increases with increasing size, which in this case, is fiber diameter36.
Fibers may have failed due to defects that arise particularly from the dry-spinning process.
Defects included porosity and processing defects which resulted in variation in fiber diameter and
thus higher stress at a failure site, as well as surface defects, like those in Figure 2.2, that may have
initiated premature failure. Dry-spinning of PLA with CNC was challenging as more hydrophobic
solvents such as chloroform could not be easily employed and thus a higher temperature solvent
was employed. Moreover, the residual solvent that was removed during post-processing could
leave behind larger porosity. During processing, fibers were at a higher temperature and subjected
to an external drawing force that would help polymers diffuse into vacancies as the solvent was
removed and closed porosity. Post-spinning thermal treatment processes were carried out far below
the processing temperature and under static conditions.
Continuous and short- fiber micro-mechanical models were fit to the elastic modulus data
for the 40-55µm data to predict the composite elastic modulus, E. Iso-strain and iso-stress models
were fit to the data, as seen in Figure 2.5 D. These models assume a parallel or series relationship
of the elastic moduli of the fiber and matrix material respectively

[33,55] .

The Halpin-Tsai model,

Equation 2.2, was also fit to data as previous studies have demonstrated good agreement with data
[33] .

The geometry factor, in this case, is the aspect ratio, L/D, Vf is the volume fraction of the fiber,

and η is the ratio defined below. The subscripts ‘f’ and ‘m’ stand for fiber and matrix. The average
aspect ratio was calculated from TEM images of the CNC to find L/D=11.2.
Equation 2.2
1+(2𝐿⁄𝐷 )𝜂𝑉𝑓

𝐸 = 𝐸𝑚 (

1−𝜂𝑉𝑓

) 𝑤ℎ𝑒𝑟𝑒 𝜂 =

𝐸𝑓
−1
𝐸𝑚
𝐸𝑓
𝐸𝑚

+1

The data is between the iso-strain and Halpin-Tsai predictions. Error in the Halpin-Tsai
predictions may result from too wide a distribution of L/D or aggregation of CNCs changing the
effective L/D

[7]

. In a previous study, the Halpin-Tsai was empirically fit to obtain a lower L/D

ratio, which in turn, was attributed to the agglomeration of the CNCs in the polymer matrix as
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agglomeration would result in a lower effective L/D; aggregation was probable as differences in
chemical compatibility between the CNC and the hydrophobic PLA may inhibit dispersion

[56]

.

However, this is most likely not the case with the present data set as the data lies above the L/D=
11.2 prediction which implies that L/D is under-estimated for the current data set. This suggests a
higher effective L/D ratio than what is predicted by the arithmetic average L/D from TEM images.
Secondly, the Halpin-Tsai assumes that short fiber reinforcements are aligned along the primary
fiber axis and that there is good adhesion between the matrix and the reinforcement. Poor chemical
compatibility between CNC/PLA may invalidate the assumption of perfect adhesion, though it is
difficult to resolve from the data. Additionally, the Halpin-Tsai does not accommodate for
nanoparticle alignment which may result in a gross error for anisotropic particles like CNCs where
the transverse and axial properties can vary by as much as an order or magnitude[57].
Crystallinity was not incorporated into any of the micromechanical models which may also
explain why the models under-predict the elastic modulus at certain concentrations of CNC,
particularly at 1 wt% CNC. Crystalline and amorphous regions display different densities and
elastic properties. As crystallinity increases, the elastic modulus and strength of polymers tend to
increase as well. If the crystallinity content was assumed to be constant, which is not the case here,
the assumptions of the iso-strain, iso-stress, and Halpin-Tsai would be valid as all three models
assume the elastic modulus of the control as E m. However, this assumption is not valid for the
present study as χ increased for 1 wt% and decreased with increasing CNC content. However,
some contribution from the increased crystallinity may account for the vertical shift up from the
Halpin-Tsai predictions as CNC acts as a nucleation agent [31,58].
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D

Figure 2.5 Mechanical properties of nanocomposites: A) Engineering stress-strain curves for
select samples B) E versus CNC concentration and C) tensile strength versus concentration and D)
Prediction of E for various micro-mechanical models.
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2.4

Conclusions on Dry-Spinning of PLA Nanocomposite Fibers

Dry-spinning was investigated as a potential method for producing CNC/PLA fibers from
dimethylformamide. While previous studies, such as Gogolewski et al. have successfully solution
spun PLA using good solvents (for PLA) like dichloromethane and trichloromethane, these
solvents were not chosen due to their toxicity [38]. Surface morphology differences were observed
in fibers with and without CNC as a screw speed increased, assumed here to be proportional to
extrusion speed. The onset of severe melt fracture occurred at high screw speeds and the addition
of CNC did not help prevent melt fracture. The as-spun crystallinity of fibers was found to not
depend heavily on processing conditions, however, small differences in the degree of crystallinity
were observed that agree with previous observations on CNC in PLA. Dry-spinning produced
fibers with moduli between 2-6.5 GPa and a maximum strength at failure 100 MPa. However,
significant scatter is data is a shift from ductile to brittle-like behavior as CNC content increases
and a result of pre-mature failure most likely due to processing defects from the spinning-process.
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MELT SPINNING OF CELLULOSE
NANOFIBRIL/POLY(LACTIC ACID) COMPOSITE FIBERS

This chapter contains work that was originally published in ACS Applied Polymer Materials
under the title “Melt Spinning of Cellulose Nanofibril/Poly(Lactic Acid) (CNF/PLA) Composite
Fibers for High Stiffness.” The original article has been modified in part to include information
from the supplemental information of the published article. Moreover, this chapter contains
experimental data collected by others. Data not collected by the author is: transmission electron
microscopy images of nanoparticles, which were collected by Shoumya Nandy Shuvo and wideangle x-ray diffraction data of fibers was collected by Sami M. El Awad Azrak. Conceptualization
of how to measure/estimate orientation of fibers using optical microscopy was a collaborative
effort with Reaz A. Chowdhury. Caitlyn Clarkson and Youngman Yoo made the chemicallymodified CNF used in this chapter.[59] Otherwise, all lab work performed in this chapter was done
by Caitlyn Clarkson. All writing was done by Caitlyn Clarkson. Dr. Youngblood, Dr. Schueneman,
and Dr. Snyder advised on research directions and provided editing and guidance on all writing.
This chapter contains content reproduced with permission from C. M. Clarkson, S. M. El
Awad Azrak, R. Chowdhury, S. N. Shuvo, J. Snyder, G. Schueneman, V. Ortalan, J. P.
Youngblood, ACS Appl. Polym. Mater. 2019, 1, 166. Copyright 2019 ACS Applied Polymer
Materials.

3.1

Introduction

Fiber applications requiring high stiffness and strength, but low density may benefit from
the development of nanocellulose/polymer composites because both components are low density
(nanocellulose 1.5g/cc, polymers 1-1.5g/cc) and, as shown in previous literature, nanocellulose
can increase stiffness and strength by over 100% [33,35,53,60]. High strength, high stiffness fiber could
replace materials such as fiberglass but at a lower density and thus light-weighting components
along with other environmental benefits as nanocellulose can be renewably sourced.
Cellulose nanocomposite fibers have been produced by solution-based spinning or melt
spinning. Industrially, solution-based fiber spinning processes are primarily used where melt
spinning processes are not otherwise possible. Polymers where the end properties justify the
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increased cost, time, and chemical hazards, such as Kevlar™, are produced this way. Many
researchers have investigated using solution-based spinning techniques to produce nanocellulose
composite fibers. For instance, solution methods have been used to produce PVA/CNC fiber [35],
PVA/CNC fiber mats [61], PVA/TEMPO-CNF fiber [37], cellulose acetate/CNC fiber [33], CNC/PLA
fiber

[62]

, CNC or CNF/alginate fiber mats

[53]

, and CNC/PAN fiber

[63,64]

. These studies have

demonstrated the significance of good matrix/reinforcement compatibility as well as orientation.
Achieving orientation is crucial because highly oriented nanofibrils resulted in more effective
stress transfer and subsequently better mechanical properties[35]. Melt spinning is a simpler and
cheaper process than wet- or dry-spinning and is used industrially to produce materials like nylons
and polyesters which are ubiquitous. Although melt processes have been used to produce bulk
materials like CNC/PLA

[21,65]

and CNF/PLA

[66] ,

and CNC/PLA fibers

[43,67,68]

there are few

examples of melt-spun fiber and of those, none are CNF composite fibers [69].
Melt-spun nanocellulose/polymer composite fibers have challenged researchers for several
reasons including nanocellulose agglomeration and low thermal stability. Common approaches to
address these challenges include direct liquid feeding of the nanocellulose/water solution into the
polymer melt or working with the freeze-dried material; these methods have been performed with
some success for bulk plastic and film [21,69]. However, agglomeration can still be present in either
case [66,69]. Ideally, water should not be introduced as it plasticizes many polymers and can cause
molecular weight degradation. Moreover, many polymers are processed above the thermal
degradation temperature of nanocellulose. Processing over 250°C, and sometimes much lower
depending on conditions, can cause yellowing or browning of the material and property loss due
to oxidation [70–72].
Compatibilization also helps alleviate issues associated with agglomeration and thermal
stability of nanocellulose. A wide variety of surface functionalization methods have been
developed for attaching fatty acids, plasticizers, and small functional groups and ions (carboxylic
acid, sulfate, phosphate) to make nanocellulose more compatible with hydrophobic media [28,73–76].
Surface modification can help shield or eliminate hydrogen bonding between neighboring particles
or change the hydrophobicity of nanocellulose. Thermal stability also generally improves with
modification. These methods are common for making nanocellulose/PLA composites as there is
an inherent difference in hydrophilicity between the matrix and reinforcement [74,77–80]. In addition
to changing the nanoparticle surface, polymer systems have been made more compatible with the
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addition of plasticizers like polyethylene glycol (PEG)

[81]

or glycerol triacetate

[21]

to PLA.

Although plasticizers are uncommon in fibers, they may impart additional benefits such as
improving drawing or reducing embrittlement (commonly seen in nanocellulose composites).
PLA has generated interest because it is renewably sourced, industrially bio-compostable,
and has environmental benefits like low CO2 emissions during production. It has applications in
3D printing filament, bio-absorbable/bio-degradable materials for medicine, fibers, and
nonwovens in domestic products, and food packaging. Nanocellulose/PLA composites primarily
aim to improve the mechanical properties of PLA (which are generally inferior to other polyesters
and nylon) or the crystallization rate. There is extensive evidence that nanocellulose can do both
[21,43,62,67,78–80]

. Additionally, PLA has a relatively low melting point (150-170°C) which allows for

reduced processing temperatures.
The present study reports surface-modified CNF/PLA composite fibers by continuous melt
spinning. To achieve this goal, CNF was chemically modified (mCNF) using a method developed
previously by Yoo et al. [28] to improve nanoparticle/polymer interactions, which affect mechanical
performance. Additionally, a compatibilizer was selected to carry the modified mCNFs into PLA.
There are several reasons polyethylene glycol was chosen. Firstly, PEG is a miscible, known
plasticizer for PLA. Secondly, mCNFs could be exchanged into PEG; this reduced potential
molecular weight degradation by hydrolysis of PLA with water. Lastly, at low concentrations, low
molecular weight PEG should not phase separate, but can increase the ductility of PLA [82,83]Since
mechanical performance also is strongly affected by nanoparticle alignment, fibers were hot-drawn
post-fabrication. Mechanical properties were correlated to crystallinity and orientation with the
use of differential scanning calorimetry (DSC) and wide-angle x-ray spectroscopy (WAXS).

3.2
3.2.1

Methods and Materials

Materials
Mechanically fibrillated CNF was acquired from the University of Maine, Orono, ME,

USA (Lot # U22; 3% CNF-water slurry; 90% fines). Polyethylene glycol (PEG) was purchased
from Sigma Aldrich, St. Louis, MO, USA (Mn = 600g/mol). Nature Works INGEO-3001D
polylactic acid was purchased from Jamplast, Ellisville, MO, USA. The CNF was chemically
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B

A

Figure 3.1 TEM images of A) unmodified, mechanically fibrillated CNF and B) after chemical
modification. C) FTIR of the CNF before and after chemical modification.

modified through the hydroxyl group on the nanoparticle surface using methods outlined in Yoo
et al.[28]. The process produced nanoparticles grafted with polylactic acid and capped with a
twelve-carbon aliphatic chain as shown in the schematic in Figure 3.1 B (insert). Chemically
modified CNF (mCNF) is referred to as mCNF-C12 henceforth. The modified product was
approximately 8.5% mCNF-C12 in ethanol (EtOH) after modification; Fourier Transform Infrared
spectroscopy (FTIR) data is shown in Figure 3.1 confirming the formation of the ester
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Thermogravimetric analysis (TGA) confirmed that the onset of thermal degradation temperature
was slightly improved after modification despite the reduction in particle size (Appendix B, Figure
B. ). Chemical modification allowed higher CNF concentrations to be achieved in the PEG
solutions as higher than 2 wt% of unmodified CNF in PEG could not be easily achieved.
Nanoparticle morphology was characterized with transmission electron microscopy; a side-by-side
comparison of before and after chemical modification is shown in Figure 3.1.To prepare final
polyethylene glycol/mCNF-C12 solutions at 1, 5, 10, and 20 wt% mCNF-C12, an ethanol/waterbased solution was made from solutions of PEG dissolved in water and mCNF-C12 in ethanol. A
Branson Ultrasonifyer was employed to disperse mCNF-C12 into the ethanol at 30% amplitude
with a 1-sec pulse and 1 sec off for a maximum of 30 seconds. The solutions were combined by
first mechanically mixing and then ultra-sonification. To remove the solvent, a vacuum oven with
liquid nitrogen cooled solvent trap was employed. The temperature of the vacuum oven was 70°C
and 5-10 in-Hg. This process is visually represented in Figure 3.2 C.

Figure 3.2 Process of exchanging CNFs into PEG.

3.2.2

Melt spinning and Post-Processing
A twin-screw Xplore 5 cc micro-compounder with a 90° turn and 1 mm orifice was used

to produce melt-spun composite fibers at 200°C and 50 rpm rotary screw speed. Fibers were
collected directly from the orifice on a Randcastle winding mandrel running at 150 rpm. PLA
pellets were dried at 100°C overnight to remove absorbed water before compounding. The
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PEG/mCNF -C12 solutions were measured to produce composite fibers at concentrations of 0.05,
0.3, 0.6, and 1.3 wt% mCNF-C12 from prepared solutions. Half of the material was first loaded
through a continuous feed hopper, then the plasticizer was injected, and the remaining material
was added again through the continuous feed hopper. The total compounding process was
approximately 2.5 min, with 1.5 min of compounding the material after loading during which
material can be recirculated through the compounder. Materials were compounded in sequential
order with the transition material being disposed of between concentrations. The concentration of
PEG was constant at 5 wt%. As a control, 0 wt% PEG 0 wt% mCNF-C12 fibers were also produced.
Hot-drawing was performed over a 100°C heated parallel plate system by hand to draw ratios,
L/Lo, up to six times the original length of the fiber, which was 25.4 mm initially. A change in
birefringence was observed with hot drawing and representative images are shown in Figure 3.3.

Figure 3.3 Birefringence in composite fibers for the composite 0.6 wt% mCNF-C12- 5 wt% PEG
fiber is shown for draw ratios of A) 0X B) 2X C) 3X D) 4X E) 5X and F) 6X. Draw ratio was
defined for this study as the change in length over original length.

3.2.3

Morphology and Dispersion
Fiber morphology was analyzed across multiple scales: optical microscopy and scanning

electron microscopy (SEM). Optical microscopy images of as-spun fibers and hot-drawn fibers
were taken on a Carl Zeiss (Axio observer A1) inverted light microscope equipped with a linearly
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polarized light filter. Fiber morphology was imaged using an XL40 field emission scanning
electron microscope. Sample surfaces were sputter-coated with a conductive gold-palladium
barrier to help relieve charge built up on the polymer surface. Instrument parameters were 3 -5 keV
accelerating voltage and a working distance of 14-20 mm.
Transmission electron microscopy (TEM) images were taken before and after chemical
modification of the mechanically fibrillated CNF as chemical modification can change
nanoparticle morphology. A 0.5 wt% mCNF-C12 solution was prepared by mechanically mixing
the appropriate amount of mCNF-C12 from ethanol with 10 ml of deionized, water with less than
10ppb total organic carbon (TOC) made in-house. The solution was then ultrasonicated using a
Branson Ultrasonifyer for 30 seconds at 30 % power amplitude. Afterward, two drops of the
sample mixture solution were drop cast on a 200-mesh copper grid with an amorphous carbon
support membrane and were dried overnight in a sealed container to avoid any contamination
before they were placed in the TEM holder the next day. BF-TEM images were taken at 300 kV
on an FEI Titan ETEM 80-300 equipped with a Gatan Tridiem GIF without staining the sample
with any staining agent. Several images at different regions of the samples, both in low and high
magnification, were taken to fortify the data statistics.

3.2.4

Fiber Crystallinity and Orientation

Thermal properties of as-spun and hot-drawn fibers were determined on a Thermal Analysis
(TA) Q2000 differential scanning calorimeter (DSC). Heating experiments were performed at
10°C/min on hermetically sealed aluminum pans in a nitrogen atmosphere. DSC experiments are
on multiple fibers that were bundled into a ‘hair-ball’ and then sealed in the pan. The sample mass
was approximately 7 mg +/- 2.5 mg.
The order parameter, S, is a measure of the orientation. In nanocellulose and its composites,
S has been primarily measured by wide-angle x-ray spectroscopy (WAXS) [3,33,35,84,85]. However,
alternative methods, such as the determination of alignment from birefringence, also exist

[86,87] .

Optical methods can offer significant advantages over conventional x-ray spectroscopy in terms
of cost and capability. Therefore, WAXS measurements are compared to measurements made
using an optical microscopy-birefringence method. Methods for each measurement are
subsequently provided.
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For orientation experiments, samples were prepared by carding for ease of handling and
transport. In brief, a 3 mm x 5 mm rectangular hole was cut from the center of thick cardstock.
Three to five fibers were carefully glued parallel to each other and mounted in the WAXS such
that the fiber axis was parallel to the source. The optical microscopy method used the same samples.
Estimation of the order parameter from optical microscopy images was performed using
ImageJ and a Carl Zeiss (Axio observer A1) inverted light microscope equipped with a linearly
polarized light filter. Two images were taken at 0° and 45° after finding the maximum intensity.
Using ImageJ software, the mean pixel intensity and background intensity of the images were
measured. S can be calculated from Equation 3.1[86]:
Equation 3.1
𝑆=

𝐷−1
𝐷+2

𝑤ℎ𝑒𝑟𝑒 𝐷 =

𝐼45
⁄𝐼 𝑎𝑛𝑑 𝐼45 𝑜𝑟 0 = 𝐼𝐹𝑖𝑏𝑒𝑟 − 𝐼𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
0

Figure 3.4 Optical micrographs of 0.05% mCNF-C12 under cross-polarized light at A)
approximately 45° and B) 0°/90° to demonstrate the analysis of fiber micrographs for
estimating the orientation.

Orientation in composite fibers was also measured by wide-angle x-ray diffraction (WAXS).
The fibers were tested in transmission mode using a CuK𝛼 beam with a wavelength (𝜆) of 0.154
nm and a sample to detector distance of 79.248 mm. The equipment used was the SAXSpoint 2.0
(Anton Paar), equipped with a Dectris R1M photon counting hybrid pixel detector and a single
crystal silicon scatter-less slits collimation tube. The detector was mounted on a tilted
configuration to achieve wide-angle x-ray diffraction (up to 2𝜃 = 60° ). Due to equipment
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limitations, half of the scattering pattern was available. Samples were mounted on cardboard for
ease of handling and to facilitate easier alignment by mounting the fiber parallel to the short axis.
Fibers were irradiated for a total of 1000 seconds (4 intervals of 250 seconds each). Using the
supplied software, the obtained 2D scattering patterns were converted to 1D scatter plots (I(𝜃) vs.
2𝜃) and background noise (cosmic radiation) was subtracted from all curves. Each curve was then
normalized to the minimum intensity value to compare across all fiber scatter intensities. To obtain
Herman’s order parameter, (S) the I( 𝜙 ) vs. azimuthal angle distribution was used. These
distributions were generated by radial integration of the 2D scatter plots at a 2𝜃 of 16 ± 0.1° which
represented the PLA (200) plane/peak. Thus, the order parameter can be calculated as follows in
Equation 3.2 and Equation 3.3[88,89]:
Equation 3.2
1

𝑆 = (3 ⟨cos2 𝜙200,𝑍 ⟩ − 1)
2

Equation 3.3
⟨𝑐𝑜𝑠 2 𝜙200,𝑍 ⟩ =

2
∑180°
0° 𝐼(𝜙) 𝑠𝑖𝑛(𝜙) 𝑐𝑜𝑠 𝜙

∑180°
0° 𝐼(𝜙) 𝑠𝑖𝑛(𝜙)

As described by Alexander and developed by P.H. Herman and his coworkers, because the
fibers have been drawn to some degree and some of the crystal domains align with the fiber axis,
this method can be used as a direct measure of crystallinity order with respect to the fiber axis
[88,89] .

In this case, total alignment represents a value of 𝑆 = 1 and completely random orientation

has a value of 𝑆 = 0 [33]. Similarly, other researchers have used this technique to find the order
parameter of alginate nanocomposite fibers [84].

3.2.5

Tensile Properties
The mechanical performance of as-spun and drawn fibers were quantified using a TA

Instruments Q800 Dynamic Mechanical Analyzer (DMA). Stress/strain experiments were
performed using a force ramp at 0.3 N/min and 0.001 N pre-load; the temperature was 23°C and
30% relative humidity. Sample preparation followed the procedure outlined in Clarkson et al. [62].
The actual gauge length and minimum diameter of the fiber were recorded for calculation of the
engineering stress and engineering strain from optical microscopy images taken prior to testing the
sample. The sample size was 2-4 samples per condition and error bars are one standard deviation.
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3.3
3.3.1

Results and Discussion

Nanoparticle and Surface Morphology
The modification process produced nanoparticles with a very different morphology than

the unmodified mechanically fibrillated CNF (Figure 3.1). Notably, the mCNF-C12 is shorter and
thinner (thickness=26.2 +/- 9.6, length= 384.5 +/- 109.7). In the unmodified CNF, entanglements
appeared to be very long-range (>500nm) and particles exhibited fibrillated structure. The mCNFC12 still exhibits evidence of entanglements, however, there are now individual, small mCNFC12s. Theoretically, the surface modification process could have broken down the amorphous
regions of the CNFs while the stronger, more crystalline regions would have been left behind.
Microscopic evidence of increased surface roughness with mCNF-C12 concentration is
evident in Figure 3.5 A-B. Ideally, individual nanoparticles would be homogeneously dispersed in
the matrix, however, mCNF-C12 networks, which are entangled and long, are nearly impossible
to completely break up during compounding regardless of chemical modification of fibrils and
high shear rates. Despite ultrasonication of the mCNF-C12 solutions before solvent exchange,
there is evidence of pre-existing entanglements of mCNF-C12s in the TEM image, Figure 3.1 A,
of mCNF-C12 in PEG which would have been carried over into the compounding process. Instead,
these nanoparticles may be distributed throughout the matrix in a mix of pre-existing
entanglements and individual mCNF-C12s. There is some evidence of larger microscopic
agglomerations in Figure 3.5 E-F, however, the sub-micron bumps appear to be uniformly
distributed throughout the fibers.

46

Figure 3.5 A-C) Optical micrographs at select concentrations of mCNF-C12. D-F) SEM images
showing surface morphology with the addition of up to 1.3 wt% mCNF-C12.

3.3.2

Crystallinity
Crystallinity can be an essential component in obtaining good mechanical performance,

however, PLA is a slow crystallizing polymer and does not usually obtain high degrees of
crystallinity during rapid processing. Nevertheless, crystallization can be driven by the addition of
various additives (such as nucleation agents) as well as through post-processing (hot-drawing)
[35,43,77,78] .

DSC was employed to measure the thermal properties of the composite fibers before

and after hot-drawing and with increasing mCNF-C12 content (fixed PEG content). The thermal
properties have been tabulated in Table 3.1 for DSC thermograms of three thermal histories. As
many fibers had to be hand-drawn to produce a sufficient sample for DSC, the values represent an
average of the material’s thermal properties. The degree of crystallinity, χ, was calculated with
Equation 3.4 where ΔH mo , the theoretical maximum melting enthalpy of PLA, is 93 J/g and x is
the weight fractions of mCNF-C12 and PEG in the composite fibers [43,68,82,90,91]. The enthalpies of
cold crystallization and experimental melting enthalpy are ΔH cc and ΔH m, respectively. Details for
these measurements can be found in Appendix B, Figure B.
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Equation 3.4
χ% = 100%(ΔH m-ΔHcc)/(ΔH m°(1-xCNF+PEG))
During reheating in the DSC, the material can undergo further crystallization and a cold
crystallization peak can be observed. The DSC thermograms, Figure 3.6 A, show the cold
crystallization peak over 85-100°C which is a consequence of the slow crystallization of PLA and
is typically observed; also observed is an enthalpic peak immediately before the melting endotherm.
This peak is most commonly associated with the formation of the less ordered α’ phase reordering
at high temperatures. With the addition of mCNF-C12, these peaks are still present, however, the
cold crystallization peak temperature (T cc), Table 3.1, is observed to shift to lower temperatures
and the cold crystallization peaks generally appear sharper compared to neat PLA. Additionally,
the glass transition temperature (T g) is suppressed to lower temperatures which can be indicative
of a higher initial crystallinity. Although molecular confinement of amorphous regions by mCNFC12 or the exclusion of PEG from the PLA crystal structure may also account for the decrease in
Tg observed. By accounting for the cold crystallization during heating in the DSC, a relative value
of the crystallinity, χ, from the fiber processing history can be obtained from Equation 3.4.
Generally, the as-spun fibers all exhibited low degrees of crystallinity since, during
processing, the fiber line experiences rapid cooling. However, at very small concentrations of (0.05
wt% and 0.3 wt% mCNF-C12) χ was observed to increase from 3.8 % for neat PLA to a maximum
of 10.2% crystallinity which suggests that at small concentrations the mCNF-g-PLA-C12 is a good
heterogeneous nucleation agent (Table 3.1). Above 0.3%, the as-spun χ values began to decrease,
presumably because of mCNF-C12 percolation inhibiting molecular rearrangement which has
been observed in other systems [35,62,92].
During hot-drawing, the material has a second chance to crystallize. The hot-drawing
temperature was 100°C, which is just above the cold crystallization temperatures for all as-spun
samples. For fibers hot-drawn to 3X the original fiber length, χ increased compared to the as-spun
conditions, but all fibers obtained χ of ~20% or greater, with a maximum of 33.8% (PLA). Further
hot-drawing did not produce a substantial increase in χ as most values remained the same except
for the 5% PEG and the 0.3%mCNF-C12 which were improved. Variation in these samples due to
preparation might result in the difference observed in the 3X draw ratio and maximum draw ratio.
Additionally, the hot-drawn fibers still exhibited cold crystallization upon heating in the DSC;
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although the cold crystallization peaks largely decreased after hot-drawing compared to the asspun material. Since the degree of crystallinity is similar across hot-drawn samples, this alone
cannot account for mechanical performance. The other factors which will potentially affect
performance are mCNF-C12 concentration as well as alignment.

EXO UP

Figure 3.6 DSC thermograms of A) As-spun PLA composite fibers and B) composites
fibers at the maximum hot-draw ratio (6X for all but PLA control, which was 4X).
Exothermic is up in all thermograms.
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Table 3.1 Thermal properties for three thermal histories.
As-spun

Tg

Tcc

Tm

ΔHcc

ΔH m

Χ

DR

%PEG

%mCNF-C12

(°C)

(°C)

(°C)

(J/g)

(J/g)

(%)

0

0

0

63.1

95.1

169.0

31.1

34.6

3.8

0

5

0

50.0

79.1

165.6

28.9

35.7

7.8

0

5

0.05

52.3

82.9

166.9

27.0

35.7

9.8

0

5

0.3

56.5

85.8

166.5

28.6

37.5

10.2

0

5

0.6

56.8

83.4

166.4

23.8

32.1

9.4

0

5

1.3

58.4

88.0

166.7

26.4

31.7

6.1

Intended DR: 3X
3

0

0

64.6

64.5

98.8

10.9

42.4

33.8

3

5

0

49.3

71.6

162.9

8.2

26.0

20.1

3
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3.3.3

Orientation
The orientation of the polymer and nanoparticles along the fiber axis is equally important

in determining mechanical performance. As nanocellulose is highly anisotropic, maximizing the
mechanical performance necessitated further alignment during hot-drawing and consequently,
alignment of the polymer chains along the fiber axis has a similar effect. The orientation was
measured using WAXS for three thermal histories (as-spun, 3X, and maximum draw) and the 1D
information is shown in Figure 3.7 and the 2D information in Figure 3.8. WAXS diffractions
patterns show an amorphous halo in the as-spun fibers and as fibers are hot-drawn, diffraction
peaks appear due to increased crystallinity and alignment with hot-drawing. Herman’s order
parameter was calculated using Equation 3.2 and Equation 3.3 from the 2D diffraction patterns.
Although PLA and CNF have (200) peaks at similar 2, at such small concentrations of mCNFC12, the WAXS patterns observed are effectively only for PLA. The 1D patterns, which were
extracted from 2D plots, show only peaks corresponding to PLA and no evidence of nanocellulose
(Figure 3.7).

Figure 3.7 Intensity vs. 2Ѳ extracted from 2D WAXS results for A) as-drawn fibers and B) hotdrawn fibers. Shows evidence of amorphous and crystalline content in composite fibers and that
the α- phase is the predominate phase in composite fibers.
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Figure 3.8 2D WAXS diffraction patterns for three thermal histories.

Herman’s order parameter (S) is plotted in Figure 3.9 A. Initially, S is less than 0.1
(unordered) since the as-spun fibers possess low crystallinity and low alignment. After hotdrawing, S increased to 0.65-0.75 (highly ordered) up to 0.6 wt% mCNF-C12 in the case of 3X
and up to 0.3 wt% mCNF-C12 for the maximum hot-draw. Above 0.3 wt% mCNF-C12 the order
parameter decreases with increasing mCNF-C12 concentration and with increasing draw ratio.
This may be because of molecular confinement at higher mCNF-C12 concentrations. A potential
explanation is shown in Figure 3.9 B. Initially, all fibers are comprised of mCNF-C12, amorphous
and crystalline polymer, and free/unoccupied volume. The molecules are not highly ordered in this
state. As the fiber is hot-drawn, the unoccupied volume is reduced, and the polymer can crystallize
(resulting in additional densification). In the case of the low concentration, there are few mCNFC12 to act as physical barriers and so the amorphous and crystalline polymer can be aligned along
the fiber axis during drawing. However, at high concentration, the mCNF-C12 occupy a larger
volume in the sample. Drawing of the fiber will bring nanoparticles closer together to the point
where a percolation network is formed (if it did not already exist to some extent). Consequently,
aggregation or molecular confinement may also impede crystallization (in addition to PLA
alignment), this does not appear to be the case as observed in Table 3.1 (constant crystallinity) for
the hot drawn fibers. Although S of PLA is decreasing, the nanoparticles may still be aligned along
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the fiber axis, however, above a certain concentration, CNF alignment will also reach a maximum.
Unfortunately, at a small concentration of CNF, WAXS cannot be used to determine the order of
mCNF-C12 particles.
S was also calculated from optical microscopy (OM)-birefringence and S values are shown
in Fig. 5A as well. A comparison of these two data sets is on a trend basis only as the procedures
probe different levels of the fiber structure. WAXS measures the bulk properties of the fiber as
data is collected from the entire sample from a crystalline material. The OM-birefringence can be
used to study orientation locally or on average by selecting the area to measure intensity from the
micrograph and crystalline and amorphous orientation will both contribute. For the S estimations
in this study, the intensity was measured for a large area to be more comparable to the bulk
properties measured by WAXS. There are some qualitative similarities to the WAXS data. Like
the WAXS, S is high at low concentration for both the 3X and maximum draw ratios, however, S
deviated at a different concentration compared to the WAX (0.3 wt% compared to 0.6 wt%).
Additionally, S of the 3X did not decrease at 1.3wt% for the OM-data as it did for the WAXS
measurements. Deviation in S between WAXS and OM-birefringence could be due to several
sources such as small errors in alignment during imaging of the fibers in the 0° and 45° positions
and measuring less than the maximum light intensity due to polarizer alignment.

Figure 3.9 . A) Herman’s order parameter effect of hot-drawing and mCNF-C12 content at a
constant PEG content of 5% (dotted lines are unmodified PLA) and B) visualization of the effect
of hot-drawing on fibers with low mCNF-C12 and high mCNF-C12 content.
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3.3.4

Mechanical Performance
Tensile tests were conducted on single fibers. The elastic modulus and strength at failure

are reported in Figure 3.10A-B (Appendix B, Table B. 1). The addition of 5% PEG to PLA
produced an initial decrease in elastic modulus and strength which is in good agreement with other
studies that explored low molecular weight PEG as a plasticizer for PLA[82,83] . The elastic modulus
was observed to depend strongly on mCNF-C12 content and processing history. In the as-spun
fibers, the modulus was observed to increase with increasing mCNF-C12 content, however, the
improvements were small until 1.3 wt% in which the elastic modulus went from 1.4 GPa to 4 GPa
(up to 10.5 GPa with hot-drawing for 1.3 wt% mCNF-C12). The as-spun fibers exhibited low
orientation (Figure 3.9 A) and low to moderate crystallinity (Table 3.1) which suggests that
mCNF-C12 content alone is primarily responsible for the increase in stiffness. The strength at
failure data of the as-spun fibers appears to remain constant, while at higher concentrations and
draw-ratios the incidence of random failure during mechanical testing became more prevalent as
a transition from more ductile-like behavior to brittle-like behavior was observed; this coincided
with a transition in fracture type (Figure 3.11). Fibers may also have failed prematurely because

Figure 3.10 A) Elastic modulus vs mCNF-C12 content and B) strength-at-failure vs
mCNF-C12 (filled shapes for up to 6X the original length). The 0 wt% mCNF-C12 refers
to fibers with 5 wt% PEG and the PLA without any additives is shown as individual
points (empty shapes).
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of defects in the samples such as variation in fiber diameter or agglomerations/entanglements like
those in Figure 3.3 which were not apparent in as-spun fibers until after drawing.

Figure 3.11 Fracture faces of A) PLA fibers and B) 1.3 wt% mCNF-C12 composite fibers.
Failure changes from a more ductile-like to brittle-like behavior.

Several factors can affect the elastic modulus: crystallinity, alignment, and concentration.
After hot-drawing, all fibers exhibited approximately the same degree of crystallinity, therefore
orientation and concentration are suggested to be the primary factors affecting differences in the
stiffness. Hot-drawing was performed to facilitate the alignment of both the polymer and mCNFC12 along the fiber axis and was observed to improve the elastic modulus of both 0 wt% as well
as composite fibers. From the as-spun state to the maximum hot-draw, stiffness improved over
200% for all conditions. Although S increased with hot-drawing, it did not exhibit the same
monotonic dependence as the stiffness data. It increased substantially in neat PLA and at low
concentrations of CNF and then at or above 0.6 wt% mCNF-C12 it exhibited increasing disorder
both as CNF concentration increased and draw ratio increased. Despite achieving similar χ and
decreasing S parameter, the elastic modulus is highest for the maximum draw and at the highest
concentrations of mCNF-C12, which suggests a strong dependence on concentration and implies
that the mCNF-C12 are being preferably aligned along the fiber axis even though the polymer may
be molecularly confined. Upon examination of Figure 3.10, from the as-spun 0 wt% to 1.3 wt%,
the stiffness increase is primarily a function of increased concentration of the stiffer mCNF-C12
nanoparticles, however, with hot-drawing, the stiffness can be further increased, presumably by
the alignment of stiffer axis of the mCNF-C12 particles along the fiber axis. Smaller draw ratios
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exhibit similar qualitative behavior, although inconsistent processing of these fibers may have
produced more variability in stiffness.
At the maximum DR, the strength at failure of the mCNF-C12 composites was
approximately the value of the PLA. Although there are several confounding factors in the strength
of failure data, an important factor is the reduction of the orientation parameter with increasing
concentration of mCNF-C12 and draw ratio. At higher DR, the polymer components are trapped
by the mCNF-C12 network and will not be aligned along the tensile axis and thus, the contribution
to the strength from the PLA matrix may be less than the composite fibers with a lower
concentration and at smaller DR. Moreover, the strength at failure of the composite will depend in
part on the strength at failure of the individual components. Celluloses exhibit a strength at failure
in the range of 200-1400 MPa

[2] .

The strength at failure of the mCNF-C12 used in the present

study may be similar to those previously reported since nanocellulose is comprised of cellulose I
and cellulose II. However, due to the brittle behavior exhibited by the neat PLA and composite
fibers it is difficult to distinguish between the role of alignment, CNF concentration, and defect
presence.

3.4

Conclusions on the Melt-Spinning of PLA Nanocomposite Fibers

In the present study, a method to continuously melt spin mCNF-C12/PLA composite fibers
without the introduction of water or solvent into the compounder was assessed. Composite fibers
were produced by solvent exchanging modified CNF into PEG at various concentrations and melt
blending into PLA. This method allowed very small concentrations of CNF (0.05 wt%) to be
achieved and relatively high concentrations (1.3 wt%) as well. At high concentrations, there is
some evidence that pre-existing entanglements or agglomerations of the mCNF-C12 were not
removed during compounding, although dispersion appears good otherwise. Fibers were hotdrawn to facilitate alignment of the polymer matrix and mCNF-C12 which are highly anisotropic.
Despite the use of plasticizer as a processing aid and compatibilizer, the stiffness of the
composite fibers was improved. The stiffness increased 280% for the as-spun fibers and 600%
with hot-drawing. The strength at failure was scattered due to the embrittlement of the composite
fibers with mCNF-C12 as well as agglomerations or entanglements acting as defects in the fiber.
mCNF-C12 concentration appears to be the dominant factor in the improvement in stiffness as the
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hot-drawn fibers achieved similar degrees of crystallinity and orientation (of the polymer) was
observed to decrease at high mCNF-C12 concentrations.
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PRELIMINARY INVESTIGATION OF SMALL
CONCENTRATIONS OF CNMS IN PLASTICIZED
POLY(LACTIC ACID)

All lab work in this section was performed by Caitlyn Clarkson. All writing was performed
by Caitlyn Clarkson with guidance and editing by Dr. Jeffrey Youngblood.

4.1

Introduction

Previously, many studies focused on achieving the maximum concentration of CNCs or
CNFs in the nanocomposite to improve mechanical properties. For instance, Chen et al. created
cellulose acetate/CNC composite fibers with up to 34 wt% CNC[33], while Uddin et al. investigated
PVOH/cellulose nanowhisker composite fibers with up to 30 wt%[35]. However, small
concentrations of CNCs or CNFs have recently been shown to also be effective, especially when
alignment can be facilitated. In the previous chapter, Chapter 3, it was shown the CNMs can be
effective at improving properties even at relatively small concentrations (~1 wt% or less). By hot
drawing to facilitate alignment along the fiber axis, the stiffness was further improved, but the
fibers were brittle. Similar studies by Geng et al. have demonstrated the effectiveness of CNMs
and alignment at small concentrations as well

[27]

. They explored solvent-cast plasticized PLA

nanocomposites where 0.1 wt% of TEMPO-oxidized CNF were added and observed significant
improvements in toughness and strength for nanocomposites [27]. Furthermore, CNMs have been
shown to be potential nucleation agents. For instance, Gupta et al. explored the use of lignin-coated
CNCs at 0.3 wt%, 1.0 wt%, and 2.0 wt% in PLA[31]. As little as 0.3% lignin-coated CNCs was
needed to improve the crystallization rate and decrease the half time, τ1/2 (time until 50% of the
material has crystallized). For example, the control (neat PLA) had a τ1/2 of 3.59 min at 95°C,
while addition of 0.3 wt% lignin-CNCs decreased this value to 2.84 min[31]. These studies seem
to be pointing to the usefulness of small concentrations of CNMs in some situations.
In Chapter 4, some preliminary work will be discussed on the development of plasticized
PLA nanocomposites using small concentrations of unmodified and chemically modified CNCs
and CNFs. The objective of this work was to investigate the effects of small concentrations of
CNCs or CNFs on the properties of bulk plasticized PLA. While several plasticizers were
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investigated, PEG was chosen as all CNMs could be exchanged into PEG and it is a known
plasticizer for PLA[82].

4.2
4.2.1

Materials and Methods

Materials
Nanocellulose crystals at 12 wt% aqueous slurry (2014-FPL-CNC-065;11.9 wt% CNC-

water slurry; 0.99 wt% sulfur on dry CNC) and micro-fibrillated nanocellulose fibrils at 3 wt%
aqueous slurry (Lot # U22; 3 wt% CNF-water slurry; 90% fines) were acquired from the University
of Maine, Oronoa, ME, USA. Chemical modification of nanocellulose crystals and nanocellulose
fibrils was performed through the one-pot grafting process of Yoo et al., whereby poly(lactic acid)
is grafted through the surface hydroxyls on the nanoparticles. Nanoparticles were capped with a
twelve-carbon chain, such as in Chapter 3 and will be referred to with a similar naming convention.
The modified CNC as mCNC-C12 and the CNF are mCNF-C12. Modified nanocellulose solutions
were produced in ethanol. Polyethylene glycol (PEG) was purchased from Sigma Aldrich, St.
Louis, MO, USA (Mn= 600 g/mol). Nature Works Ingeo Polylactic Acid (PLA) 3001D was
purchased from Jamplast Inc., Ellisville, MO, USA. Pellets were dried 24 hrs at 100°C before use.
Stock solutions of nanocellulose/plasticizer were prepared at 1, 5, and 10 wt%
nanocellulose content in PEG using the process introduced in Chapter 3, Figure 3.2. Unlike the
mCNC-C12 and mCNF-C12, solutions prepared for CNC were in only water. Rotatory
evaporation (70°C, 50 torr) followed by vacuum drying (70°C, 5 Torr) was employed to remove
the residual solvent in either case. These solutions are shown in Figure 4.1
PLA/PEG/Nanocellulose materials were melt compounded on an Xplore 5cc twin-screw
co-rotating compounder at 200°C following the compounding procedure detailed in Chapter 3,
Melt spinning and Post-Processing. However, the fiber line was not equipped during this process,
and the extrudate was collected on a steel plate instead. Samples were compression molded at
200°C for 5 min at 2 metric tons into various geometries. Two thermal histories were instilled in
samples: a slow cool and a quenched history. Slowly cooled histories were cooled at approximately
10°C/min to room temperature under pressure. For quenched histories, the plaque was removed
and quenched between two aluminum plates pre-cooled to 0°C.
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Pristine CNC/PEG600

1 wt% 5 wt% 10 wt%

CNC-g-pla-C12/PEG600

1 wt%

5 wt%

10 wt%

CNF-g-pla-C12/PEG600
1 wt%

5 wt% 10 wt%

Figure 4.1 Images of various solutions used containing A) unmodified, pristine
sulfuric acid CNCs B) CNC-g-pla-C12 and C) CNF-g-pla-C12. From left to right,
CNMs in solvent (water or ethanol), 600g/mol PEG, and CNMs/PEG after water
removal at three concentrations denoted on image.
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4.2.2

Fourier Infrared Spectroscopy (FTIR)
A Fourier Infrared (FTIR) spectrophotometer was used to identify chemical information

after chemical modification of the CNCs and CNFs was performed by Youngman Yoo, as well as
confirm that the cleaning procedures were successful. FTIR was performed on modified CNC and
CNF from ethanol and unmodified CNC and CNF from water for comparison. Ten scans were
used and the wavelength range scanned was 500-1000cm-1.

4.2.3

Microscopy
Optical microscopy images were made on a Carl Zeiss (Axio observer A1) inverted light

microscope equipped with a linearly polarized light filter. Additionally, scanning electron
microscopy (SEM) was used to image samples on an XL40 field emission scanning electron
microscope. Sample surfaces were sputter-coated with a conductive gold-palladium barrier before
imaging. Instrument parameters were 3-5 keV accelerating voltage and a working distance of 1420 mm.
Transmission electron microscopy (TEM) images were collected on two occasions. The
unmodified products were imaged at the time of purchase (Figure 4.2 A-B). Solutions were diluted
to 0.5 wt% in water and sonicated using a Branson Ultrasonifyer (30% power amplitude, 1-sec
on/1 sec off, 30 sec total). Samples were cast on copper wire grids from water and allowed to dry
overnight then stained with a urea solution. The modified nanoparticles were imaged on a second
system due to equipment availability (Figure 4.2 C-B). These samples were prepared after the
mCNC-C12 and MCNF-C12 solutions were prepared by diluting the solutions to 0.5 wt% in water
followed by ultrasonication on a Branson
Ultrasonifyer (30% power amplitude, 1 sec on/1 sec off, 30 sec total). Samples were dropcast on a 200-mesh copper grid with an amorphous carbon support membrane and dried overnight
in a sealed container. No additional staining was performed on these samples. A FEI Titan ETEM
80-300 equipped with a Gatan Tridiem was used to image specimens at 300 kV. Low and high
magnification images were taken of the modified products.
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4.2.4

Characterization of Crystallinity
Thermal properties of composites were measured on a Thermal Analysis (TA) differential

scanning calorimeter (DSC). A heat-cool-heat thermal cycle was performed on the compounded
material at 10°C/min from 0 to 200°C. The results are from the second heat of the DSC experiment.

4.2.5

Heat Deflection Temperature
Heat deflection temperatures were measured according to ASTM E2092-2 “Standard Test

Method for Distortion Temperature in Three-Point Bending by Thermomechanical Analysis”. This
standard was chosen over ASTM D648 “Deflection Temperature in Plastics Under Flexural Load
in the Edgewise Position” due to equipment availability; the linear correlation coefficient between
these two methods is 0.99. In brief, a bar is loaded into a three-point bend configuration on the TA
Q800 DMA and constant stress, 0.455 MPa (1.82 MPa), is applied with the sample is heated at
2°C/min. The sample’s dimensions for these experiments were: 36 mm (span) x 12.5 mm x 3.15
mm. The force (F) needed to create stress (σ) of 0.455 MPa was calculated using Equation 4.1. L
is the length of the sample between contact points on the support (fixture span), b is the width, and
d is the thickness. The deformation (D) is calculated from Equation 4.2. The ε is 0.2%. The
dimension change versus temperature is monitored and the temperature at which the sample
dimension change equals D is the distortion or heat deflection temperature.
Equation 4.1
𝐹 = (2𝜎𝑏𝑑2 )/3𝐿
Equation 4.2
𝐷 = (𝜀𝐿2 )(6𝑑)

4.3
4.3.1

Results & Discussion

Nanoparticle Characterization
One of the key concerns in PLA/nanocellulose composites is compatibility between the

nanoparticle and polymer as it has a role in dispersion, thermal properties, and mechanical
performance. In consideration, chemically modified CNCs and CNFs were investigated in addition
to unmodified CNCs with PEG. Chemical grafting was performed on the sulfate half-ester form
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of CNCs following the procedure of Yoo et al. who demonstrated that the one-pot method could
successfully change the hydrophilicity of CNCs such that they would become dispersible in
solvents such as toluene or chloroform, the latter of which PLA is highly soluble [28]. The one-pot
method was also used to chemically modify mechanically fibrillated CNF. Although no previous
work has been performed using this method with mechanically fibrillated CNF, Youngman Yoo
ran his one-pot method to create the mCNF-C12 which was used in Chapter 3 and Chapter 4.
Chemical modification was confirmed by FTIR (Figure 4.3). The appearance of a new peak at
1740 cm-1, adjacent to the absorbed water peak at 1640 cm-1, indicated the formation of the ester
link in the modified group, while the absence of peaks occurring in lactic acid and lauric acid
(1700cm-1 and 1730cm-1) indicated that the washing steps were successful in removing residual
reactants[28].
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Figure 4.2 TEM images of A) CNC from water B) mechanically fibrillated CNF
from water C) modified mCNC-C12 D) and mCNF-C12 from PEG solution.
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Figure 4.3 A) Summary of FTIR spectra of CNMs before and after chemical
modifcation.B) FTIR spectra of chemically modified CNMs at a anarrow
wavenumber distribution showing evidence of primary peak confirming chemical
modification.
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Chemical modification can also produce morphological changes in the CNC or CNF. In
Figure 4.2, TEM images of the unmodified products cast from water exhibited the characteristic
rod-like appearance of CNCs (Figure 4.2 A) and the entangled network of mechanically fibrillated
CNF (Figure 4.2 B). After modification, the mCNC-C12 morphology remained unchanged (Figure
4.2C) while the mechanically fibrillated CNF morphology and dimensions changed after
modification (Figure 4.2 D). After modification, the mCNF-C12 exhibited a more rod-like
structure compared to the unmodified particles which were long, bent and entangled, although
some entanglements were preserved in the mCNF-C12. The mCNF-C12 exhibited a width and
length reduction (Table 4.1); previously the length of individual mechanically fibrillated CNF
could not be easily quantified as the particle lengths exceeded the dimension limit of the TEM and
individual particles could not be identified for measurement within the highly entangled network.
mCNF-C12 width was 26.2 +/- 9.6 nm (compared to 45.7 +/- 18 for unmodified CNF) and the
lower limit of the length, estimated from individual nanoparticles, was 384.5 +/- 109.7 nm. CNCs
are highly crystalline (54-88%) compared to mechanically fibrillated CNF

[2]

and it may be that

less crystalline regions of the CNF were destroyed during the modification process while the CNC,
which are more crystalline initially, were more resistant to heat and the acidic environment of the
modification process.

Table 4.1 CNM particle dimensions.

4.3.2

CNMs

Width (nm)

Length (nm)

Aspect ratio

CNC

8.2+/-7

91.7 +/- 35.2

12.9+/-6.6

mCNC-C12

15.8 +/- 6.5

172.8+/-49.0

10.9 +/- 7.5

CNF

45.7 +/- 18

NA

NA

mCNF-C12

26.2+/-9.6

384.5+/-109.7

14.7 +/- 11.4

Appearance of Nanocomposites
Good distributive and dispersive mixing were obtained in nanocellulose composites. PEG

served several purposes: nanocellulose was exchanged into PEG, which is water-soluble, to avoid
introducing solvent which can cause degradation of molecular weight and PEG is a known
plasticizer for PLA. Moreover, low molecular weight PEGs in the 200-1000g/mol range do not
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show phase separation at low concentrations, <10%, in PLA and are effective in reducing some of
the brittleness of PLA and reducing the glass transition temperature [82,83]. After compounding,
samples were compression molded and subjected to two thermal histories (quench, slow cool);
quenched histories were only used to study the dispersion of samples, while slowly cooled histories
were used for additional tests. Quenched specimens exhibited high visual transparency with no
visible signs of agglomeration on the micro-to-macro scale across all concentrations (Fig. 3). Due
to refractive index matching, composites may exhibit high transparency despite poor dispersion,
so cross-polarized light microscopy can be used to confirm that good dispersion was, in fact,
achieved. The slow cool was sufficiently slow that PLA, a slow-crystallizing polymer, could
crystallize during cooling and samples turned opaque white.
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Figure 4.4 Images of nanocomposite plaques prepared with various
CNMs at 0.05%, 0.26%, and 0.55% nanocelluloses with 5% PEG.

4.3.3

Crystallinity
PEG and nanocellulose were investigated as crystallinity enhancers. Separately, these

materials have been shown to increase crystallinity by different mechanisms, i.e. plasticizers
increase chain mobility and heterogeneous nucleation agents reduce the free surface energy
requirement for nuclei to form. Together, PEG and nanocellulose interactions have been studied
by various authors to overcome agglomeration in dried nanocellulose[93] and to facilitate dispersion
in other processes[69]. It has been observed that PEG will screen neighboring CNCs and
redispersion of CNCs dried with PEG exhibit good dispersion compared to pristine CNCs which
form nearly inseparable agglomerations[94]. The favorable interaction of CNC/PEG and
compatibility of PEG/PLA are additional compelling reasons for choosing PEG as a plasticizer
during selection. With the introduction of both to the system, it was uncertain whether
effectiveness would be maintained due to the favorable interactions between nanocellulose and
PEG, or if the effect would be synergistic such as that seen in PEG and talc materials[49]. However,
a combination of PEG/CNC and PEG/CNF has a synergistic effect on the crystallinity in PLA
(Figure 4.5 A-D). In general, the crystallinity, calculated by Equation 4.3, was observed to increase
compared to the neat PLA and 5% PEG controls. The integration methods for the melting and cold
crystallization enthalpies followed the conventions set forth in Appendix C, Figure C. 1. Cold
crystallization was reduced with the addition of 5%PEG and further reduced with the addition of
nanocellulose (Table 4.2).
Equation 4.3
𝜒 (%) = 100%

(𝛥𝐻𝑚 + 𝛥𝐻𝑐𝑐 )
𝑜 (1
(𝛥𝐻𝑚

− 𝑥𝑁𝐶 − 𝑥𝑃𝐸𝐺 ))

The effect of surface modification on crystallinity was explored. CNCs and CNFs were
chemically modified with an aliphatic group to improve thermal stability within the processing
window for PLA, change PLA/nanocellulose adhesion, and improve dispersion by eliminating
spots for H-bonding between neighboring CNCs. The factors which affect adhesion and dispersion
will also affect nucleation efficiency. In this case, the surface modification did not produce a large
improvement in χ between mCNC-C12 and CNC (Table 4.2). The χ values and values of Tcc, Tg
and T m were quite similar between concentrations of mCNC-C12 and CNC, which the exception
of the 0.55% CNC which showed the highest χ of the CNCs. Since surface modification effectively
reduces the polarity of nanocellulose as hydroxyl groups are replaced with non-polar molecules it
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was expected, based on a previous study, that the interfacial energy at high temperature would
increase by chemically modifying the CNC with an aliphatic group[95]. Furthermore, the interaction
of PEG with nanocellulose/PLA during crystallization is unknown. Previously, it was suggested
that PEG compatibilized CNC with various polymers because of the adsorption of PEG to the CNC
surface and hydrogen bonding in PEO/CNC and PEO/CNF composite films has been measured
via infrared spectroscopy[60]. Strong hydrogen bonding may keep some of the available PEG
adsorbed to the surface during melt compounding in which case surface modification would reduce
this interaction as well.

EXO UP

Figure 4.5 DSC thermograms of the second heat on A) CNC nanocomposites B) mCNC-C12
nanocomposites, and C) mCNF-C12 nanocomposites. Exothermic is up in all thermograms.

Particle size and shape effects were explored for the modified nanocellulose. Interestingly,
the largest improvements in χ were observed for mCNF-C12 (Table 4.2). Across concentrations,
mCNF-C12 composites exhibited little to no detectable cold crystallization upon heating and
obtained relatively high degrees of crystallinity after cooling at 10°C/min (Figure 4.5).
Additionally, the T g moved below detectable limits during a 10°C/min heating rate by differential
scanning for the mCNF-C12 composites, which is further evidence that these materials are highly
crystalline. Compared to CNCs, CNFs are long nanoparticles that are highly entangled. After
chemical modification, Figure 4.2, the mCNF-C12 nanoparticles retained some of this character
as they are both longer than either the CNCs and mCNC-C12s and entanglements still exist. These
entanglements are thought to be the source of stiffness and strength improvements in CNF
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composites. However, the expectation is that CNF networks would not improve crystallinity
because they are highly entangled, and the entangled network would act as a barrier to kinetic
processes like crystallization. Although at small concentrations this may not be the case. This
unexpected effect on crystallinity may be due to enhanced dispersion of the CNFs with PEG as
well as morphology changes due to chemical modification. If the mCNF-C12 were more
functionalized as a result of the less crystalline material dissolving away during chemical
modification, that may produce a much more attractive nucleation surface compared to the mCNCC12 which underwent the same modification process.

Table 4.2 Summary of thermal properties for preliminary plasticized PLA nanocomposites.
Material
PLA
5% PEG
CNC
CNC
CNC
CNC- C12
CNC- C12
CNC- C12
CNF- C12
CNF- C12
CNF -C12
4.3.4

PEG
(%)
0
5
5
5
5
5
5
5
5
5
5

CNC/CNF
(%)
0
0
0.05
0.25
0.55
0.05
0.25
0.55
0.05
0.25
0.55

Tg
(°C)
57.65
49.10
43.31
47.45
46.36
50.03
48.57
43.64
49.91
-

Tcc
(°C)
107.50
99.01
84.37
85.92
91.37
97.36
93.25
85.14
95.17
81.26
-

Tm
(°C)
168.40
166.52
163.56
165.17
164.48
166.63
165.69
164.61
165.59
165.52
165.22

Hcc
(°C)
28.90
20.51
16.30
15.97
12.50
23.57
20.10
19.35
2.93
1.55
-

Hm
(°C)
37.75
42.69
38.99
40.61
42.53
38.72
41.07
41.29
42.87
47.31
44.27

χ
(%)
9.52
23.85
22.67
24.70
30.19
15.16
21.02
22.06
42.97
49.33
47.87

Heat Deflection Temperature of Nanocellulose/PLA Composites
Like poly(ethylene terephthalate) (PET) and polystyrene (PS), the heat deflection

temperature (HDT) of PLA is close to its glass transition. However, unlike these polymers, the Tg
of PLA is usually 50-60°C which is impractical for many applications because it is so low (PET
70-80°C; PS 95-100°C). For instance, plastic products made of PLA cannot be easily sterilized in
food applications as heating will often cause the product to deform. By increasing the crystallinity
or mechanically reinforcing the polymer the heat deflection temperature can be improved. The
present study examined a range of concentrations where nanocellulose was primarily a nucleation
aid and not a mechanical reinforcement. Figure 4.6, showed that the heat deflection of all
specimens for the slow cool history was improved with the addition of PEG and with nanocellulose

71

compared to neat PLA. The addition of 5% PEG alone produced a 20°C improvement in the HDT.
The addition of any of the nanocellulose particles did not appear to produce a significant increase
or decrease in the HDT. Although the DSC measurements predicted a difference in the crystallinity
between nanoparticle types for a relatively quick cooling rate (10°C/min), the cooling rate in the
compression molding process may be much slower, than the rate reported by the thermocouple
which was located on the outside of the mold. By allowing the materials more time to crystallize
during cooling in the molding process, materials could theoretically reach similar degrees of
crystallinity but have reached them at different points in time.

Figure 4.6 Heat deflection data for slow-cooled, compression molded samples.

4.4

Conclusions on Bulk Properties of PLA Nanocomposites

Of the nanocomposites tested in the preliminary study, the mCNF-C12 showed the most
promise as a heterogeneous nucleation agent based on the heating curves from the DSC, which
showed higher degrees of crystallinity for these samples compared to either control or the samples
containing CNCs. Moreover, there was no difference in HDT between samples, which suggests
that any of the nanoparticles, for that thermal history, could be used to improve the HDT of PLA.
However, due to the lack of availability of the chemically modified product, unmodified CNCs
were chosen as the nanomaterial to proceed with future investigations since it was observed that
small concentrations still improved the crystallinity and HDT.
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SMALL CONCENTRATIONS OF CELLULOSE
NANOFIBRILS AND CELLULOSE NANOCRYSTALS IN
PLASTICIZED PLA: CRYSTALLIZATION KINETICS

All lab work in this chapter was performed by Caitlyn Clarkson. Sami M. El Awad Azrak
wrote the MatLab codes used in this chapter and published in Appendix C. All writing was done
by Caitlyn Clarkson with guidance and editing by Dr. Youngblood, Dr. Scheuneman, Dr. Snyder,
and Sami M. El Awad Azrak.
This chapter contains work that was previously published by C. M. Clarkson, S. M. El Awad
Azrak, G. T. Schueneman, J. F. Snyder, J. P. Youngblood, Polymer. 2020, 187, 122101. Copyright
2020 Polymer.

5.1

Introduction

Plasticization and heterogeneous nucleation of PLA have been investigated to increase total
crystallinity and accelerate the crystallization rate of PLA, which is relatively slow

[96] .

Typical

plasticizers for PLA and PLA blends include citrate esters, glycerol, polyethylene glycol (PEG),
and polypropylene glycol [49,97,98]. Although plasticizers can impart many benefits, there is a tradeoff with performance. For instance, plasticizers increase ductility and toughness but typically
decrease stiffness and strength. Nucleation agents and fillers can mitigate losses. Nucleation agents
and fillers, which reduce the surface energy requirement for stable nuclei formation, impact the
crystallinity by increasing the number of crystallites. Talc is a common nucleation agent/filler in
PLA when faster crystallization kinetics are desirable [49,78,96]. The combination of plasticizers and
nucleation agents has a synergistic effect on the crystallization rate. For instance, the addition of
talc to PLA can reduce the crystallization half-time significantly, but the addition of PEG and talc
further reduces the half-time and extends the crystallization window to lower temperatures [49].
Acquisition of more efficient and renewable nucleation agents has inspired exploration and
development of various organic materials from nanocellulose, including pristine CNCs
lignin-coated CNCs

[31] .

[99]

and

The efficacy of nanocellulose as a heterogeneous nucleation agent

depends on specific surface area and dispersion in the polymer matrix. However, while
nanocellulose has a high specific surface area to volume ratio which is good for nucleation, native
CNC/CNF has poor compatibility with PLA and so disperses poorly leading to aggregation and
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inefficient crystallization. Commonly, the organic solvent has been used to overcome this issue
[21,62,99]

. However, surface grafting has also been employed to improve the compatibility of

nanocellulose with PLA through various modifications [6,100], utilizing grafted PLA chains [101,102],
as well as grafting of known-plasticizers, like PEG, onto CNCs and CNFs [74,77]. However, using
unmodified nanocellulose may offer significant cost savings if dispersion can be achieved. Some
of the potential benefits of exploring organic nanoparticles as nucleation agents are speeding up
crystallization kinetics or reducing crystallite size, as well as increased optical transparency, and
tertiary effects like modifying the rheology of the polymer melt.
In many cases, the observed effects on crystallization are not intended as the CNC/CNF
are used as reinforcements, and as such the concentration is high (above 1.0 wt%), while typical
nucleant concentrations are much lower. Concentration is a critical parameter in promoting
nucleation as above a critical concentration many heterogeneous nucleation aids, including
nanocellulose, can inhibit molecular processes due to network formation. Gupta et al.
demonstrated that lignin coated CNCs could be efficient nucleation aids at small concentrations
(0.3%) but did not explore lower concentrations after observing that 0.1% of the lignin-coated
CNC did not improve crystallization rates in PLA [31]. Moreover, CNC and CNF have been shown
to affect the crystallization of PLA [18,20,24–26], but the majority explored high concentrations that
bear little relevance to more typical nucleant concentrations.
The present work explores the combination of nanocellulose and plasticizer, specifically
PEG, on the crystallization kinetics and morphology of PLA. To disperse nanocellulose in PLA,
nanocellulose (CNC and CNF) were melt-compounded into PLA using a method reported by
Clarkson et al. where CNC were first mixed with low molecular weight PEG through a process
similar to conventional solvent exchange

[6]

. The solvent-free CNC/PEG and CNF/PEG solid

solutions were melt-compounded into PLA to produce a fixed content of 5 wt% PEG and very
small concentrations of CNC or CNF. Avrami analysis was performed on isothermal data spanning
90-130°C and melting peak data was collected for all thermal histories for a Hoffman-Weeks
estimate of the equilibrium melting temperature. Lastly, secondary nucleation theory was applied
to further quantify the nucleation efficiency and the morphology was analyzed by scanning
electron microscopy for select isothermal histories.
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5.2
5.2.1

Materials and Methods

Materials
Two types of nanocellulose were purchased from the University of Maine, Oronoa, ME,

USA: Mechanically fibrillated CNF (Lot # U22; 3% CNF-water slurry; 90% fines) and sulfuric
acid-derived CNCs (2014-FPL-CNC-065;11.9 % CNC-water slurry; 0.99wt% sulfur on dry
CNC)[2]. Transmission electron microscopy (TEM) images for these materials are provided in
Chapter 1, Figure 1.1 or Chapter 4, Figure 4.1. CNC dimensions were 8.2+/-7nm by 91.7+/-35.2
and CNF were 45.7+/-18nm wide and length dimensions exceeded the TEM view. Additionally,
preliminary studies also examined chemically modified CNCs and CNFs from the one-pot process
developed by Yoo et al. Modified nanocellulose solutions were produced in ethanol and will be
referred to as mCNC-C12 and mCNF-C12.
Polyethylene glycol (PEG) was purchased from Millipore Sigma, St. Louis, MO, USA (Mn
= 600g/mol) and Nature Works INGEO-3001D polylactic acid was purchased from Jamplast,
Ellisville, MO, USA. The comparison material, Arcos Organics talc (Lot A0381563; <75µm /200mesh; MW= 379.26g/mol), was purchased from VWR International, Radnor, PA, USA. Deionized, ultra-clean water was produced in house using a Barnstead device and was used for all
solutions to avoid extra contamination. PLA pellets were vacuum tried at 70-100°C for 3-4 hours
before use.

5.2.2

Processing of Nanocomposites
As reported elsewhere, prior to compounding, solutions of CNC and CNF with PEG were

prepared [6]. In brief, a solution of PEG in water was prepared by mechanically mixing. Meanwhile,
CNC and CNF solutions were diluted with water and ultrasonicated using a Branson Ultrasonifyer
at 30% power amplitude for 30 sec with a 1-sec pulse and 1-sec rest for a total energy of 1800 J/g
CNC. The respective CNC and CNF solutions were then poured into the PEG/water solution and
allowed to mechanically mix on low heat for several hours before being ultrasonicated similarly a
second time. A rotary evaporator at 70°C and 125 Torr was used to remove the bulk of the water
from the nanocellulose/PEG solution. A higher vacuum (2 Torr) at 70°C was used to remove the
remaining water. The procedure was used to create 1 wt% and 10 wt% CNC in PEG and 1 wt%
CNF in PEG solutions; initial dispersion of nanocellulose in PEG is shown in polarized optical
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micrographs (Figure 5.1). The 1 wt% CNC solution showed the best dispersion with little to no
micron-scale agglomerations while increasing to 10 wt% CNC some agglomerations are present
in the material (Figure 5.1). The 1 wt% CNF shows evidence of agglomerations and entanglements
which is expected since, as Figure 5.1 shows, CNF entanglements can persist despite best efforts
to disperse the nanoparticles. Using this method, it was difficult to obtain higher concentrations of
CNF in PEG for comparison to the CNC nanocomposites as the CNF starts at a much lower
concentration in water compared to CNC and phase separation was a concern. Immediately after
drying, the CNC/PEG and CNF/PEG solutions were injected with a syringe-style hopper into PLA
(dried at 100°C for 12hrs) at fixed quantities to produce the following compositions with 5 wt%
PEG: 0.05 wt% CNF, 0.05 wt% CNC, and 0.55 wt% CNC. Talc was premixed with PEG to
produce a 1 wt% solution for compounding using mechanical mixing and ultrasonication in line
with the method used to prepare the nanocellulose compositions. Compounding was performed in
a twin-screw 5cc Xplore micro-compounder with continuous feed hopper at 200°C and 100 rpm
for 5 min for all compositions. Cross-polarized optical microscopy of all samples showing
dispersion is in Figure 5.2.
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A

B

C

Figure 5.1 Polarized optical micrographs of cellulose nanocrystal (CNC) and polyethylene glycol
(PEG) solutions at A) 1 wt% CNC, and B) 10 wt% CNC and cellulose nanofibril (CNF) in
polyethylene glycol at C) 1 wt% CNF.
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Figure 5.2 Non-polarized and polarized optical microscopy images of nanocomposites after
compounding: A1-2) PLA, B1-2) PLA+5%PEG C1-2) 0.05% CNF-5%PEG-PLA, D1-2)
0.05% CNC-5%PEG-PLA, E1-2) 0.55% CNC-5%PEG-PLA F1-2) 0.05% Talc-5%PEGPLA.
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5.2.3

Methods for Thermal Analysis
All thermal experiments were performed in a Thermal Analysis (TA) Q800 differential

scanning calorimeter (DSC). Samples were prepared in hermetically sealed aluminum pans with a
mass of 11.1 +/- 2.9 mg. For non-isothermal experiments, materials were first held at 200°C for 25 min, quenched at 50°C/min and reheated to 200°C at 10°C/min; experiments were run in
triplicate Isothermal experiments were performed by first allowing the materials to fully melt at
200°C for 3-5 minutes then quenching (50°C/min) to the desired isothermal temperature (T c= 90°C,
100°C, 115°C, 120°C, and 130°C). All samples were held until crystallization ha d completed
(indicated by a flat baseline) before a quench to 0°C and subsequent heat at 10°C/min to 200°C.

5.2.4

Characterization of PLA Spherulites
An FEI Quanta 650 FEG scanning electron microscope was used to image crystal

morphology for chemically etched specimens. For this analysis, DSC samples were removed from
the aluminum hermetic pans after isothermal aging at 90°C or 130°C and then quenched to room
temperature. Chemical etching of isothermal specimens was performed by submersing specimens
in a solution of 0.025mol/L NaOH in a 1:1 ratio of water/methanol for 4 hrs at 65°C following the
procedure of He et al.

[103,104]

. After etching, samples were rinsed with water and methanol, then

dried in a high vacuum for 30 min at room temperature to remove any residual solvent. Samples
were sputter-coated prior to imaging with palladium/gold using an SPI Sputter Coater. SEM
parameters for imaging were as follows: small working distance of 9-12mm, 2-5 KeV accelerating
voltage, and a spot size of 3-4.

5.3
5.3.1

Results and Discussion

Avrami Crystallization Kinetics
Non-isothermal and isothermal history data capture the complex relationships of nucleation

and growth with time and temperature and the effects of these different thermal histories can be
observed in subsequent heating cycles. The following parameters were measured from DSC
thermograms: glass transition (T g) measured as the inflection point, cold crystallization
temperature (T cc) taken as the peak temperature, and melting point T m 1 or 2 as the temperature at
the minimum of the well. T m1 is the melting point of the first melting peak (if exhibited) and T m2
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is the second melting peak. The appearance of two melting peaks in PLA is commonly associated
with the formation of the ordered and disordered α and α’ phase, respectively [105–107]. The enthalpy
of melting, ΔH m and enthalpy of cold crystallization, ΔH cc, are opposite in sign and were used to
calculate the relative degree of crystallinity, χ, from Equation 5.1 where ΔHm° is the theoretical
maximum melting enthalpy, 93 J/g

[43,82,100]

. For samples exhibiting an exothermic shoulder

immediately before melting, the area under this peak was also subtracted from ΔH m; details are in
Appendix C, Figure C. 1.
Equation 5.1
χ (%) = 100%

(ΔHm +ΔHcc )
ΔHo
m (1−wNC −wPEG )

A quench and subsequent heat indicated no detectable crystallization upon cooling at
50°C/min for the compositions explored and provided a baseline for material properties (Figure
5.3). The materials properties (T g, Tcc, and T m1, T m2) measured upon heating from Figure 5.3,
were recorded in
Table 5.1. Compared to the neat PLA, all compositions showed a decrease in T g, T m1, and T m2,
although only neat PLA and 0.05 wt% talc exhibited strong double melting peaks (Figure 5.3).
Tg suppression is one of the measures for determining plasticizer efficiency and the observed
values are comparable in magnitude to other PLA/PEG studies [82,83]. Likewise, decreased T cc and
Tm have been observed with the addition of nanocellulose as well as talc, which agreed with
previous crystallization studies for both classes of materials [31,49,108]. Importantly, a decrease in
Tcc (
Table 5.1) can be desirable as it implies that the crystallization window is moving to lower
temperatures. For processing, this is better as thermal gradients in the part govern the degree of
crystallinity throughout the component and by expanding this window, the crystallinity for the
entire component can effectively be increased or the processing temperature can be lowered
leading to more efficient processes.
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EXO UP

Figure 5.3 Experimental data for a 50°C/min cool followed by
subsequent heating at 10°C/min. Exothermic is up in all thermograms.

Table 5.1. Thermal properties measured from non-isothermal experiments.
Sample

Nanocellulose

PEG

Tg

Tcc

Tm1

Tm2

(wt%)

(wt%)

(°C)

(°C)

(°C)

(°C)

Neat PLA

0

0

58.6+/-2.7

105.3+/-1.0

161.3+/1.6

168.4+/-1.0

PEG

0

5

48.2+/-0.1

92.3+/-1.0

-

164.1+/- 0.2

CNF/PEG

0.05

5

48.4+/- 1.8

94.4+/- 2.0

-

165.2+/-0.5

0.05

5

44.9+/- 1.0

88.0+/- 2.0

-

163.4+/- 0.4

0.55

5

45.8+/-1.0

88.6+/-1.2

-

163.6+/-0.2

0.05

5

50.4+/-3.2

95.7+/-4.2

-

164.7+/-1.8

CNC/PEG
Talc/PEG

The crystallization window provided by the temperature range of T cc was the basis for
selection of isothermal crystallization temperatures, T c, and isothermal experiments were run at
90°C, 100°C, 110°C, 115°C, 120°C, and 130°C. While growth is favored at higher T c,
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investigation of low T c is industrially relevant as many plastic components are exposed to cooler
surfaces during processing. For instance, low mold temperatures in injection molding are desirable
as reducing mold temperature reduces cycle times and lowers cost if the mold does not have to be
heated as high in temperature. As an example, in Figure 5.4 A-C, specific heat flow, ΔH(t)/ΔH total,
which has been used to calculate relative crystallinity conversion, χ c, is shown for 100°C.
Generally, a steep slope suggests faster crystallization kinetics. From 100°C to 130°C, χ c is
observed to take longer and longer times to complete conversion (χ c=1) for a specific T c. At the
lowest T c, 90°C, χc is observed to shift right as well, suggesting that the maximum crystallization
rate is between 90-110°C. To quantitatively determine the crystallization rate, the Avrami
formalism was employed.

EXO UP

Figure 5.4 Progression of Avrami analysis from isothermal data at 100°C: A) Experimental
isothermal data, B) Crystallinity conversion versus experiment time and C) Avrami type plot
of Log(Ln(1-Vc)) vs Log(t-to). Exothermic is upwards in all thermograms.

Analysis of the isotherms was performed in Origin® with a custom Origin® plugin
designed for Avrami and Lauritzen-Hoffman analysis by Lorenzo et al.

[109] .

In brief, a baseline

was subtracted from the isotherms, for example, Figure 5.4 A and converted to χc shown in Figure
5.4 B (all temperatures and compositions are provided in Appendix C, Figure C. 2 and Figure C.
3). The mass fraction of crystallized material, wc, shown in Equation 5.2 is proportional to χc. The
volume fraction of converted material (Vc) is then calculated from Equation 5.3, where the
amorphous and crystalline densities were assumed to be ρa=1.25g/cc and ρc=1.359g/cc for poly(Llactic acid) (PLLA). The software uses Equation 5.2 through Equation 5.5 to create the ‘Avrami
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plot’ of Log(-Ln(1-Vc)) vs. Log(t-t0). A representative plot is shown in Figure 5.4 C. The Avrami
index (n) and rate constant, k, were determined from a linear regression of the Avrami plot for Vc=
1-40% to obtain an R2=0.99. The rate constant, k combines the nucleation and growth rate
contributions to describe the total crystallization rate. The Avrami exponent, n, is a value between
1-4 and is the sum of the dimensionality, nd, and nucleation, nn, components [110]. Theoretically, nd
can be integer values of 1, 2, or 3, and n n can be either 0 (instantaneous nucleation) or 1 (sporadic
nucleation) [110]. However, non-integer values of n are often observed because many materials are
thought to be in a transition state between clearly defined modes. Generally, the morphology of
the sample corresponds with n=1 for a line, n=2 is a sheet, and above n=3 are spherulites

[110] .

Lastly, time for 50% conversion or the half-time, τ1/2, can be calculated from Equation 5.6 [31,103,111].
These values are recorded in Table 5.2.
Equation 5.2
ΔH(t)
ΔHtotal

wC~χc =

Equation 5.3
Vc =

Wc

ρ
Wc + ( c⁄ρa)(1 − Wc )
Equation 5.4

1 − Vc(t) = exp(−ktn )
Equation 5.5
Log[−Ln[1 − Vc (t)]] = Log(k) + nLog(t)
Equation 5.6
ln(2)⁄ 1/n
τ1/2 = (
k)
As the growth rate depends on the diffusion of polymer chains, the addition of PEG, which
will improve molecular mobility, will affect the crystallization rate. Previous studies have
observed improvement in crystallization for low molecular weight PEGs in PLA at concentrations
of 5-20 wt% [83,112–114]. While it was expected that the addition of PEG would have a similar effect
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here, the effects were relatively small. In Table 5.2, k was observed to increase slightly compared
to the neat PLA, and τ1/2 decreased for T c=90-120°C. The Avrami exponent, n, did not change
significantly from that of neat PLA which was around n=3 for 3 dimensional or spherulitic growth.

Table 5.2 Avrami isothermal kinetics data.
Nanocellulose
(wt%)

Neat PLA

PEG

CNF/PEG

0

0

Tc
(°C)

k
(min-1 )n

n

τ1/2
(min)

90
100

0.0312
0.161

3.1
2.9

2.73
1.66

0

110
115

0.06
0.0086

3.0
3.1

2.27
4.26

5

120
130
90
100
110
115

0.00091
0.000012
0.096
0.17
0.072
0.053

3.1
3.6
2.7
2.9
2.9
2.7

8.78
21.1
2.06
1.63
2.18
2.55

120

0.0065

3.1

4.58

130

0.0000528

3.1

21.9

90
100
110
115
120
130
90
100
110

0.412
0.404
0.087
0.027
0.009
0.00012
0.435
0.436
0.166

2.8
2.9
2.7
3.0
2.8
3.1
2.6
2.7
2.7

1.21
1.20
2.12
3.04
4.64
16.42
1.17
1.16
1.67

115
120
130
90
100
110
115

0.095
0.055
0.00026
0.37
0.47
0.078
0.039

2.7
2.8
3.0
2.8
2.7
2.8
2.8

2.04
2.47
14.26
1.25
1.14
2.14
2.78

PEG
(wt%)

0.05

5

0.05

5

0.55

5

CNC/PEG
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Table 5.2 continued

Talc/PEG

0.05

120
130
90
100
110
115
120
130

5

0.0099
0.000179
0.70
0.84
0.26
0.186
0.00265
0.0000389

2.9
2.9
2.8
2.8
3.3
3.0
3.9
3.4

4.20
18.21
0.99
0.93
1.36
1.53
4.3
17.80

Table 5.3 Surface energies of various materials.
Material

Poly( L-lactic acid),
Natureworks Grade 4403
Sulfate-half ester CNC,
FPI Innovations

Temperature
(°C)

γsD

γsP

γs

(mJ/m2)

(mJ/m2)

(mJ/m2)

32.5

8.2

40.7

25
190

Reference

[95]

26.9

25

40.9

28

190

68.9

[95]

18.6
[115]

Sulfate-half ester CNC,
Forest Products Lab

30

46.5-66.9*

-

-

60

37.3-48.8*

-

-

TEMPO-oxidized CNF
(ARBOCEL), JRS

30

44.3-52.4*

-

-

60

39.1-44.7*

-

-

Fibrillated ligno-CNF, inhouse synthesis

-

43.2-48.6

3.5-8.5

46.7-53.9

[116]

Talc (natural)

-

38.1

13.2

51.3

[117]

Talc (synthetic)

-

46.2

18.3

64.5

[117]

[115]

*Surface energy range represents different processing methods (air-drying, spray drying, and freeze-drying) for drying
CNCs or CNFs for single source of the material. TEMPO-oxidized CNF were not used in this study, but due to limited
data, are used as an analogue for mechanically fibrillated CNF.

With the addition of nucleation agents, larger changes in k and τ1/2 were observed. The
addition of CNC or CNF with 5% PEG caused k to increase more substantially than 5% PEG
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suggesting that CNC and CNF are improving crystallization rate, specifically at low T c like 90°C
or 100°C (Table 5.2, Figure 5.5A). Consequently, an overall decrease in τ1/2 was also observed
(Table 5.2, Figure 5.5 B). At 0.05% CNF and both CNC compositions, k more than doubled at
Tc=100°C where the fastest crystallization rates were observed for all conditions. While the talc
composition was faster at low Tc, the CNC was faster at 120°C and 130°C and the CNF was faster
at 130°C. The comparison material, in this case, was a known nucleation agent for PLA, talc, and
as expected, it improved the crystallization kinetics of PLA of which surface area and surface
energy are important factors in determining nucleation efficiency

[49] .

Compared to CNC, the

surface area/volume ratio of talc should be smaller since the talc particles were micron-scale,
however, the surface energy of talc is probably lower than that of CNC or CNF at low temperature
(Table 5.3). Furthermore, the surface energy is not expected to remain constant with temperature.
As Khoshkava and Kamal demonstrated, the surface energy of CNC at room temperature is above
PLA, but at 190°C, it is significantly lower

[95] .

This may explain why the CNC and CNF

demonstrated faster crystallization at higher temperatures.
Interestingly, at low concentration, the crystallization rate of CNC and CNF are very
similar despite the large difference in size between nanoparticles. Although CNFs have
comparable widths, they are very long (several microns) compared to CNCs which are 5-20 nm
wide and 20-500 nm long

[2] .

CNCs, which provide a higher total surface area per volume

compared to CNFs are expected to be the superior nucleation agent. Also, CNFs have been
observed to exhibit entanglements (Figure 1.1) which further limit the available surfaces for
nucleation as these entanglements will most likely be carried over into the composite to some
extent.
Several potential reasons exist for the observation that the CNC and CNF effects at small
concentrations are very similar. First, surface energy differences between CNC and CNF may arise
from the processing of these materials. The CNC has a sulfate half-ester that is substituted for
some of the OH- in the acid hydrolysis process, which puts a negatively charged sulfate half ester,
-OSO3- H+, on the surface [33,118]. While the negative charge is effective at stabilizing CNC/water
suspensions, it may also account for a slight change in surface energy making the CNC more
hydrophilic compared to mechanically fibrillated CNF, and thus, less compatible with PLA.
Comparing surface energy measurements for similar nanocellulose materials, this appears to be
the case (Table 5.3). Secondly, the interfacial energy between the nanocellulose and PLA may be
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changed by the addition of a plasticizer such as PEG due to the adsorption of the PEG onto the
surface of CNC/CNF. A study by Angles et al. demonstrated that the interfacial energy between
glycerol and cellulose whiskers was higher than the starch matrix these materials were meant to
modify [119]. Thirdly, CNC/CNF may have a higher affinity for PEG than PLA causing partitioning
of the PEG to the nanocellulose interphase. This has been observed for CNCs in polyurethanes
where the CNC preferentially located in the polyol-rich soft blocks [120]. One would expect that a
more hydrophilic CNC to be more affected than CNF. These additional factors could explain why
the surface area is not the only driving factor in improving the crystallization rate.

Figure 5.5 A) crystallization rate, k, and B) Half-time, τ1/2, versus T c for all compositions
While the nanocomposites showed no optical indication of agglomeration, sub-micron
agglomerations could persist despite best efforts to distribute and disperse the nanoparticles. In
turn, this could reduce the effective surface area. Numerous studies have investigated the use of
PEG as a material to help re-disperse dried CNC and have shown that in dried products, PEG does
shield neighboring CNC interactions and CNC/PEG exhibited reversible hydrogen bonding when
re-dispersed in water

[94] .

They also showed that the shielding was not 100% effective as after

redispersion particle size was still larger than before [94]. Though similar behavior may be expected
in the dry nanocellulose/PEG solutions employed in the present study, between the two
concentrations examined here, the degree of agglomeration in the 10 wt% CNC/PEG solution
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(Figure 5.1), appears to be slightly higher than lower CNC counterparts. CNC agglomeration
would result in a lower effective surface area/volume ratio despite more CNCs being present. This
may explain why a significant improvement in rate or half-time was not observed between 0.05
wt% and 0.55 wt% CNC despite an over ten-fold increase in nanoparticle concentration.
Alternatively, higher concentrations of CNCs acting as a barrier to molecular motion, such as
growing crystallites, has been proposed in several other materials and could be the case here as
well, though the concentrations are much lower than expected
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[62] .

EXO UP

Figure 5.6 Thermograms after isothermal crystallization at A) 90°C B) 100°C C)
110°C D) 115°C E) 120°C F) 130°C. Exothermic is upwards in all thermograms.
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5.3.2

Effects on Melting Behavior
Composition was shown to affect the melting behavior of isothermally crystallized samples

as shown in Figure 5.6. PLA commonly crystallizes into an ordered α phase and disordered α’
phase

[105,121]

. The two crystal structures are very similar and can be difficult to distinguish by

wide-angle x-ray diffraction, however, the appearance of double melting peaks can be quite
indicative of crystallization processes

[105] .

In poly(L-lactic acid) (PLLA), the α’ phase is known

to crystallize at low T c while α phase crystallizes at high T c; the transition coincides with the
appearance of the double melting peaks and the shoulder on the melting exotherm which
sometimes appears is the α’ to α transition [105–107,122]. The α’ phase is thought to undergo a solidsolid phase transition to the ordered α phase when an exothermic shoulder is observed during
heating cycles [107]. Both phenomena were observed in Figure 5.6. At 90°C, PLA and 5 wt% PEG
compositions exhibited distinct exothermic shoulders immediately before the melting endotherm.
The samples containing nucleation agents exhibited a very shallow melting endotherm, except for
0.05 wt% CNC which exhibited a strong endotherm, instead. However, all samples exhibited the
shoulder in the non-isothermal history which would have undergone crystallization over a wide
temperature range (Figure 5.3). After the materials switched to the melt recrystallization
mechanism, either T c= 90°C or 100°C, the peaks in Figure 5.6 showed a distinct temperature
dependence, where at low T c the first melting peak is distinct from the second peak and as T c
increases, the two peaks become merged. At very high Tc, a single peak is observed (130°C) which
agrees well with expectation

[101,105] .

While the melting points of peak 1, T m1, increased with

increasing T c, Tm2 showed only weak temperature dependence which is to be expected as at
elevated temperature, reorganized/regrown crystals will be more uniform in size and perfection
(Appendix C, Figure C. 4). Of the nucleated compositions, talc exhibited the largest suppression
in melting point, T m1, followed by 0.05 wt% CNC, 0.55 wt% CNC, 0.05 wt% CNF, and then 5 wt%
PEG (Appendix C Table C. 1). Smaller T m1 and broadening of the melting endotherm, like in
Figure 5.6, suggests a smaller and/or less perfect, but wider distribution of crystallite sizes. Since
the k increased, it is expected that crystallite size, and therefore T m1, should decrease because of
more nuclei growing means a smaller average size before growing into a neighboring crystal.
Melting point suppression suggested that the 0.05% CNC and 0.05% talc would be the fastest
crystallizing materials since these materials would be expected to have the smallest crystallite size
distribution. Slight variations in experimental melting points could be due to variation between
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samples as well as lamellar thickening during the thermal experiment either during crystallization
or during subsequent heating. Regardless, a larger melting temperature can lead to higher
temperature usage in polymers.

Figure 5.7 A) Tm1 versus Tc and B) the crystallinity, χ, versus T c.

During isothermal crystallization, samples are held at T c until the crystallization process is
complete, and from the second heat, the degree of crystallinity, χ, can be calculated using Equation
5.1. At higher T c, the molecular mobility is higher and larger molecular weight chains can be more
easily incorporated into the crystal. Consequently, χ is observed to increase with increasing T c over
the range selected (Figure 5.7 B; Appendix C Table C. 1). Although the total degree of crystallinity
is improved at higher T c, the rate of crystallization, Table 5.2, decreases with increasing T c even if
growth is favored at higher temperatures and the time to complete crystallization at a given
temperature dramatically increases. This is because, at higher T c, nucleation is the limiting factor
in determining the crystallization rate. Samples containing nanocellulose exhibited higher χ
compared to the neat PLA, 5% PEG, and 0.05% talc. Interestingly, from Table 5.2, the half-time
was comparable or smaller for these materials which suggest that the nanocellulose/PEG
combination is improving growth in addition to nucleation, the primary contribution in improving
the crystallization kinetics of PLA. Larger χ is generally correlated to better properties such as
heat deflection temperature and gas barrier and is a major reason that nucleants are added to
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polymers. In this case, nanocellulose may be superior in some instances as it leads to higher overall
crystallinity than nucleants such as talc.

5.3.3

Nonlinear Hoffman-Weeks Extrapolation of the Equilibrium Melting Temperature
The non-linear Hoffman-Weeks expression, Equation 5.7, was used to estimate the

equilibrium melting temperature, Tm°, from experimental melting point data

[123]

. The expression

was fit using Matlab. The Matlab code is reported in Appendix C.
Equation 5.7
To
m
o
Tm −Tm

=γ

σ1e
σem

(

Tm °
Tm °−Tc

+ a)

Where σ1e and σem are folding surface energies and the approximation that σ1 e = σem was assumed.
The thickening coefficient, γ, was assumed to be γ=1 for PLA [103]. Five values (Tc= 100, 110, 115,
120, and 130°C) were fit. For more information, see Chapter 3 of Polymer Crystallization by J. M.
Schultz [110].

Figure 5.8 Summary plot of nonlinear Hoffman-Weeks estimation of the equilibrium melting
temperature for all materials.
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5.3.4

Nucleation Efficiency from Secondary Nucleation Theory

Secondary nucleation theory provides access to additional information about nucleation
efficacy and growth. Lauritzen and Hoffman’s expression for the growth rate in Equation 5.9
consists of two primary components: the activation energy barrier for diffusion of chains to the
growth front and the surface energy component to overcome during the addition of strands on a
layer, i.e. the initial process of nucleation [110]. While the former is represented by the first exponent,
the latter is represented in the second in which K g is the nucleation constant. The growth rate data
were approximated as, G=1/ τ1/2, where U*=1500 cal/mol, T ∞= Tg-30°C (
Table 5.1), R is the ideal gas constant, ΔT= T m°-Tc, and f is a correction factor (f
=2Tc/(Tc+Tm°)[31]. The equilibrium melting temperature, T m°, was estimated from a nonlinear
Hoffman-Weeks extrapolation (Figure 5.8) and is reported in Table 5.4
in the acceptable range for various PLA materials

[31,103,122–126]

[110]

. Tm° estimates were

. Variation in Tm° could be the
[103] .

consequence of lamellar thickening during the isothermal experiments

Equation 5.8 was re-

arranged and plotted in Figure 5.8 where the slope of the line is Kg.
Equation 5.8
G = Go exp (

−U∗

R(Tc−T∞)

) exp (

−Kg

)

TcΔTf

Surface energy terms that describe nucleation are buried in Kg (Equation 5.9). In Equation
5.9, Kg is the energy required for nuclei of a critical size to form which depends on several factors
such as the free energy of folding, σ e, the lateral surface energy, σ, thickness of a single layer, b,
the Boltzmann constant, k B, enthalpy of melting per unit volume, ΔH f, and n, which corresponds
to the three crystallization regimes [110]. The three regimes are regime I, regime II, and regime III
[110] .

In regime I and regime III, n=4 and in regime II n=2 [110]. Polymers can exhibit a combination

of the regimes or a single regime. PLA most often exhibits regimes II and III [124,127].
Equation 5.9
Kg =

nbσσeTo
m
ΔHfkB

All compositions exhibited linear behavior in Figure 5.9. As PLA can exhibit multiple
regimes across the temperature range explored, a test was applied to determine quantitively if one
or two regimes were present. Since n=4 for regimes I and III and in regime II n=2, the ratio of
various slopes at high and low temperatures can be used to test whether two regimes are present.
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Tc= 115 °C was initially assumed to be the division point when testing for the presence of multiple
slopes in data. KgIII/KII= 2 by measuring the ratio of slopes between high and low T c from Figure
5.9, there was no conclusive evidence that any of the compositions exhibited a second regime
above 115°C. The slopes in Figure 5.9 are observed to decrease as the composition is changed
which indicated that the energy for nuclei to form is decreasing as well. Theoretically, T m° should
not change since only the PLA is crystallizing. However, for the present study, unique T m° was
estimated for each composition and so, the data is also observed to shift right as the experimentally
fit T m° was observed to decrease for the more efficient nucleating compositions. The exhibited
regime was assumed to be regime III as regime 3 is the commonly observed regime in PLA and is
typically reported to cover the temperature region below 115-125°C. The parameters used for the
custom Origin plugin developed by Lorenzo et al. where: a= 5.17, b=5.97, and ΔH f = 1.26 x108
J/m3 [109]. The results of the linear regression of Figure 5.9 are shown in Table 5.4 where the slopes
of the trend lines, Kg, are tabulated and additional parameters from Eq. 8 have been calculated and
reported.

Figure 5.9 Plot of Ln(1/τ1/2)+U*/(R(Tc-T∞)) vs. 1/(T cΔTf).
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From Table 5.4, it was observed the Kg and σe both decreased with the addition of PEG
and nucleation agents. From, σe was observed to decrease for all compositions. The reduction in
σe was largest for talc, followed by CNC indicating that, at this concentration, these materials are
the superior nucleation agent as the energy required to create a new fold is reduced in the presence
of a desirable nucleation surface. Between 0.05 wt% CNC and 0.55 wt% CNC, σ e was very similar
(141 and 146.1 erg/cm2) which is to be expected and the difference between the two concentrations
is acceptable in light of previous CNC concentration studies [31]. At small concentrations, CNC is
not expected to form a percolation network that can inhibit crystallization and the difference in σ e
may simply be due to variation in the fitting of the growth rate or T m° or experimental variation.
The 5 wt% PEG and 0.05 wt% CNF appear to be very similar in Figure 5.9. The addition of PEG
produced a decrease in Kg indicating that increasing the mobility of PLA chains is enough to reduce
σe while the addition of 0.05% CNF did not further reduce σ e or Kg.

Table 5.4 Secondary nucleation theory parameters.
Material

Tm°
(°C)

Kg

σe

σ

(105 K2)

(erg/cm2)

(erg/cm2)

σ σe

Neat PLA

207.4

8.69

217.3

7.02

1525.5

5 wt% PEG

202.8

6.71

169.3

7.02

1188.5

0.05 wt% CNF 5 wt% PEG

202.4

6.97

176.1

7.02

1236.2

0.05 wt% CNC

196.2

5.51

141.0

7.02

989.8

199.0

5.7

146.1

7.02

1025.6

188.8

5.0

130.2

7.02

914.0

5 wt% PEG
0.55 wt% CNC
5 wt% PEG
0.05 wt% Talc 5 wt% PEG
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5.3.5

Crystal Morphology
Crystal morphology is of key interest as crystallite size and morphology, in part, determine

materials properties such as opacity or melting point. Neat PLA and PLA blends have been
previously shown to exhibit banded spherulitic structures under certain conditions

[128–130]

; e.g.

blends of poly(ethylene oxide) (PEO) and PLA exhibited highly periodic banded spherulites when
crystallized at 125°C [128]. The morphology of compositions in the present study was examined by
SEM after chemically etching samples that had been isothermally crystallized at two temperatures:
90°C and 130°C (Figure 5.10 and Figure 5.11). Conceptually, the poor solvent mixture dissolved
the less crystalline and amorphous areas of the surface as well as the water-soluble PEG; only
highly crystalline areas were left behind. At low T c, SEM micrographs showed non-spherulitic,
unordered structures similar to that of the low T c PLA structures observed previously (Figure 5.11)
[103] .

At low T c, growth will be severely hindered and so a large amount of material remained

amorphous/disordered and was dissolved during etching. Likewise, samples crystallized at low T c
exhibited smaller χ values upon reheating compared to high T c, and crystallized structures, which
were very small, would be expected to have low melting points like those observed (Figure 5.6).
High Tc conditions produced spherulites across all compositions. The centers, containing the nuclei
of the spherulites, were also dissolved during etching. This has been observed by other authors for
PLA and a potential reason for the etching out of centers is that the nuclei are disordered compared
to the outer layers that are placed later [103,104]. This phenomenon was observed across all high T c
samples, but to different degrees along with spherulite size as the nucleate type and concentration
was varied.
The addition of PEG alone changed the crystal morphology of PLA. PLA spherulites were
denser and fuller (very fine lamella), with distinct interfaces between neighboring spherulites
comparable to those previously observed for high molecular weight PLA [103]. The addition of PEG
produced large, coarse spherulites where small gaps between neighboring crystals could be
observed; this space may be caused by the ejection or exclusion of PEG to the interface during
crystallization. Additionally, larger pores or pockets of free space were observed in the samples
after etching (Figure 5.10 C-D). The spherulites in Figure 5.10 are not reminiscent of banded
spherulites since they do not exhibit a periodic structure across the spherulite but are isolated. Two
potential reasons are solute ejection and/or phase separation of the PEG during crystallization or
spherulite fall-out/pull-out. Full phase separation is unlikely as no distinct melting or
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crystallization peaks around 15-25°C, which correspond to low molecular weight PEG, were
observed in the DSC thermograms (Figure 5.6). However, solute ejection of the PEG ahead of the
crystallization front may still be occurring if the PEG is simply higher in concentration and forming
a solid solution. Studies on the solubility of PEG in PLA have reported that phase separation
occurs above 10% and coincides with the appearance of a melting/crystallization peak in the DSC
thermogram [83], so that if solute ejection is happening, the concentration of PEG in PLA cannot
be above this value. Thus, it is more likely that pull-out, where loose spherulites would have fallen
out during chemical etching as the amorphous regions were dissolved, occurred instead, although
any solute ejection that raises the PEG concentration locally at the periphery may make this more
likely.
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Figure 5.10. Scanning electron micrographs of chemically etched specimens isothermally
crystallized at 130°C: A) Neat PLA, B) 5 wt% PEG, C) 0.05 wt% CNF-5 wt% PEG, D) 0.05
wt% CNC-5 wt%PEG, E) 0.55 wt% CNC-5 wt% PEG, and F) 0.05 wt% Talc-5 wt% PEG.
Arrows indicate regions where “core-shell” morphologies (single bands which were
preferentially etched away) formed in some of the spherulites.
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Figure 5.11 Scanning electron micrographs of compositions isothermally crystallized at 90°C and
then chemically etched for 4hrs in a 1:1 ratio of water and methanol with 0.025mol/L NaOH.
Compositions are as follows: A) Neat PLA, B) 5 wt% PEG, C) 0.05 wt% CNF-5 wt% PEG, D)
0.05 wt% CNC-5 wt%PEG, E) 0.55 wt% CNC-5 wt% PEG, and F) 0.05 wt% Talc-5 wt% PEG.

99

The addition of nucleation agents (CNC, CNF, or talc) resulted in additional changes to the
crystal microstructure of PLA. Like the 5 wt% PEG, samples containing a nucleation agent and
PEG also exhibited evidence of crystallite pull-out (Figure 5.10 C-D). Unlike the neat PLA,
samples with additives are growing faster due to enhanced growth from mobility and nucleation
and thus, significant coarsening of the microstructure is observed. Coarsening of the
microstructure and large grain size can lead to poor mechanical performance. For the 0.05 wt%
nanocellulose compositions, a shell microstructure can be observed around some crystallites
(Figure 5.10 C-D; Figure 5.12). Although talc compositions did not exhibit a similar shell around
spherulites, talc did show a slight reduction in size compared to samples containing nanocellulose
or only PEG. As expected, talc is a good nucleation agent for PLA as many nuclei were formed,
the crystallization rate was improved (Table 5.2) and the surface energy reduction (Table 5.4) was
largest for talc.

Figure 5.12 Micrograph of 0.05 wt% CNF-5 wt%PEG isothermally
crystallized at 130°C and then chemically etched.
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5.4

Conclusions for Crystallization Kinetics

In the present study, polymer nanocomposites were prepared using PEG as a plasticizer
and as a compatibilizer for CNC and CNF as nucleants for PLA, with talc being used as a
commercial comparison. Very small concentrations of CNC and mechanically fibrillated CNF,
similar to those used for commercial nucleation agents, were investigated as heterogeneous
nucleation agents using conventional kinetics approaches: Avrami and Lauritzen-Hoffman
formalisms. Isothermal crystallization kinetics were studied for a wide temperature zone that
spanned the temperature range where α’ to α transitions. At high T c, the CNC and CNF containing
compositions were faster than talc. The Lauritzen-Hoffman analysis showed a decrease in the
nucleation constant, Kg, and a decrease in the surface energy of folding, σ e, suggesting that at very
small concentrations CNC and CNF are good potential nucleation agents for PLA.
Additionally, the spherulite morphology was studied though chemical etching of the
isothermally crystallized samples and morphologically, the nucleation agents produced very
different results. For isothermal samples at T c=130°C, the addition of 5 wt% PEG produced a
coarse structure which was made coarser by the addition of CNC or CNF and suggested that these
composites were indeed crystallizing faster at the higher T c compared to talc. While the
microscopy images cannot provide an estimate of spherulite size, the spherulites of the
nanocellulose compositions did appear smaller, but not as small as the talc comparison group
which exhibited both lower melting points in the DSC thermograms and visually smaller
spherulites in the micrographs.
Overall, the CNC and CNF were found to be efficient nucleants with faster crystallization
kinetics than talc, a commercial PLA nucleant, at high temperatures, and with a similar
morphology for the concentrations examined. Importantly, CNF and, especially, CNC were found
to give a significantly higher overall crystallinity, indicating that they may, ultimately, give better
properties than the commonly used talc for the concentrations examined.
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PRELIMINARY PROCESSING OF
NANOCELLULOSE/POLYAMIDE COMPOSITES

All lab work in this chapter was performed by Caitlyn Clarkson. All writing was done by
Caitlyn Clarkson.

6.1

Introduction

Polyamides have challenged researchers as high processing temperatures have hindered
attempts to create nanocomposites[7]. However, polyamides like nylon 6, nylon 11, and nylon 12
are industrially very relevant polymers. Nylon 6 is ubiquitous as it is used in many products from
the textile industry to the automotive industry. It is also one of the higher melting point nylons
(210-220°C) compared to nylon 11 (180-190°C) or nylon 12 (170-180°C) due to the frequency of
hydrogen bonding groups along the polymer backbone; i.e. the number of carbons between the
aliphatic diamine part and the aliphatic carbonyl part is only six. Regardless, there is interest in
putting nanocellulose in nylons because of the potential for mechanical reinforcement[7].
This chapter discusses the initial investigation into applying the processing concepts
developed for melt-processing nanocellulose into PLA to create nylon 6 nanocomposites. A similar
approach, where a known additive is chosen to carry/compatabilize the nanocellulose is employed.
Several studies have recently examined alternative plasticizers for nylon 6 and nylon 66/6
copolymers[131–133]. Of these studies, a few potential plasticizers were selected. In a computational
study by Alperstein et al., methyl-4-hydroxybenzoate (M4HB) was predicted by to reduce the Tg
and be a more efficient plasticizer compared to other plasticizers like glycerol monostearate (GMS)
and benzene sulfonamide[132]. All three of these plasticizers were chosen as was ethyl-4hydroxybenzoate (E4HB), which is similar in chemical structure to M4HB. The following section
discusses the thermal properties of plasticizers, method for incorporating CNCs into GMS, and
initial thermal properties of nylon 6 nanocomposite films prepared for two types of CNCs.
Additionally, Appendix D contains initial work on determining the Hansen solubility parameters
(HSP) for the nanoparticles used in this chapter and for predicting polymer and additive
compatibility based on the cohesion parameters.
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6.2
6.2.1

Methods and Materials

Materials
Nanocelluloses were purchased from two providers. Sulfuric acid CNCs were purchased

from the University of Maine, Oronoa, ME, USA: Forest Products Laboratory (FPL CNCs) (2014FPL-CNC-065;11.9 % CNC-water slurry; 0.99wt% sulfur on dry CNC). Blue Goose (BGB) Ultra
carboxyl CNCs (BGU2 CNC), obtained from a transition metal-catalyzed oxidative process, were
purchased from Blue Goose Biorefineries Inc., Saskatoon, SK Canada (Lot number: VPU07-001;
8 % CNC-water; Carboxyl content, 0.15mmol/g). Nanoparticle dimensions for FPL-CNCs are in
Table 4.1 and BGU2 CNCs, provided by the manufacturer, is 9-14 nm by 100-150 nm. From
Millipore Sigma, St. Louis, MO, USA, the following analytical purity chemicals were purchased:
polyethylene glycol (PEG600, Mn = 600g/mol); nylon 6; methyl-4-hydroxybenzoate (M4HB);
ethyl-4-hydroxybenzoate (E4HB); benzenesulfonamide, glycerol monostearate (GMS). All other
solvents were analytical grade with a purity of >99%. All water was nano-pure, deionized water
generated in-house using a Barnstead device.

6.2.2

Exchanging CNCs from Water into Additives
A general process for exchanging CNCs into ethanol-soluble plasticizers was developed.

First, A 70% ethanol solution of GMS was prepared by mechanically mixing GMS at 70°C.
Meanwhile, CNCs from water was diluted with additional water (to create a 30% water-70%
ethanol final solution composition) and sonicated using Branson Sonifyer (30% power, 30 sec
total, 1 min on and 1 min off). After diluting that CNCs, the solution was preheated to70°C while
being mechanically mixed. Once both solutions were preheated, the CNC/water solution was
gradually added to the GMS/ethanol solution under vigorous mechanical mixing. The solution was
then transferred to a round bottom flask that had been preheated to 70°C in the rotary evaporator
water bath. Solvents were removed from the plasticizer/CNC solution in three vacuum stages.
First, the rotary evaporator at 250 mTorr was used to remove the bulk of the solvent. Second, the
rotary evaporator was set to maximum vacuum (80mTorr) and the additional solvent was removed
while the sample was cooled to 25°C in the water bath. After cooling to room temperature, the
plasticizer/CNC solution had formed a thick, white, tacky paste. In the third vacuum stage, the
paste was deposited onto a glass tray and put into a high vacuum at 70-80°C for 4-5 hrs or until all
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solvent had been removed as confirmed by TGA. After drying, the powders were ground into a
fine powder using a mortar and pestle. All materials were stored in a desiccator to prevent water
absorption before use.

6.2.3

Nylon 6 Nanocomposite Processing
An Xplore 5CC twin-screw microcompounder, equipped with a continuous feed hopper

and nitrogen blanket was used to process nanocomposites. The nitrogen blanket is essentially a
nozzle that releases nitrogen over the hopper and barrel of the compounder. Since nitrogen is
heavier than oxygen, it will displace the air in the hopper to create a low oxygen/low humidity
environment. The utmost care was taken to ensure that all materials were dry before use as nylon
is very sensitive to water. Nylon 6 was dried at 90°C for 4-5 hrs before use and stored in airtight
containers filled with desiccant. A premeasured quantity of nylon 6 and plasticizer/CNC were
measured by mass on the scale located immediately next to the microcompounder to prevent water
adsorption prior to processing. The premixed powder and pellets were added into the continuous
hopper while the screws ran at 200 rpm. All temperature zones were set to 235°C. The materials
were compounded in the closed chamber for 3 min before being collected between two metal plates
and flattened to form pre-flattened sheets for compression molding. A clearing batch of nylon was
run between compositions or when the material appeared to be oxidizing heavily.
Films were compression molded from the compounded material on a Carver benchtop
hydraulic press. The temperature was set to 235°C. To prepare samples, 4 grams of pre-flattened
material was measured and then stacked on top of each other on polytetrafluoroethylene (PTFE)
sheets with a metal shim insert. The shim was 0.25µm thick and a square of 15 cm x 15 cm was
cut from the middle. A second PTFE sheet was placed on top of the assembly and then the mold
was sandwiched between two preheated stainless steel plated and loaded onto the press. The
assembly was warmed up, without pressure, for 5.5 min. Then a pressure of 0.75 metric tons was
applied for 1.5 min. The mold assembly was removed and cooled between two 4 cm thick
aluminum heat sinks until it reached room temperature and then was de-molded.
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6.2.4

Thermal Properties of Potential Additives and Nanocomposites
A Thermal Analysis (TA) Instruments Q 500 TGA was used to determine the onset of

thermal degradation. Since all melt compounding procedures would be conducted under a nitrogen
blanket to reduce oxidation of nylon 6, the tests were run in nitrogen at 15°C/min from 25°C to
900°C.
A TA Q2000 DSC was used to collect the thermal properties of additives and
nanocomposites. Tzero hermetic pans with each additive were prepared at approximately 10 mg
+/- 2 mg. Samples were run through a heat-cool-heat program were the rate was 10°C/min.
Generally, the program was 0°C to 250°C unless the thermal degradation temperature was below
250°C in which case the upper limit was 200°C.

6.3
6.3.1

Results for Polyamide Processing

Thermal Properties of Polymers and Potential Additives
Thermal degradation and the melting point of various potential additives were measured

and are reported in Table 6.1. As a rule of thumb, the processing temperature for polymers is about
20-30° higher than the melting point. For nylon 6, that is 215°C, so the polymer was melt
compounded at 235°C. Considering this criterion, several potential additives could be eliminated
from the list immediately. E4HB and M4HB were eliminated as the onset of thermal degradation
for these materials were well below the processing temperature. Of the additives surveyed, that
left GMS and benzenesulfonamide. Of these two plasticizers, benzenesulfonamide is very
compatible with CNCs based on its HSP (Appendix D). It is within the HSP spheres of both BGU2
CNC and FPL CNC, while the three monoglycerides used as approximations for GMS are not.
solubility tests showed that GMS could be dissolved in 30% water-70% ethanol at 70°C which
could also be used to disperse CNCs. While benzenesulfonamide is soluble in methanol, this
additive was not chosen initially as mixtures of methanol/water could not be obtained where CNCs
and benzenesulfonamide both stayed in solution.

106

Table 6.1 Table of thermal properties for polymers and potential additives for
nylon 6 composites.
Material
GMS (from ethanol)
M4HB
E4HB
Benzene sulfonamide
Nylon 6
6.3.2

Tm
61.2
126.5
116.7
153.6
215.2

Tdeg
Onset Peak 1
231.7
173.1
175.6
222.13
431.9

Tdeg
Peak 1
267.6
209.2
209.3
252.97
460.6

Tdeg
Peak 2
407.6
-

Tdeg
Peak 3
-

Nylon 6/CNC Composites
CNC/nylon 6 nanocomposites were prepared at 5% GMS and 10% GMS via melt-

compounding for FPL CNC and one concentration at 5% and 0.55% for BGU2 CNC (Figure 6.1
A). The additive solutions showed no evidence of browning since they were made at 70°C.
Visually, there was no difference between the FPL CNC/GMS and BGU 2 CNC/GMS powders
developed as the first additive combination (Figure 6.1 B). Furthermore, the as-processed materials
showed marginal browning after compounding for samples compounded with GMS and more
browning for samples with CNCs. In particular, BGU2 CNC/GMS nanocomposites showed the
most browning compared to GMS controls, nylon 6, and FPL CNC/GMS nanocomposites (). This
is surprising considering that browning is often attributed to sulfuric acid CNCs in the literature[7].

A

(1)

(2)

(3)

(4)

B

(1)

(2)

(3)

(4)

(5)

C
(1)

(2)

Figure 6.1 A) Compression molded films of nylon 6 nanocomposites: nylon 6 (1), 5 wt% GMS (2),
(3) 5 wt% GMS-0.55 wt% FPL CNC; (4) 5 wt% GMS-0.55 wt% BGU2 CNC. B) Plasticizer
solutions used to prepare films: (1) GMS; (2) 1 wt% FPLCNC-GMS; (3) 5 wt% FPL CNC-GMS; (4)
FPL CNC-GMS; (5) BGU
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However, all controls and nanocomposite films show evidence of browning after compression
molding at 235°C for 7-8 additional minutes (Figure 6.1 A).

6.3.3

Thermal Properties of Nylon 6/CNC Composites
Table 6.2 shows DSC data collected for controls and nanocomposites containing GMS and

either FPL CNC or BGU2 CNC. Three concentrations of FPL CNCs were prepared to determine
the effect of CNC concentration and plasticizer content. The DSC thermogram of the as-made
compounded material prior to compression molding is shown in Figure 6.2. In Figure 6.2 A, little
difference is observed between concentrations, however, there does appear to be a very slight dip
around the glass transition temperature of nylon 6. In Figure 6.2 B this peak is more pronounced
and is centered around 60°C, the melting point of GMS. This is evidence that close to 5% GMS in
nylon 6 has reached the solubility limit of this material. Furthermore, it obscures the T g so that the
suppression of the T g can be determined from these measurements. The enthalpy of melting, ΔH m
stays approximately the same for all FPL CNC compositions shown in Table 6.2 and the melting
point increased with the addition of 10% GMS and FPL CNC from 217°C to 220°C.

Table 6.2 Thermal properties of nylon 6 composites.
Material

GMS
(wt%)

CNC
(wt%)

Neat Nylon 6
FPL CNC/GMS
FPL CNC/GMS
FPL CNC/GMS
FPL CNC/GMS
FPL CNC/GMS
FPL CNC/GMS

0
5
5
5
10
10
10

0.0
0.05
0.25
0.55
0.10
0.50
1.10

5 wt% GMS
BGU2
CNC/GMS
FPL CNC/GMS

5

0.0

5
5

0.55
0.55

Tg
(°C)
Compounded
47.5
42.6
43.0
43.2
Films
40.8
-

Tm1
(°C)

Tm2
(°C)

ΔHm
(J/g)

217.26
219.5
216.0
215.3
220.5
220.6
220.2

-

57.4
55.5
56.7
55.0
56.1
54.9
55.7

214.5

220.7

39.8

211.2
211.3

222.4
221.3

61.8
65.9

Since the DSC thermograms of the compounded material exhibited a GMS melting peak
superimposed on the T g of nylon 6, future studies only examined 5% GMS. Figure 6.2C is shown
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for three samples which were compression molded to make the films in Figure 6.1 A. The melting
behavior of these samples changed. For reference, the compounded samples would have a very
fast cooling history because they were quenched immediately, while the films have time to develop
crystallinity during the slower cool down in the film process. Interestingly, there appears to be a
second peak which appears as a shoulder on the primary melting peak (Figure 6.2). This peak
could correspond to melt crystallization, or it could be a second crystal structure that is nucleated
during the film processing history. Further investigation is needed, but an estimate of the shoulder
peak temperature is provided in Table 6.2 alongside the primary melting peak (T m2 for
thermograms showing two melting peaks). Like the compounded materials, the T m of the primary
melting peak increased.
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EXO UP
2

2

A

1.5

Specific Heat Flow (W/g)

Specific Heat Flow (W/g)

1.5

B

1
0.5
0
-0.5
-1

Nylon 6
0.05% FPL CNC-5%GMS
0.25% FPL CNC-5%GMS
0.55% FPL CNC-5%GMS

-1.5

50

100

150

0.5
0
-0.5
-1

Nylon 6
0.1%CNC-10%GMS
0.5%CNC-10%GMS
1%CNC-10%GMS

-1.5

-2
0

1

200

-2

250

0

50

Temperature (°C)

150

200

250

Temperature (°C)

0.5

Specific Heat Flow (W/g)

100

C

0

-0.5

-1

5% GMS
0.55% FPL-CNC/5%GMS
0.55% BGU2-CNC/5%GMS

-1.5

-2
0

50

100

150

200

250

Temperature (°C)

Figure 6.2 DSC thermograms of heating cycles of A) 5 wt% GMS-nylon 6 and B) 10 wt% GMS
in nylon 6; both are with FPL CNC at 0.05 wt%, 0.25 wt% and 0.55 wt% and C) comparison of 5
wt% GMS and 5 wt%GMS/0.55 wt% CNC (BGU 2 CNC or FPL CNC). Exothermic is up in all
DSC thermograms.
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6.4

Summary and Future Work

Nylon6/GMS/CNC plasticizer mixtures were prepared using a similar concept to the
plasticized PLA/CNC or PLA/CNF composites addressed in Chapters 3-5. This method appears
promising despite the fact the GMS and CNCs are not highly compatible based on the HSP spheres
shown in Appendix D. However, the mechanical performance needs to be tested to determine the
how effective small concentrations can be and to determine if GMS is an efficient plasticizer for
nylon 6 as the computations predicted by nylon 66/6 [132].
Future work could explore the exchange of CNMs into benzenesulfonamide. Potential
methods for doing so include the solvent-based methods such as the methods used for CNM/PEG
or CNC/GMS. However, considering the compatibility prediction between these materials, melt
mixing of dried CNMs into benzene sulfonamide may prove a promising avenue. Since GMS
reaches a solubility limit in nylon 6 at around 5%, another avenue for future investigation would
be to use a combination of plasticizers (GMS and benzenesulfonamide for instance). The benefit
being that CNCs could be exchanged into one of the materials which would act as a compatibilizer
while the other serves primarily as a plasticizer for the material.
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SUMMARY

This thesis covered five projects intimately related to the processing and characterization of
nanocellulose/polymer composites. Individual project objectives were oriented under two primary
thrusts: 1) improving mechanical properties and 2) improving crystallization kinetics in PLA as it
is a slow crystallizing polymer. Under the first thrust in improving mechanical properties were two
fiber spinning projects, and under the second was the crystallization kinetics study of PLA. This
also covered preliminary work leading up to the conceptualization of the crystallization kinetics
project as well as preliminary work in creating nylon 6 nanocomposites using concepts developed
in the melt-processing projects for PLA.
The fiber spinning projects had several notable discoveries. In the first project, a method to
dry-spin CNC/PLA nanocomposite fibers was developed and fibers with up to 5% CNC were
produced at various screw rotation speeds. Since dimethylformamide was used as the solvent, the
process was performed at elevated temperatures to help drive off the higher boiling point solvent.
Interestingly, the onset of melt fracture was observed in fibers which were not alleviated by the
addition of CNCs. This phenomenon has been observed previously by researchers using good
solvents as well[38]. In the second fiber spinning study, a process to melt-spin mCNF-C12/PLA
nanocomposite fibers was developed. This work was inspired by the solvent-assisted method of
Herrera et al. who used a liquid assisted melt-process to create nanocellulose composites

[21]

.A

key benefit to the method developed and what differentiated it was that the method was solventless which meant that no specialized compounding equipment with the capability to vent large
amounts of water was needed to create the fibers. Furthermore, the process demonstrated that small
concentrations of nanoparticles could be effective in improving the mechanical properties,
especially when coupled with hot-drawing the fibers along the fiber axis. Up to 600% improvement
in elastic modulus was observed for this study. This work motivated the preliminary study of small
concentrations of CNMs in plasticized PLA.
In the crystallization kinetics project, the combined effect of CNCs and CNFs with a
plasticizer, PEG, was studied. To the best of the author’s knowledge, this is one of two studies in
the field which explored CNCs as a heterogeneous nucleation agent in plasticized PLA[58,134]. Also,
the study examined very small concentrations of CNCs and CNFs, typical of commercial
nucleation agents. The crystallization rate was improved with the addition of these materials,
112

though not to the extent that talc can accelerate the crystallization rate. Additionally, the
morphology of samples was examined by chemically etching the surface which enabled the
observation of microstructural changes in nanocomposites isothermally aged at a high and low
temperature.
Lastly, preliminary work on the development of a process to melt-compound nylon 6
nanocellulose composites which produced minimal discoloration was presented. In support of this
project, the Hansen Solubility Parameters (HSP) were estimated using relative sedimentation time
for an entirely water-miscible system.
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APPENDIX A: DRY-SPINNING POLY(LACTIC ACID)
NANOCOMPOSITE FIBERS

Table A. 1 Thermal properties of CNC/PLA composite fibers. T cc is the cold crystallization
temperature and χ is the degree of crystallinity.
CNC Content (%)

Tcc (°C)

Χ (%)

0 wt% (as cast)

133.00 +/- 1.49

2.40 +/- 1.5

5 RPM
0

84.90 +/-1.49

27.40 +/-1.27

1

90.77 +/-2.83

36.86 +/-6.96

3

89.28 +/- 0.64

28.64 +/-2.02

5

90.89 +/- 0.10

26.23 +/-2.86

25RPM
0

122.00 +/- 6.90

24.02 +/- 0.85

1

116.00 +/- 8.90

31.53 +/- 4.74

3

114.90 +/- 8.10

28.00 +/- 2.92

5

112.00 +/- 11.50

27.79 +/- 4.66

50 RPM
0

90.46 +/- 6.43

26.01 +/-10.07

1

92.40 +/- 4.27

34.90 +/-0.24

3

91.72 +/- 0.62

18.39 +/-0.91

5

85.89 +/- 1.2

24.57 +/-1.24
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Table A. 2 Mechanical properties of CNC/PLA composite fibers.
CNC

Strength at Failure

Strength at Failure

Strength at Failure

Content

(20-35 µm)

(40-55 µm)

(60-75 µm)

0

93.30 +/- 40.00

34.45+/- 18.00

33.80 +/- 3.34

1

71.80 +/- 18.00

23.30 +/- 6.00

25.40 +/- 2.89

3

99.20 +/- 31.80

55.46 +/- 2.59

26.80 +/- 2.68

5

58.55 +/- 5.90

44.13 +/- 4.41

CNC

Elastic Modulus

Elastic Modulus

Elastic Modulus

Content

(20-35 µm)

(40-55 µm)

(60-75 µm)

0

5.78 +/- 1.87

3.22 +/- 0.49

2.07 +/- 0.20

1

5.51 +/- 2.34

4.50 +/- 1.45

4.63 +/- 0.72

3

5.55 +/- 0.65

5.48 +/- 5.48

3.55 +/- 1.39

5

4.43 +/- 0.44

6.57 +/- 0.32

(%)

(%)
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APPENDIX B: MELT SPINNING POLY(LACTIC ACID)
NANOCOMPOSITE FIBERS

Thermogravimetric Analysis (TGA) of Unmodified and Modified Nanocellulose Fibrils
TGA was performed on dried, unmodified and modified CNF materials in air at a ramp
rate of 10°C/min (Figure B. 1 A-B). It clearly shows two degradation transitions for both materials.
The first degradation temperature of both modified mCNF-C12 and unmodified CNF was 314.0°C
and 305.7°C, respectively. However, the upper degradation temperatures are very different. The
onset of thermal degradation is 469.2°C and 526.7°C for CNF and mCNF-C12, respectively. Lowtemperature weight loss in these specimens is most likely due to water evaporation.

Figure B. 1 Thermogravimetric analysis (TGA) curves of modified and unmodified
mechanically fibrillated CNF in air after drying. A) Weight change with temperature and B)
derivative weight change with temperature are shown.

Differential Scanning Calorimetry (DSC) Measurements
Methods for the determination of thermal values from DSC measurements are provided in
this section. An example is shown in Figure B. 2 DSC thermogram of PLA fibers showing the
areas of integration for the enthalpies recorded in Table 3.1 and the positions for Tcc and Tm. for
as-spun PLA fibers.


Tg was measured as the inflection point/midpoint at the transition between 4060°C.
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Tcc and T m were measured as the maximum and minimum peak temperature
positions, respectively.



ΔHcc is the enthalpy of cold crystallization for the area shown in Figure B. 2 DSC
thermogram of PLA fibers showing the areas of integration for the enthalpies
recorded in Table 3.1 and the positions for T cc and Tm.



ΔH m is the enthalpy of melting for the area shown in Figure B. 2 DSC
thermogram of PLA fibers showing the areas of integration for the enthalpies
recorded in Table 3.1 and the positions for Tcc and Tm. (the melting enthalpy
minus the exothermic enthalpy peak immediately before melting which
corresponds to the re-organization of the disordered α’ phase).

EXO UP

Tcc

ΔHc
ΔH

Tm

Figure B. 2 DSC thermogram of PLA fibers showing the areas of integration
for the enthalpies recorded in Table 3.1 and the positions for T cc and T m.
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Table B. 1 Mechanical properties of mCNF-C12 composites.

DR
0
0
0
0
0
0
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5
5
5
5
4
6
6
6
6
6

As-Spun
%PEG
% mCNF-C12
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
Intended DR: 2X
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
Intended DR: 3X
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
Intended DR: 4X
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
Intended DR: 5X
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
Intended DR: 6X
0
0
5
0
5
0.05
5
0.3
5
0.6
5
1.3
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Elastic Modulus
GPa
1.4 +/- 0.1
1.2 +/- 0.3
1.5 +/- 0.6
1.6 +/- 0.3
2.2 +/- 0.2
4.8 +/- 1.2

Strength at Failure
MPa
55.0 +/ 1.0
42.0 +/- 0.26
59.3 +/- 3.0
67.0 +/- 23.0
60.0 +/- 3.0
30 +/- 5.0

3.1 +/- 0.7
2.0 +/- 1.0
2.9 +/- 0.3
2.5 +/- 0.7
2.2 +/- 0.7
7.3 +/- 1.5

135.0 +/- 0.4
62.0 +/- 7.7
173.0 +/- 21.0
72.0 +/- 47.0
60.0 +/- 16.0
102.5 +/- 2.5

2.8 +/- 0.1
2.0 +/- 0.3
2.8 +/- 0.02
3.8 +/- 0.7
3.9 +/- 2.0
7.8 +/- 3.0

232.0 +/- 18.5
58.0 +/- 3.0
167.0 +/- 18.5
166.0 +/- 27.0
56.0 +/- 9.0
120.0 +/- 5.0

4.4 +/- 0.1
2.2 +/ 0.6
2.9 +/- 0.6
3.4 +/- 0.4
5.7 +/- 1.0
7.8 +/- 0.5

287.0 +/- 93.0
164.0 +/- 21.0
168.0 +/- 22.0
118.0 +/- 27.0
77.0 +/- 30.0
110.0 +/- 15.0

2.7 +/- 0.03
2.6 +/- 0.5
4.1 +/- 1.5
4.9 +/- 3.6
6.7 +/- 0.3

160.0 +/- 63.0
120.0 +/- 20.0
211.0 +/- 72.0
60.0 +/- 14.0
145.0 +/- 18.0

3.0 +/- 0.6
4.3 +/- 1.2
5.3 +/- 0.7
7.1 +/- 0.5
10.5 +/- 0.8

230.0 +/- 1.0
138.8 +/- 46.0
272.0 +/- 18.0
196.0 +/- 53.0
236.0 +/- 5.0

APPENDIX C: POLYLACTIC ACID NANOCOMPOSITES

Hoffman-Weeks Nonlinear Extrapolation: Original code written by Sami M. El Awad Azrak
%THIS IS THE 5 GUESS VERSION of the Hoffman-Weeks Extrapolation
Tm_guess = 165:0.2:250;
Tm_exp = [152.3 155 155.1 157.4 158.3];
Tc_exp = [100 110 115 120 130];
n = length(Tm_exp);
M = cell(n,1); %empty second cell array
X = cell(n,1); %empty second cell array
k = 1; %start counter for cell
%to get cell array with M
while k <= length(Tm_exp)
m = zeros(1,length(Tm_guess));
for i = 1:length(Tm_guess)
m(i)= Tm_guess(i)/(Tm_guess(i)-Tm_exp(k));
end
M{k} = m;
k = k + 1;
end
%reset counter for array
k = 1;
%second cell array with X
%the cell array contains in the first cell the all the values for the
%Tm_guesses from start to finish with the first Tc_exp
while k <= length(Tc_exp)
x = zeros(1,length(Tm_guess));
for i = 1:length(Tm_guess)
x(i)= Tm_guess(i)/(Tm_guess(i)-Tc_exp(k));
end
X{k} = x;
k = k + 1;
end
%Getting the x and y points to perform the linear regression (only works
%for 5 Tm_exp and Tc_exp values
pt_x = zeros(5,length(Tm_guess));
pt_y = zeros(5,length(Tm_guess));
for i = 1:length(Tm_guess)
%x point column vector (Tc)
pt_x(:,i) = [X{1,1}(i); X{2,1}(i); X{3,1}(i); X{4,1}(i); X{5,1}(i)];
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%y point colum vector (Tm)
pt_y(:,i) = [M{1,1}(i); M{2,1}(i); M{3,1}(i); M{4,1}(i); M{5,1}(i)];
end
%plot of M vs. X
scatter(pt_x(:,1),pt_y(:,1));
title('M vs. X plot for the first guess of Tm (190C)')
xlabel('X')
ylabel('M')
%performing linear regression to obtain a slope and intercept
lin_reg = zeros(2,length(Tm_guess));
[mm,nn] = size(pt_x); %getting the size of the pt_x matrix to create the XX matrix
for i = 1: length(Tm_guess)
XX = [ones(mm,1) pt_x(:,i)]; %this is the vector with a column full of ones and a column full of
the pt_x(:,i) values
lin_reg (:,i) = XX\pt_y(:,i); %this solves the equation Y = XB where Y is the column vector
containing the intercept and the slope
end
%Extracting only the slope values to be used during plotting
slope = lin_reg(2,:);
% THIS IS THE CORRECT WAY OF SOLVING FOR THE FITTED TM_FITTED
i = 1; %reset counter
k = 1; %reset counter
% solving for [gamma*X+intercept], it is organized so that the
% first column of the matrix is the values for the first guessed Tm_guess
right_side = zeros(length(Tm_exp),length(Tm_guess));
while k <= length(Tm_exp)
for i = 1:length(Tm_guess)
right_side(k,i)=lin_reg(2,i)*X{k,1}(i)+lin_reg(1,i);
end
k = k+1;
end
%Calculating the fitted experimental melting point
%Tm_predicted is a column vector where the values correspond to the
%Tm_guess starting form the first Tc_guess to the last and then switching to the next
% column which corresponds to the next Tm_guess
iii = 1; %new matrix element holder for Tm_predicted
Tm_fitted = zeros(length(Tm_guess)*3,1);
for i = 1: length(Tm_guess)
for ii = 1:length(Tm_exp)
Tm_fitted (iii,:) = Tm_guess(i)-(Tm_guess(i)/right_side(iii));
iii = iii + 1;
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end
end
%Solving for the squared difference between Tm_exp and Tm_fitted for a specific
%Tm_guess, each column in the difference matrix is for a specific Tm_guess
ii = 1; %reset counter
k = 1; %reset counter
sqr_difference = zeros(length(Tm_exp), length(Tm_guess));
while ii <= length(Tm_fitted)
for i = 1: length(Tm_exp)
sqr_difference (i,k) = (Tm_fitted(ii)-Tm_exp(i))^2;
ii = ii + 1;
end
k = k + 1;
if ii > length(Tm_fitted);
break
end
end
%calculating the sum of the squares from the sqr_difference matrix (i.e.
%the final variance S_sqr
S_sqr = sum(sqr_difference);

%Plotting the slope and the S^2 values vs. the Tm_guesses
figure % new figure
[hAx,hLine1,hLine2] = plotyy(Tm_guess, slope, Tm_guess, S_sqr);
title('PLA with Tm guesses from 190C to 210C')
xlabel('Tm-guess [C]')
ylabel(hAx(1),'Slope [gamma]') % left y-axis
ylabel(hAx(2),'S^2') % right y-axis
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Figure C. 1 Conventions used for three special cases that appeared in the data set. A) Integration of a melting peak in which c the
crystallization process during heating, but above the first melting peak; positive/endothermic (+) and negative/exothermic (-)
contributions to the melting enthalpy are denoted. B) Very wide melting peak for integration are observed. C) The first melting peak is
barely distinguishable but is still present.

EXO UP
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Figure C. 2 Isothermal runs from 90°C to 130°C showing the progression of the isotherm with isothermal temperature selection.

124
Figure C. 3 Relative crystallinity conversion, χ c, versus experiment time during isothermal experiments for A) PLA
B) 5 wt%PEG C) 0.05 wt% CNF-5 wt%PEG, D) 0.05 wt% CNC-5 wt%PEG E) 0.55 wt% CNF-5 wt%PEG and F)
0.05 wt% Talc-5 wt%PEG.
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Figure C. 4 A) Melting enthalpy and B) T m2, the second melting peak temperature, versus
the crystallization temperature, T c.
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Table C. 1 Thermal properties measured upon reheating after isothermal crystallization.
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Nanocellulose
(wt%)

PEG
(wt%)

Tiso
(°C)

Hm
(J/g)

Tm1
(°C)

Tm2
(°C)

X
(%)

Neat PLA
0
0
0
0

0
0
0
0

90
100
110
115

42.6
43.6
45.3
46.0

148.8
158.01
160.7
162.04

165.8
167.4
167.9
168.1

45.8
46.9
48.7

0

0

120

55.2

162.99

167.6

59.4

0

0

130

55.6

165.6

-

59.8

PEG
0

5

90

40.25

147.3

164.8

45.6

0
0
0
0
0
CNF/PEG
0.05
0.05
0.05
0.05
0.05
0.05
CNC/PEG
0.05
0.05
0.05
0.05

5
5
5
5
5

100
110
115
120
130

43.6
45.81
50.3
51.5
55.4

156.3
158.8
160.3
162.12
163.5

166.07
166.7
167.8
168.24
-

49.3
51.9
56.9
58.3
62.7

5
5
5
5
5
5

90
100
110
115
120
130

36.2
42.9
45.12
47.6
49.5
55.6

148.1
155.1
157.6
158.8
160.7
162.6

165.3
165.4
165.9
166.0
166.8
-

41.0
48.6
51.1
53.9
56.1
63.0

5
5
5
5

90
100
110
115

48.5
47.8
45.90
50.04

146.4
153.8
156.2
157.1

160.7
163.1
164.9
165.2

54.9
54.1
52.0

0.05

5

120

55.0

158.0

164.5

62.3

49.5

56.7

0.05

5

130

57.2

161.0

-

64.8

0.55

5

90

43.96

146.4

163.7

50.0

0.55

5

100

42.6

154.6

165.3

48.5

0.55

5

110

42.7

158.8

167.3

48.6

0.55

5

115

50.69

157.5

165.3

57.7

0.55

5

120

51.34

159.2

165.7

58.4

0.55

5

130

59.22

162.4

-

67.4

0.05

5

90

39.34

145.5

162.71

44.6

0.05

5

100

42.14

152.3

162.99

47.7

0.05

5

110

42.14

154.8

163.8

47.7

0.05

5

115

46.65

155.4

162.95

52.8

0.05

5

120

38.78

157.1

5

130

46.5

158.7

164.34
-

43.9

0.05

TALC
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52.7

APPENDIX D: POLYAMIDE NANOCOMPOSITES

Hansen solubility parameters (HSP) describe the solubility or dispersibility of a material
using three basic contributions: London dispersion forces, polar (dipole-dipole), and hydrogen
bonding called the HSP[135]. The basic principle is that “like dissolves like” or in this case, that
“like disperses like.” All chemicals have a set of three parameters for dispersive, polar, and
hydrogen bonding contributions, (δD; δP; δH), respectively, which correspond to the center of their
solubility sphere in 3-dimensional HSP space. For particles with strong interactions, the distance
between their HSP will be small. This distance is called Ra. The radius of the sphere, R o, is useful
for defining how alike two chemicals are and can be imagined as a cross-over point where chemical
interactions go from good to bad or alike to not alike. For Ra less than Ro, the chemicals are very
alike, while for larger differences they are not. Mixtures of chemicals can be approximated using
a mixing rule of the chemical’s HSP. This is commonly observed for co-solvent systems[56].
Equation D. 1 is used to calculate the HSP for a mixed solvent where Φ is the volume fraction of
a number (n) of solvents for each parameter.
Equation D. 1
𝑛

𝛿(𝐷,𝑃,𝐻),𝑚𝑖𝑥 = ∑ 𝛷𝑖 𝛿(𝐷,𝑃,𝐻),𝑖
𝑖=1

Testing Nanoparticle Dispersion
It is typical to disperse dry nanoparticles or chemicals in the solvent for solubility and
dispersion tests. However, the chemicals available for this study were in water. So, water-miscible
co-solvent systems were selected for the analysis. Table D.1 contains a list of the water-miscible
solvents initially selected for this study. To generate a large list of co-solvent systems for
determining the HSP, multiple concentrations were selected for a few systems; the complete list
of neat solvents (HSP, viscosity, and density at 25°C) and additional co-solvent volume ratios is
shown in Table D.1. The HSP of co-solvent systems was calculated based on the volume percent
of each solvent using Equation D. 1. For the 20%, 40%, 60%, and 80% water co-solvent systems,
the HSP are reported in Table D. 1. For nanoparticle dispersion tests, 0.1 g in 10 mL solutions
were prepared from water-based slurries by adding an amount equivalent to 0.1 g of CNC dry to
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the container. For BGU2 CNC, this resulted in 11.5 v% water in all co-solvent solutions and for
FPL CNC, it was 8.6 v% as the initial concentration of water was different for each product. Since
the water from the nanoparticle solution accounts for part of the 10 mL volume, the remaining part
was one of the primary solvents listed in Table D. 1. All samples were vigorously mechanically
mixed for 30 sec and then sonicated for 30 sec using a Branson Sonifyer. Samples could sit,
undistributed, until the sedimentation time, tsed, (Table D.1) had passed. The time for sedimentation
was calculated using Equation D. 2. RST was 1.18 x 10 11 s2 m-2 and the viscosity and density
values for solvents are reported in Table D.1. The 𝜌𝐶𝑁𝐶𝑠 was 1.5 g/cc for both types of CNC.
Equation D. 2
𝑡𝑠𝑒𝑐 = 𝑅𝑆𝑇

𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝜌𝐶𝑁𝐶𝑠 − 𝜌𝑆𝑜𝑙𝑣𝑒𝑛𝑡

After tsed had passed samples were visually inspected and qualitatively ranked based on the
formation of sediment. For small concentrations, tsed was taken as the value of the pure solvent
system reported in Table D. 1 since samples were graded in pairs after the tsed had passed. For
larger co-solvent volume ratios like those of ethanol, the t sed of the denser solvent was used. For
acetone and ethanol mixtures, that was water, so samples were graded after 48 hrs. The visual
criteria used by Bruel et al. was adopted for this analysis were clear/transparent with no sediment
is a 2, murky/turbid is a 1, and opaque, white sediment with phase separation such that text could
be read through the top of the vial is a 0, such as in Figure D. 1 A[56].
After grading all solvent tests on a 0 to 2 scale visually, the data was input into a Matlab
algorithm for determining the HSP and radius, Ro published by Gharagheizi [136]. While there is an
HSP software called HSPiP equipped with a database of chemicals it was not used for this study
as it was not available. Instead, HSP of chemicals and solvents were found from the literature as
well as the Hanen Solubility Parameters Handbook written by Charles M. Hansen which tabulates
a large number of chemicals (both modeled and measured cohesion parameters)
prepared in this section where made in Origin.
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[135] .

The plots

A

Good Partial
2
1

Bad
0

20%

C

Ethanol

80%

B

40%

60%

60%

40%

80% water

20%

Figure D. 1 A) Examples of good/partial/bad dispersion in three solvents for BGU2.
CNC B) Example of mixed solvent systems at various composites for FPL CNC.
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Table D. 1 Master solvent list with HSP, solvent properties, and sedimentation time.
Solvent
Number

Solvent

δD
(MPa1/2)

δD
(MPa1/2)

δH
(MPa1/2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

H2O
Formamide
Ethylene Glycol
Ethanolamine
Propylene Glycol
Methanol
Dimethyl Sulfoxide
Ethanol
Acetonitrile
2-Propanol
1-Butanol
Dimethyl Acetamide
Acetophenone
Dimethylformamide
Pyridine
Acetone
Tetrahydrofuran
Methyl Ethyl
Ketone

15.1
17.2
17
17.2
16.8
15.1
18.4
15.8
15.3
15.8
16
16.8
19.6
17.4
19
15.5
16.8
16

20.4
26.2
11
15.6
9.4
12.3
16.4
8.8
18
6.1
5.7
11.5
8.6
13.7
8.8
10.4
5.7
9

A
1
2
3
4
B
1
2
3
4

Water/Acetone
80/20
60/40
40/60
20/80
Water/Ethanol
80/20
60/40
40/60
20/80

15.24
15.38
15.52
15.66
20
40
60
80

16.5
19
26
21.3
23.3
22.3
10.2
19.4
6.1
16.4
15.8
10.2
3.7
11.3
5.9
7
8
5.1

Solv.
Viscosity
(mPa-sec)
0.891
3.29
17.2
18.9
42
0.547
1.99
1.09
0.441
2.04
1.1
0.945
1.68
0.801
0.88
0.302
0.461
0.386

Solv.
Density
(g/cm3)
0.997
1.13
1.11
1.01
1.04
0.787
1.1
0.785
0.786
0.781
0.81
0.94
1.03
0.945
0.982
0.785
0.877
0.8

Sed.
Time
(hr)
48.43
229.44
1150.57
1050.00
2458.33
22.05
130.46
43.84
17.76
81.64
0.00
46.93
0.00
40.08
46.67
12.15
20.90
15.82

18.08
15.76
13.44
11.12

17.08
17.66
18.24
18.82

-

-

15.26
15.42
15.58
15.74

17.80
15.20
12.59
9.99

-

-

48.43
48.43
-

131

Hansen Solubility Parameters for Nanoparticles
HSP was estimated for two types of CNCs using a hybrid, water-miscible method which
accounts for the water content added to the solution by using wet or never-dried CNCs. The
potential solvents for the method are provided in Table D.1. Of the 26 potential solvents in the
master list, only 21 were selected. Polypropylene glycol, ethylene glycol, and ethanolamine were
eliminated since tsed for these materials was over 1000hrs (40 days). Pyridine was eliminated since
it can react with water and dimethylacetamide was eliminated due to availability in the lab. The
RST of 1.18 x 10 11s2 m-2 of was selected based on Bruel et al.’s method[56]. They determined the
solubility sphere and cohesion parameters for a sulfuric acid CNC purchased from Celluforce, a
commercial nanocellulose producer from Quebec, Canada.
Solubility spheres for BGU2 CNC and FPL CNC are shown in Figure D. 2. For the BGU2
CNC (Figure D. 2 A), the sphere appears as expected where the “good co-solvents,” solvents
graded with a 2 are inside the sphere. However, one “other” solvent is located inside the sphere
for BGU2 CNC. This solvent is a partial (1) grade of ethanol and water and is located on the edge
of the sphere closest the pure ethanol. The ethanol/water ratio experiments are denoted by an arrow
in Figure D. 2 where the arrowhead points towards ethanol. Likewise, the HSP sphere of FPL
CNCs is shown in Figure D. 2B. This sphere shows several discrepancies compared to the BGU2
CNC. Solvents like ethanol, the 20% water/80% acetone, and the acetonitrile, which were graded
as 1 or 0 are also inside the sphere. These discrepancies may come from the fact that there is some
subjectivity in grading dispersion by eye and that a partial “1” may describe any of the co-solvent
mixtures shown in Figure D. 1B, which could be arguably different. Errors may also arise from
using model cohesion parameters rather than experimentally determined parameters. 2D
projections of the HSP axes are shown in Figure D. 3, Figure D. 4, Figure D. 5.
The HSP (δD; δP; δ H) tabulated from the water-miscible method were: (17.6; 18.9; 16.7)
MPa1/2 and (18.4; 16.84; 15.9) MPa1/2, for BGU2 CNC and FPL CNC, respectively. The R o was
8.8 MPa1/2 and 9.8 MPa1/2 for BGU2 CNC and FPL CNC, respectively. These values are
comparable to the polar sphere reported by Bruel et al. for sulfuric acid CNCs which were (δD:
18.1+/-0.5; δP: 20.4+/-0.5; δH: 15.3 +/-0.4) MPa1/2 with a Ro of 7.8 MPa1/2

[56] .

Determination of

HSP was sensitive to how the test was graded on a scale of 0 to 2 and HSP and R o could fluctuate
a lot depending on the number of solvents and their grade. Care was taken to test as many possible
different solvents in this case, but additional mixed co-solvent systems using what was available
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(like ethanol or acetone) were a necessity to improve HSP determination using the code developed
and published by Gharagheizi.[136]. Furthermore, since all experiments were water-based, only the
polar sphere of the CNCs could be determined. There are two HSP spheres; one polar and one nonpolar sphere[56]. For our purposes, we care that known good solvents like dimethyl sulfoxide and
water are inside the sphere as these experiments were originally designed to identify co-solvent
systems for blending CNMs with additives as well as choosing potential additives.
From Figure D. 4, it is evident that only a few chemicals are within the solubility sphere
of either CNC. Those are PVOH and benzenesulfonamide for BGU2 CNC and FPL CNC. FPL
CNC also has ethylene vinyl alcohol (EVOH) inside the sphere but considering potential errors
associated with the FPL sphere, it may not be.

Table D. 2 HSP of various additives and polymers.
ID

Material

1
3
4
5
6
7

Benzene Sulfonamide
E4HB
M4HB
Dibutyl Phthalate
Triethyl citrate
Imwitor 900 mono
Capmul MCM C8
Mono
Capmul MCM C10
Mono
Dibutyl Phthalate
Polyethylene
Poly(lactic acid)
Poly(ethylene glycol)
Poly(vinyl alcohol)
Ethylene(vinyl alcohol)
Nylon 6
Nylon 6,6

8
9
5
PE
PLA
PEG
PVOH
EVOH
Ny6
Ny6,6

δD
(MPa1/2)

δP
(MPa1/2)

δH
(MPa1/2)

20
17.9
17
8.2
16.5
16.8

19.5
6.2
8.2
4.2
4.9
1.8

10.7
6
4.7
2.0
12
11.25

17.06

3.3

15.05

[137]

16.98
17.8
15.9
18.5
17
15
20.5
17
5.1

2.85
9.6
0.8
8
10
17.2
10.5
3.4
18.2

13.98
4.5
2.8
7
5
17.8
12.3
10.6
13.7

[137]
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Reference
[56]
[135]
[135]
[135]

[137]

[138]
[56]
[56]
[56]
[56]
[138]
[139]
[140]

A

B

Figure D. 2 HSP sphere of A) BGU2 CNC and B) FPL CNC with labeled points for polymers and
additives.
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Figure D. 3 HSP hydrogen bonding contribution versus polar contribution for A)
BGU2 CNC and B) FPL CNC.
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Figure D. 4 Projections of the HSP for BGU2 CNC: A) Hydrogen bonding parameter
versus dispersive, and B) Polar versus dispersive.
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Figure D. 5 HSP for FPL CNC: A) hydrogen bonding parameter versus dispersive
and B) Polar versus Dispersive.
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