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ABSTRACT

Investigating tricomponent materials containing poly(vinyl alcohol) (PVA), cellulose nanocrystals (CNCs), and
chitin nanofibers (ChNFs) provides potential for understanding the modulation of material properties. CNCs or
ChNFs in polymers have been documented previously; however, composites containing both in combination has
been underexplored. The results show that at certain CNC/ChNF ratios, the modulus and tensile strength of the
composites are enhanced beyond that possible with either nanofiller alone. However, composites containing
CNC/ChNF ratios that corresponded to balanced nanofiller surface charges showed reduced mechanical prop-
erties, potentially due to charge-driven association of the nanofillers. Furthermore, changes in thermal de-
gradation behavior suggested that these nanofillers could hinder initial degradation pathways, providing ad-
ditional benefits to material performance. Overall, these initial results suggest that tricomponent
nanocomposites utilizing PVA, CNCs, and ChNFs open additional possibilities for tuning the mechanical and

thermal properties of creating high-performance materials with reduced environmental impact.

1. Introduction

Current concerns over environmental pollution and decreasing
petroleum availability has generated an increasingly growing interest in
biodegradable or renewable polymers and environmentally friendly
materials as a whole. Renewable materials are a class of such materials
derived from natural resources that continue to garner popularity and
development in materials science [1-4]. Cellulose and chitin are two
emerging renewable materials that are finding their way into multiple
polymeric applications such as biotechnology [5,6] and packaging
[7,8], often in their nanoscale forms as reinforcement material. The
incorporation of renewable bioproducts into polymers offers the ability
to improve their thermomechanical properties [9], change their crys-
talline structure [10], and help them expand into markets concerned
about sustainability.

Cellulose is a biopolymer that can be derived from trees’ and plants’
cell walls and is among one of the most studied materials for use as a
nanoscale fiber in nanocomposites. Cellulose molecules consist of re-
peat units of two anhydroglucose rings [11] arranged in a linear chain,
forming a flat ribbon-like conformation. Groups of these long chains
come together due to hydrogen bonding within the chains to form

fibrils; these fibrils can be separated into individual crystals on the
nanoscale that can be incorporated into polymers to enhance their
overall properties [12]. These individual crystals, called cellulose na-
nocrystals (CNCs), are relatively inexpensive, abundant, have a low
density, and have a high modulus and specific strength and have been
incorporated in polymers as fillers since the mid-1990s [13], though
they were isolated from cellulose structures much earlier [14,15].
Structurally, CNCs are rod-like particles with lengths of 50 to 500 nm
and widths of 3 to 5nm [11]. While they have previously been shown to
be processed by extrusion in polymer matrices with sufficiently low
melting temperatures such as low density poly(ethylene) [16] and poly
(ethylene-co-vinyl alcohol) [17], CNCs degrade at relatively low tem-
peratures and thus are better suited for being solution-processed in
many cases [12,18]. Additionally, the sulfuric acid hydrolysis method
from which many CNCs are produced leaves negatively-charged sulfo-
nate groups on the CNC surface, which stabilize aqueous suspensions
through repulsion forces but lower their thermal stability [12,19,20].
Chitin is another high molecular weight biopolymer very similar to
cellulose that is found primarily in the exoskeleton/shells of arthropods
such as crabs [21-23]. Chitin’s chemical repeat units consist of N-
acetyl-D-glucosamine, and in its nanofiber form (ChNF), chitin has been
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shown to be non-toxic, biocompatible, and biodegradable with poten-
tial for use as reinforcement in polymer composites [22,24]. In this
nanofiber form, ChNFs possess widths of around 15 nm and lengths on
the order of hundreds of nanometers, up to several micrometers
[25,26]. In contrast with CNCs, ChNFs have a net positive ionic charge
on their surfaces due to protonation of amine groups under sufficiently
acidic conditions [21]. The opposite charges of CNCs and ChNFs make
aggregation between them occur at certain weight loadings but also
may be exploited as beneficial attractive forces in composites [27].
Previous use of ChNFs in nanocomposites is not nearly as well-studied
as that of CNCs, however, as most research on chitinous materials ap-
pears to be focused on the water-soluble, highly-deacetylized form of
chitin called chitosan [28].

Provided growing interest in using biodegradable and sustainable
material alternatives, poly(vinyl alcohol) (PVA) was chosen as the
polymer matrix for this study. PVA is a non-toxic, chemical resistant,
and highly water-soluble synthetic polymer that can be compatible with
these two nanofillers and cast into films for a variety of applications
[19,21,23,28-30]. PVA is generated from the hydrolysis of poly(vinyl
acetate) (PVAc) and does not exist as a singular monomer. The prop-
erties of PVA can be altered based on the molecular weight, degree of
hydrolysis, and/or stereoregularity [31]. For instance, an increase in
degree of hydrolysis or the molecular weight has been shown to cause a
decrease in its water solubility, which can have an impact on its use in
solution processing [32]. Additionally, higher molecular weight PVA
has previously shown greater mechanical properties, thermal stability,
and crystallinity when compared to lower molecular weight PVA [33].
In regards to PVA’s use in composites, nanofillers are often added pri-
marily as a means of improving its strength, toughness, and resistance
to deformation [30]. Additionally, there is previous history of PVA
thermal degradation being delayed by the introduction of nanofillers
[23,34,35]. PVA has been successfully integrated with both chitin
[21,36] and cellulose [9,37,38] independently and in one case in con-
junction at vastly different weight loadings [39], however, the effects
that the two nanofillers have at similar weight loadings in a tri-
component composite has, to the authors’ knowledge, not yet been
studied.

The present study evaluated the effects that the two nanofillers,
CNCs and ChNFs, have on the thermomechanical properties and crys-
tallinity of a PVA polymer matrix. In addition to comparisons of com-
posites containing only CNCs or ChNFs, composites containing varying
ratios of the two nanofillers were compared to assess the impact that
differences in aspect ratio, chemical makeup, and surface charge have
on properties. Lastly, the effects of polymer molecular weight on de-
veloping microstructures in these composites was assessed by com-
paring composites prepared by using high and low molecular weight
PVA.

2. Materials and methods
2.1. Materials

Nanocomposites containing PVA, CNCs, and/or ChNFs were pre-
pared and characterized in this work. Two PVA polymers were pur-
chased from Sigma-Aldrich. One of the polymers had a weight average
molecular weight of 31,000-50,000 g/mol and was 98-99% hydro-
lyzed. The other polymer had a weight average molecular weight of
146,000-186,000 g/mol and was 99 + % hydrolyzed. The polymer with
the higher molecular weight is denoted in this paper as HPVA, and the
polymer with the lower molecular weight is denoted as LPVA. Freeze-
dried CNCs with a sulfonate content of 1 wt% were provided by the
USDA US Forest Service Forest Product Laboratory in Madison,
Wisconsin. CNCs were then redispersed in water at a weight loading of
5.5% in aqueous suspension. ChNFs were produced by the authors
using a method previously described at a weight loading of 0.5% in
aqueous suspension [26]. The precursor material used to produce the
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ChNFs was Crabshell Fertilizer from Neptune’s Harvest in Gloucester,
Massachusetts. Glacial acetic acid was purchased from Sigma-Aldrich
and used as received.

2.2. Nanocomposite solution processing procedure

PVA powder of one molecular weight (HPVA or LPVA) was mixed
with deionized water at 300 RPM with a stir bar in a water bath at
100 °C until no visible PVA particles were present. The amount of PVA
powder mixed was consistent at 4.75 g, but the amount of initial water
it was dissolved into varied depending on the amount of nanofillers
needed, which always resulted in a final loading of 5wt% in suspen-
sion. If containing CNCs and/or ChNFs, the solution was cooled to
below 50 °C and 1 mL glacial acetic acid for every 99 mL of solution was
added to reduce the solution’s pH and encourage dispersion of the
ChNFs. The desired amount of ChNFs suspended in water at 0.5 wt%
were then added to the PVA solution, and the components were mixed
at 300 RPM with a stir bar for at least 30 min. Finally, the desired
amount of CNCs suspended in water at 5.5 wt% was added and mixed at
300 RPM with a stir bar for at least 30 min. The resulting nano-
composite suspension was cast into a polystyrene Petri dish and covered
with aluminum foil to prevent contamination during drying. For neat
PVA polymer samples containing no nanofillers, PVA was dissolved in
deionized water with a stir bar at 300 RPM in a 100 °C water bath. The
resulting solution was cast in a polystyrene Petri dish and allowed to
dry in the same fashion as the nanocomposite samples. Drying to a solid
film took between 7 and 12 days depending on the water content and
PVA type. In all cases studied here, the filler loading in the nano-
composites was kept constant at 5 wt%. This filler loading consisted of
either only CNCs, only ChNFs, or different mixtures of CNCs and ChNFs
at weight ratios of 1:4, 1:1, and 4:1. The naming convention for samples
in this paper follows the template: [wt%]CNC/[wt%]ChNF/[L or H]
PVA. For example, a sample containing 1 wt% CNC and 4 wt% ChNF in
high molecular weight PVA is denoted as 1CNC/4ChNF/HPVA.

2.3. Polarized optical microscopy

Polarized optical microscopy (POM) was performed utilizing an
Olympus BX51 microscope in bright field mode with images captured
by an Olympus UC30 camera. A polarizer was applied below the sample
stage at an angle 90° to the analyzer so that no light was able to pro-
pagate through the two cross polarizers. Samples were then placed on
the stage and analyzed to assess nanofiller aggregation.

2.4. Titration testing and zeta-potential testing

To more fully understand the nature of nanofiller interactions in
suspension and the resulting nanocomposite films, titration and zeta-
potential testing was performed. For the titration testing, a 5.5 wt%
aqueous suspension of CNCs was diluted with DI water to approxi-
mately 1 wt%. The resulting suspension was ion exchanged with Merck
Ion Exchanger I, a strongly acidic cation exchange resin, to remove any
cations. The resin was then washed with DI water to wash out en-
trapped CNCs and the resulting suspension was titrated against a 1.5N
NaOH solution by potentiometric titration with a Mettler Toledo Seven
Excellence S400 pH meter. A 0.5 wt% aqueous ChNF suspension was
ion exchanged with Alfa Aesar Amberlite IRN-78, a strongly basic anion
exchange resin, to remove acetate anions. This resin was then washed
with DI water to wash out entrapped ChNFs. A volume of 20 mL of
0.25N HCI was added to the resulting suspension which was then ti-
trated against a 0.5 N NaOH solution by potentiometric titration. Both
titrations were repeated three times, and the results were reported as an
average *+ standard deviation.

For zeta-potential testing, a series of aqueous CNC/ChNF suspen-
sions were prepared by mixing the 0.5wt% ChNF and 5.5wt% CNC
aqueous suspensions to obtain different ratios of ChNF to CNC by
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weight. The suspensions were diluted with acidified water that con-
sisted of 1 mL acetic acid in 99 mL water to mimic the nanocomposite
preparation conditions. Each suspension’s zeta-potential was then
measured using a Malvern Nano-ZS90 Zetasizer with an equilibration
time of three minutes. Each reading was repeated three times, and the
count averaged zeta-potential of distribution was used with the max-
imum-observed standard deviation of the three readings being used as
the uncertainty.

2.5. FTIR characterization

Chemical structure changes were assessed using Fourier Transform
Infrared Spectroscopy with an Attenuated Total Reflectance fixture
(ATR-FTIR). A Thermo Fisher Scientific Nicolet iS50 FTIR spectrometer
was utilized for this testing. Spectra were generated based on the
average of 64 scans with a resolution of 4 cm ™, then normalized to a C-
H stretching peak around 2910 cm ™! that did not appear to shift with
the introduction of nanofillers.

2.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted on the neat PVA
and nanocomposite samples. A single witness sample for each of the
neat PVA and nanocomposite samples with a mass ranging from 8 to
12 mg was punched from the films and dried for one hour at 110 °C,
held at lab conditions for 40-48h, and then tested with a TA
Instruments TGA Q50 with platinum pans in a flowing nitrogen gas
environment. The TGA protocol heated the samples from 30 to 110 °C,
held them isothermally for one hour to remove residual water, then
heated them at 10°C/min up to 600 °C. Testing was performed to
evaluate any effects the nanofillers might have on sample degradation
and to measure sample water content.

2.7. Modulated differential scanning calorimetry

To assess the crystallinity of samples, modulated differential scanning
calorimetry (MDSC) was performed utilizing a TA Instruments Discovery
DSC with standard aluminum pans in a flowing nitrogen gas environ-
ment. Two of each of the neat PVA and nanocomposite samples were
tested. Sample masses used were 5mg ( = 0.5 mg). These samples were
dried in an oven for one hour at 110 °C prior to testing. Samples were
heated from 30 °C to 250 °C at a rate of 10 °C/min., held for five minutes
at 250 °C, then cooled to 30 °C at a rate of 10 °C/min, per ASTM D3418.
The modulation rate was set to 1 °C every 40s. Enthalpy of fusion was
calculated from the reversible heat flow melting peaks and compared to a
100% crystalline PVA value of 161 J/g, to obtain the percent crystallinity
of the sample [40]. In order to account for nanofiller weight percentage,
sample mass for this % crystallinity calculation was adjusted to consider
the PVA mass only. An equation outlining this calculation is shown
below, where X, represents the sample crystallinity, AH,, represents the
enthalpy of fusion for the sample, AH,,,” represents the 100% crystalline
sample value, and w is the PVA weight fraction:

AH,,
WAH,,

e =

2.8. Mechanical testing

Samples were cut from the films with an ASTM D-1708 die cutter
and dried for one hour in an oven at 110 °C to remove water. Samples
were held on the ends with the center bridge suspended in air to op-
timize water removal uniformly from the testing region of the sample.
Samples were then kept at laboratory conditions for 40-48 h, and hu-
midity levels in the laboratory were monitored. Humidity levels were
observed to stay between 35% and 52% depending on the day of
measurement.
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Samples were tested following the ASTM D-1708 standard for
polymer microtensile testing. An Instron 5566 Materials Testing Frame
and a 1000 N load cell were used for testing tensile properties. After
drying and conditioning, each sample was placed in the grips at a gage
length of 22 mm. Samples’ thicknesses were 0.3 mm * 0.09 mm. The
tests were conducted at a displacement rate of 0.1 mm/minute until
fracture. While the microtensile testing standard is not designed to
obtain quantitative Young’s modulus values, the testing data were used
to obtain relative modulus data. The relative modulus of the samples
was calculated by taking the slope of the stress—strain curve from 5 MPa
to 30 MPa for each sample. Tensile strength was indicated as the
maximum stress experienced by the sample during testing. Strain at
break values were calculated from the initiation point of 40% drop off
in recorded force within the software. All data reported in this docu-
ment is represented as an average + standard deviation. For statistical
analysis between sets, a two-tailed Student’s T-Test assuming unequal
variances and an alpha value of 0.05 was performed. Statistical sig-
nificance was determined by having a sample set average with a p value
of less than 0.05. Sample set averages that were statistically sig-
nificantly greater than the neat PVA film were indicated with an * in
figures, while a ~ indicates a sample set average that is statistically
significantly greater than all other values. Complete statistical maps for
modulus, tensile strength, and strain at break are included in the
Supporting Information (Figs. S1, S2 and S3, respectively).

3. Results and discussion
3.1. Polarized optical microscopy

Neat PVA and nanocomposite films were imaged with POM to
qualitatively assess the levels of aggregation between nanofillers in
each sample, and the images are displayed in Fig. 1. In the images, neat
PVA films (Fig. 1a and g) possessed a consistent coloring throughout. In
comparison, the 5CNC samples (Fig. 1b and h) showed white features
that could be birefringence from CNCs aggregates. In contrast, the
5ChNF samples (Fig. 1f and 1) showed fewer white areas and resembled
the neat polymer films more closely, possibly indicating that there was
less aggregation of ChNFs. The tricomponent composites (Fig. 1c—e and
1li-k) showed white features as well, and the features generally were
smaller and more homogeneously distributed over the area in the
images. Overall, these images indicated that some degree of nanofiller
agglomeration was present in all of the nanocomposites containing
CNCs. Despite the appearance of nanofiller aggregation in POM images,
the neat PVA and nanocomposite films appeared transparent to the
naked eye (Fig. S4).

3.2. Interactions between CNCs and ChNFs

To characterize the interactions between CNCs and ChNFs in sus-
pension, titration and zeta-potential testing were performed. The ti-
tration tests provided surface charge values for CNC and ChNF in
aqueous suspension, while the zeta-potential tests investigated how
these surface charges changed when CNC and ChNF suspensions were
combined. The titration experiments yielded surface charge values of
1.4 = 0.1 meq/g and 0.49 = 0.09meq/g for the ChNFs and CNCs,
respectively.

The resulting equivalents for ChNFs and CNCs from these tests re-
presented the maximum number of cationic groups, primarily free
amine groups for ChNFs, and, anionic groups, primarily sulfate groups
for CNCs that could participate in any neutralization reactions. When
CNCs and ChNFs were mixed together in suspension, the oppositely
charged surface groups could interact, leading to the formation of a
ChNF-CNC complex or aggregate. However, this assembly process
would be dependent on the total number of free groups present, which
in turn would depend on the pH of the surrounding medium and pre-
sence of ions, as governed by the screening effect. The actual aggregate
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Fig. 1. Polarized optical microscopy images of (a) Neat HPVA, (b) 5CNC/HPVA, (c) 4CNC/1ChNF/HPVA, (d) 2.5CNC/2.5ChNF/HPVA, (e) 1CNC/4ChNF/HPVA, (f)
5ChNF/HPVA, (g) Neat LPVA, (h) 5CNC/LPVA, (i) 4CNC/1ChNF/LPVA, (j) 2.5CNC/2.5ChNF/LPVA, (k) 1CNC/4ChNF/LPVA, (1) 5ChNF/LPVA. Scale bars are
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Fig. 2. Zeta Potential of CNC and ChNF suspensions at various ratios.

formation could be inferred from zeta potential measurements of var-
ious ChNF/CNC mixtures. The resulting data for these tests is shown in
Fig. 2.

In CNC/ChNF mixtures, the suspensions were stabilized by strong
electrostatic repulsions between oppositely charged particles. In sus-
pensions containing CNCs and ChNFs, the zeta potential values were

intermediate between those obtained for the suspensions containing
only one type of nanofiller. Interpolating the data in Fig. 2 suggests that
the CNCs and ChNFs neutralize one another at a CNC:ChNF mass ratio
of approximately 3:1. This ratio, while approximate, is comparable to
the ratio present in the 4CNC/1ChNF nanocomposites.

3.3. FTIR

ATR-FTIR analysis was performed on both HPVA and LPVA for each
of the five nanofiller loaded samples and neat polymer with the aim of
understanding the changes in chemical structure as a result of the in-
troduction of CNCs and ChNFs into the system. From the spectra for
HPVA represented in Fig. 3 (staggered for clarity), the large peak in the
3500-3000cm ™! range was attributed to stretching of hydro-
gen-bonded hydroxyl groups. Hydroxyl groups are present on PVA,
CNC and ChNF, as well as any absorbed water that is present. The
highest intensity peak in this range belonged to 2.5CNC/2.5ChNF/
HPVA, followed by 1CNC/4ChNF/HPVA, with progressively smaller
intensity peaks from 5ChNF/HPVA, 5CNC/HPVA, neat HPVA, and
4CNG/1ChNF/HPVA. Two peaks at 1720 and 1660 cm ™! could be at-
tributed to C=0 and C—O stretching of acetyl groups, which appeared
to grow in intensity with ChNF composition, as expected. The medium
sized peak at 1410 cm ™' was assigned to CH, and CH; bending de-
formation. The peaks around 1380, 1327, and 1235 cm”~! were
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Fig. 3. FTIR analysis of (a) Neat HPVA, (b) 5CNC/HPVA, (c) 4CNC/1ChNF/HPVA, (d) 2.5CNC/2.5ChNF/HPVA, (e) 1CNC/4ChNF/HPVA, and (f) 5ChNF/HPVA.

attributed to the bending of C-H, CH,, and -OH, while the peak around
1086 cm ™~ ! was considered to be C—0 stretching [41]. There is an ad-
ditional peak at 1065 cm ~ ! that was only present in samples containing
at least 2.5 wt% CNCs, indicating that it may be the result of alkoxy C-
O-C group stretching or primary aliphatic alcohol stretching in CNCs
[42]. However, despite the presence of alkoxy groups in ChNFs, this
peak does not appear in the samples containing higher amounts of
ChNFs. Skeletal signals appeared around the 915 and 845 cm ™! bands.

The spectra of LPVA represented in Fig. 4 displayed the same
structural peaks discussed previously for HPVA. In regards to the dif-
ferences in intensities of the hydrogen bonding peak between 3500 and
3000 cm ™, the highest intensity peak belonged to 2.5CNC/2.5ChNF/
LPVA, followed by 5CNC/LPVA, 5ChNF/LPVA, 1CNC/4ChNF/LPVA,
4CNC/1ChNF/LPVA, and neat LPVA. Additionally, while only 4CNC/
1ChNF/HPVA and 5ChNF/HPVA experienced a small shift at this peak
to higher wavenumbers compared to neat HPVA, the entirety of the

LPVA sample set experienced a 10-20 cm ™' shift to higher wave-

numbers in comparison to neat LPVA. While the peaks were broad, a
shift to lower wavenumbers is often attributed to the presence of hy-
drogen bonds [43,44], which suggested the addition of CNCs/ChNFs to
the LPVA caused a decrease in the amount of hydrogen bonding within
the system [45]. A main difference between the HPVA and LPVA sets
was in regards to the 1720 cm ™! peak, which was much more pro-
nounced in the LPVA sample sets. As a peak belonging to the C=0
stretching of acetyl groups, the higher intensities of the LPVA analysis
may have been the result of the higher amount of acetyl groups present
in the slightly less hydrolyzed LPVA.

3.4. Thermal degradation

TGA was used to assess the thermal degradation patterns of the neat
PVA and the nanocomposites. The analysis was used to help understand
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Fig. 4. FTIR analysis of (a) Neat LPVA, (b) 5CNC/LPVA, (c) 4CNC/1ChNF/LPVA, (d) 2.5CNC/2.5ChNF/LPVA, (e) 1CNC/4ChNF/LPVA, and (f) 5ChNF/LPVA.
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Table 1
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TGA data that provides the first and second degradation onsets and the final residual weight percentage.

Sample name Onset degradation temperature 1 (°C)

Onset degradation temperature 2 (°C) Residual weight (%)

Neat HPVA 241
5CNC/HPVA 253
4CNC/1ChNF/HPVA 257
2.5CNC/2.5ChNF/HPVA 262
1CNC/4ChNF/HPVA 256
5ChNF/HPVA 242
Neat LPVA 252
SCNC/LPVA 256
4CNC/1ChNF/LPVA 263
2.5CNC/2.5ChNF/LPVA 248
1CNC/4ChNF/LPVA 246
5ChNF/LPVA 254

406 7.1
400 10.3
400 8.5
429 8.9
423 9.4
421 11.7
429 9.1
412 8.2
411 8.5
414 9.5
419 10.5
423 10.5

the impact that the nanofillers had on thermal stability and whether
they formed structures that were more resistant to degradation at
higher temperatures. Table 1 outlines the onset of the two degradation
events in addition to the residual weight percentage left in the pan at
the conclusion of the test.

The samples experienced the same general thermal degradation
pattern, which consisted of three weight loss steps (Figs. S5 and S6).
The first weight loss occurred below 110 °C and was attributed to the
loss of water in the sample. HPVA- and LPVA-based samples showed a
consistent water content of approximately 3%, indicating that the
drying and conditioning steps affected the samples relatively uniformly.
The second weight loss step indicated the beginning of PVA degrada-
tion, and it occurred among all samples in the temperature range of 240
- 265 °C. It was also likely that CNC and ChNF degradation was oc-
curring simultaneously at different rates within this weight loss step
based on the degradation patterns for the nanofillers when not con-
tained in a composite. CNCs utilized in this study had a degradation
temperature around 189 °C and ChNFs were measured to degrade at
285°C (Fig. S7). In comparison to the neat PVA, most of the nano-
composite samples, except the 2.5CNC/2.5ChNF/LPVA and 1CNC/
4ChNF/LPVA samples, exhibited a higher onset degradation tempera-
ture for this step. This data is supported by a study performed by
Sriupayo et al. [23]. This work also showed that the introduction of a-
chitin whiskers caused an overall delay in thermal degradation in PVA
nanocomposites compared to neat PVA. For higher weight percentages
up to 25% CNCs, thermal degradation has been shown to be delayed by
up to 80 °C for PVA nanocomposites compared to neat PVA [35]. In
another study for PVA and silica nanocomposites, the initial onset of
degradation temperature was higher in the nanocomposites than in neat
PVA. Additionally, using mass spectrometry, they were able to identify
that polyene structures are formed during the first degradation step
through dehydration [34]. However, this behavior is not general and

Table 2
MDSC data for HPVA- and LPVA- based samples.

depends on component interactions and the degradation temperature of
the neat polymer. In a study regarding poly(lactic acid) (PLA) compo-
sites with cellulose whiskers, the nanocomposites were shown to de-
grade at a lower temperature compared to the neat PLA [46]. Lastly,
Pracella et al. (2014) showed similar results of earlier degradation in
non-PVA systems in a study with PLA, PVAc, and CNCs with neat PVAc
beginning degradation first, followed by pure CNCs, 1 wt% CNC/PLA,
1 wt% CNC/PVAc/PLA, and neat PLA [47].

The second major weight loss step, which occurred in the range of
400-430 °C. This has been previously attributed to chain-scission re-
actions and resulted in products of acetaldehyde, low-molecular-weight
polyenes, benzenoid derivatives, furan, acetone and acetic acid [34].
LPVA-based samples showed that there was a progressively increased
delay in this degradation step as the amount of CNCs was reduced in the
composite, but all composites exhibited this degradation step at a lower
onset temperature than the neat LPVA. The HPVA samples did not show
the same trend, but the two lowest onset degradation temperatures for
this process belonged to witness samples cut from the 5CNC and 4CNC/
1ChNF films. This result could be related to the lower degradation
temperature of CNCs in comparison to ChNFs. Outside of these two
similarities, no trend related the behaviors of the HPVA- and LPVA-
based samples. In regards to the residual solids found at the conclusion
of each test, the values were not greatly different from one another
(Table 1). and did not show any clear trends.

3.5. Matrix crystallinity

MDSC was used to assess the relative crystallinity values of each of
the films in order to more completely understand the effects of filler
addition on matrix crystallinity. The use of MDSC allowed the total heat
flow to be split into its reversible and non-reversible parts. Given PVA’s
propensity for thermally degrading near its melting point due to the

Sample name Melting temperature (°C)

Enthalpy of fusion (J/g) Crystallinity (%)

Neat HPVA 211 = 3
5CNC/HPVA 200 = 0
4CNC/1ChNF/HPVA 199 = 8
2.5CNC/2.5ChNF/HPVA 198 £ 0
1CNC/4ChNF/HPVA 200 = 3
5ChNF/HPVA 200 = 0
Neat LPVA 200 = 8
5CNC/LPVA 200 = 2
4CNC/1ChNF/LPVA 187 = 1
2.5CNC/2.5ChNF/LPVA 188 £ 2
1CNC/4ChNF/LPVA 190 = 3
5ChNF/LPVA 184 = 1

61 = 0 38+ 0
68 + 0 4 + 0
39+9 25+ 5
49 + 1 32 + 1
45 + 7 29+ 5
40 = 10 27 £ 6
41 + 3 25 + 2
52 + 8 34 +5
48 + 4 31 £3
51 + 2 33 +1
38 + 4 25 + 2
49 + 6 32+ 3
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production of volatile products and overall dehydration above 200 °C
[48], this calorimetry method allowed for the degradation and melting
to be separated [49], likely leading to a more accurate measurement of
crystallinity. Additionally, only data obtained during the first heating
ramp were analyzed since the data obtained from a second heating step
would likely be affected more strongly by polymer degradation (ex-
ample heat flow curves are given in Figs. S8 and S9). Table 2 displays
the melting temperature, enthalpy of fusion, and % crystallinity values
taken from the reversible heat flow signal during melting.

The addition of CNCs and ChNFs affected the crystal structure and
crystallinity of both PVA matrices. The crystal structure was assessed
qualitatively through measuring the melting temperature. If there is no
change to the crystal form, changes in melting temperature can be used
to qualitatively understand the size of crystalline domains and/or the
level of crystal perfection. Lower melting temperatures, such as those
observed here, are associated with smaller, less perfect crystalline do-
mains. The majority of the composites showed lower melting tem-
peratures than the neat polymer, and that decrease in melting tem-
perature was up to 10 °C. The one notable exception to this behavior
was the 5CNC/LPVA composite, which had an average melting tem-
perature that was equal to that of the neat LPVA. A lowered melting
temperature with nanocellulose addition has been observed previously
for nanocellulose/PVA composites, and this trend was more likely to be
observed in PVA polymers with very high levels of hydrolysis, though
the melting temperature depression observed in that work was lower
than that seen here [9]. Melting temperature depression of PVA with a
high level of hydrolysis was also observed for montmorillonite/PVA
composites with similar filler loadings. Montmorillonite platelets
should have the ability to form hydrogen bonds with PVA. Additionally,
as loadings increased, the composites with montmorillonite had pro-
gressively lower melting temperatures [50].

For the composites made with HPVA, the crystallinity was increased
in the 5CNC composite, but the other composite samples showed lower
values of crystallinity. This trend suggested that the CNCs and ChNFs
interacted differently with the HPVA. Both types of nanofillers had
hydroxyl groups on their surfaces which could form hydrogen bonds
with PVA; however, they each had different surface charges associated
with other features than the hydroxyl groups. The ChNFs contained
protonated amine groups, leading to a net positive surface charge, and
the CNCs had sulfate ester groups. These groups, which were produced
during hydrolysis with sulfuric acid, result in a net negative CNC sur-
face charge. The presence of these different groups, hydroxyls and
charged groups, could affect the crystallization of PVA.

Hydrogen bonding between ChNFs and PVA [23,39,45] as well as
between CNCs and PVA [30,38,41] has been reported in previous stu-
dies with nanocomposites and may be present in this study as well.
Results for polymer blends containing PVA and polymeric chitin, i.e.
not in nanofiber form, have shown that the polymers interact strongly
through hydrogen bonding, leading to reductions in crystallinity of
both components [45]. While polymeric chitin could interact differ-
ently with PVA than ChNFs, this reported behavior in addition to the
observation that all the HPVA composites containing ChNFs had low-
ered matrix crystallinity, it is likely that interactions between ChNFs
and HPVA reduced crystallinity.

Though PVA is largely an uncharged and nonionic polymer, it has
previously been used in metal ion removal through electrostatic inter-
actions with cations, including Ag* [51], Fe(lID)** [52], and Cu®*
[53]. The ionic bonding required for removal occurs as cations bind to
the -OH groups of the PVA, which may also be interacting with the
protonated amine groups on the ChNF in our system. Additionally,
while sulfate groups have previously been shown to bind to PVA [54],
the low amount of sulfate groups present on the CNC’s (approximately
1 wt%) would suggest they do not experience as much electrostatic
binding as the ChNF that possesses much more amine binding sites.
Therefore, while the amount of hydrogen bonding was found to be
relatively the same between 5CNC/PVA and SChNF/PVA, the presence
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Fig. 5. Representative stress-strain curves of (a) HPVA-based samples and (b)
LPVA-based samples. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

of greater electrostatic bonding for bi- and tricomponent composites
containing ChNF could be a differentiating factor in greater overall
filler/matrix interactions and, thus, a decrease in polymer crystallinity
[9].

The LPVA-based samples showed a different trend in crystallinity
with the addition of nanofibers. With the exception of the 1CNC/
4ChNF/LPVA composite, all LPVA composites possessed higher levels
of crystallinity than the neat LPVA. The crystallinity values for these
composites were not distinct due to the experimental error. The melting
temperatures for the composites containing ChNFs were lower than
those for the neat LPVA and 5CNC composite, this trend suggested that
the crystals were smaller and/or less perfectly structured in composites
containing ChNFs. The 5CNC composite is a notable exception since it
also showed higher crystallinity than the neat LPVA but a similar
melting temperature. Ultimately, the difference in molecular weight for
LPVA and HPVA appeared to have an important effect on the matrix
crystallinity.

While not necessary for improving dispersion of CNCs, acetic acid
was still added to the 5wt% CNC PVA solutions in order to maintain
uniformity across samples. In order to test the potential impact of the
acetic acid on crystallinity, an additional test performed on 1 vol%
acetic acid in neat HPVA sample showed a similar crystallinity of 38%
in comparison to neat HPVA.
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Table 3
Mechanical testing data for HPVA- and LPVA-based samples.
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Sample name Number of specimens

Modulus (MPa)

Tensile strength (MPa) Strain at break (%)

Neat HPVA 7 5210
5CNC/HPVA 7 6540
4CNC/1ChNF/HPVA 5 6420
2.5CNC/2.5ChNF/HPVA 6 6570
1CNC/4ChNF/HPVA 8 7430
5ChNF/HPVA 9 6320
Neat LPVA 4 5200
5CNC/LPVA 6 6550
4CNC/1ChNF/LPVA 4 5670
2.5CNC/2.5ChNF/LPVA 6 7470
1CNC/4ChNF/LPVA 6 6600
5ChNF/LPVA 6 6510

o+

o+

1040 112 = 15 179 + 9.2
458 128 = 11 14.3 £ 10.5
710 116 + 13 18.6 + 25.4
427 121 = 31 33 £ 1.6
532 138 = 7 7.0 £ 3.3
763 130 = 16 15.8 + 9.6
428 115 = 11 33 £ 13
487 107 = 12 21 £ 04
235 80 = 11 1.6 £ 0.3
258 120 = 7 1.9 = 0.1
557 108 = 11 2.0 £ 0.3
383 117 = 4 24 £ 0.1

3.6. Mechanical testing

Mechanical testing data consisting of modulus, tensile strength, and
strain at break were collected from the neat PVA and nanocomposite
samples that contained various ratios of CNCs and ChNFs. These data
are shown in Fig. 5 and Table 3. Bar graphs and box and whisker plots
for the mechanical data are shown in Figs. S10 and S11. These figures
also denote which sample sets had property differences that were sta-
tistically significant, as well as any outliers. Fig. 5a displays re-
presentative stress-strain curves of each of the HPVA-based samples.
The samples selected for inclusion in this figure most closely approxi-
mated the average and/or median values for modulus, tensile strength,
and strain at break for each sample set. All the nanocomposite samples
were found to have statistically greater average values of modulus than
that of the neat HPVA (Fig. S1), suggesting that the addition of cellu-
lose- and/or chitin-based nanofillers at a 5 wt% loading caused an in-
crease in resistance to deformation. Within this sample set, the highest
modulus was observed for the 1CNC/4ChNF/HPVA nanocomposite.
Additionally, the 5CNC and 5ChNF nanocomposite samples were shown
to have statistically similar modulus values. This result appeared logical
provided that CNCs have a reported elastic modulus around 50 GPa
[55] compared to the slightly lower 41 GPa of crystalline regions of
chitin [56]. The short length of the CNCs suggested there might not be a
complete load transfer, possibly explaining the similar values between
the two different nanofiller types despite the slightly higher modulus of
CNGCs.

The tensile strength data did not show that all of the composites had
a higher tensile strength than the neat HPVA. Three composite samples
were found to have tensile strength values that were greater than that of
the neat HPVA by statistically significant amounts: 5CNC/HPVA,
1CNC/4ChNF/HPVA, and 5ChNF/HPVA, though these values were not
statistically different from one another (Fig. S2). Furthermore, a pre-
vious study by Mok et al. (2017) compared tricomponent PVA com-
posites containing cellulose and chitin in nanofiber form. Results
showed certain ratios between cellulose and chitin had the largest
moduli and tensile strength. The authors suggested this is the result of
chitin nanofibers binding to themselves through hydrogen bonding,
creating a high strength network, with the CNCs potentially enhancing
interaction among chitin molecules and increasing the mechanical
capabilities. The authors also suggested that above certain CNC load-
ings (particularly 1 wt%) agglomeration occurs between particles which
generates weak points in the material, which could explain the relative
decrease in mechanical properties with particular loadings [39]. Ad-
ditionally, it is worth noting that while the 2.5CNC/2.5ChNF/HPVA
data set overall performed similarly to the other nanofiller data sets,
one sample experienced brittle failure without yield and is represented
in Fig. S10 as an outlier.

Overall, the strain at break data showed that the composites had less
ductility than the neat HPVA. Some samples experienced wide ranges of

breaking strain values, which complicated the data analysis. The 4CNC/
1ChNF/HPVA sample specifically experienced relatively uniform strain
at break values except for one sample that extended up to 65% of its
original length, thus skewing its distribution. Furthermore, statistical
analysis showed that all samples except for this 4CNC/1ChNF/HPVA
data set were statistically greater than the 2.5CNC/2.5ChNF/HPVA
data set (Fig. S3). Generally, the mechanical property data indicated
that the addition of nanofillers caused an increase in modulus and
tensile strength with a simultaneous decrease in strain at break prop-
erties. This type of behavior has been found previously in other polymer
nanocomposites [57-59] and was not unexpected at this nanoparticle
loading.

For the LPVA-based materials, some similarities and some differ-
ences in the mechanical properties were observed relative to the cor-
responding HPVA-based materials. Representative stress—strain curves
for the LPVA-based materials are shown in Fig. 5b. The stress—strain
curves used in this figure were chosen in the same way as those used in
Fig. 5a. All of the composites except the 4CNC/1ChNF/LPVA composite
showed a statistically significant increase in modulus in comparison to
the neat LPVA control, indicating that a 5wt% loading of nanofillers
caused an overall increase in resistance to deformation (Figs. S1 and
S11). Neat HPVA and neat LPVA average modulus values were statis-
tically similar with values of approximately 5200 MPa, and composites
containing only one nanofiber (i.e. 5CNC or 5ChNF) were statistically
similar to one another within the LPVA sample set and to the corre-
sponding HPVA-based samples. However, the composites from the two
different PVA sample sets with the highest modulus value did not have
the same composition. The 2.5CNC/2.5ChNF/LPVA sample displayed a
statistically significantly greater modulus average than the other LPVA
samples. This sample had a different CNC/ChNF ratio than the HPVA-
based composite with the highest modulus, which was 1CNC/4ChNF/
HPVA. It was not clear why different combinations of nanofillers
achieved the highest modulus value in different PVA polymers, while
the composites containing only one type of nanofiber were more si-
milar. This difference suggested that the molecular weight of polymer
chains and entanglement density is a factor in the dispersion and in-
teraction between CNCs and ChNFs.

While modulus was enhanced by the addition of nanofibers, the
addition of CNCs, ChNFs, or combinations of these nanofibers did not
improve the tensile stress. None of the composites had a statistically
greater tensile strength than the neat LPVA. Additionally, the HPVA
tensile strength values were higher than their corresponding LPVA
values for all five of the nanofiller loadings by an average of approxi-
mately 20 MPa, with all but the 2.5CNC/2.5ChNF sample being statis-
tically greater (Fig. S2).

For strain at break, the neat LPVA had the highest value, similar to
the HPVA-based materials. The strain at break values for the LPVA
nanocomposites appeared to have smaller distributions and standard
deviations in comparison to the HPVA nanocomposites, though most
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were not statistically different from one another. One explanation could
be related to how the LPVA samples tended to break at their tensile
strength value, while the HPVA tended to yield and break after the yield
point. Therefore, differences in their mechanical properties in this re-
gard could be related to characteristics in the matrix polymer such as
the length of the polymer chains, entanglement density, and the ease of
generating fracture points in the shorter chains as they are pulled apart.
Four of six HPVA-based samples had a statistically greater strain at
break value in comparison to their LPVA counterpart: 5CNC, 1CNC/
4ChNF, 5ChNF, and neat PVA. Only the 4CNC/1ChNF/HPVA and
2.5CNC/2.5ChNF/HPVA data sets did not provide a statistically greater
value than those given in the LPVA samples.

As a comparison to these mechanical property results, a previous
study examined cellulose/chitin composite gels and films generated by
combining the two biomaterials dissolved in ionic liquids and analyzed
various properties of the bicomponent films [60]. Even though these
results were for gels and films produced with cellulose and chitin so-
lutions as opposed to the nanoscale fibers discussed here, they provide
some context for the types of interactions that could occur. The me-
chanical properties determined by this previous study showed a pro-
gressive increase in relative modulus as the ratio of chitin to cellulose
increased, which agreed with the trends observed here for HPVA-based
samples. In addition, this trend agreed somewhat with the LPVA data
(there was an increase in modulus as ChNF was added with exception to
the 1CNC/4ChNF/LPVA sample). Lastly, it is worth noting that the
sample with the lowest modulus average for combined nanofillers was
the same for each molecular weight at weight loadings of 4% CNC and
1% ChNF (4CNC/1ChNF/HPVA and 4CNC/1ChNF/LPVA). While ap-
proximate, the 4CNC/1ChNF ratio is similar to that of the charge
neutral ratio presented in the zeta-potential of Fig. 2. From this corre-
lation, it is possible that charge-driven association of CNCs and ChNFs
leads to less effective mechanical reinforcement through reduced na-
nofiber-polymer interactions. In contrast, composites containing CNC/
ChNF ratios with unbalanced surface charges, specifically those with
excess positive charge from excess ChNF content, were shown to have
better mechanical properties than singular nanofiller composites con-
taining only CNCs or only ChNFs.

This potential for charge-driven association was also alluded to in
the FTIR results. While it was difficult to separate different contribu-
tions to the -OH stretching peak, the 1CNC/4ChNF/HPVA and 4CNC/
1ChNF/HPVA samples possessed the highest and lowest mechanical
properties of the HPVA-based composites, respectively, which corre-
lated roughly to their -OH peak intensities. Similarly, the LPVA-based
material with the largest modulus and tensile strength, 2.5CNC/
2.5ChNF/LPVA, corresponded to the highest intensity —OH stretching
peak, while the nanocomposite material with the lowest mechanical
performance, 4CNC/1ChNF/LPVA, corresponded to the lowest intensity
peak for a nanocomposite.

Aside from component interactions, the influence of matrix crys-
tallinity on mechanical properties was also examined. Overall, the
trends in matrix crystallinity did not correlate to the measured modulus
and tensile strength values. For both molecular weights, the CNC/ChNF
ratios that possessed the highest moduli and tensile strength did not
correlate to the largest crystallinity value, so the crystallinity did not
appear to be the most important factor influencing mechanical perfor-
mance. However, while experimental error in the crystallinity values
was larger for HPVA composites containing ChNFs than the 5CNC
composite and neat HPVA, the 4CNC/1ChNF/HPVA sample had the
lowest reported crystallinity of the HPVA-based composites, which
corresponded to its relatively low mechanical performance, so the
matrix crystallinity could not be completely discounted as a con-
tributing factor in this composite’s mechanical properties. Considering
the mechanical testing, FTIR, and MDSC data together, the results
consistently suggested a lower performance for the composites con-
taining the nanofillers at the CNC/ChNF ratio that was closest to a
balanced charge ratio as shown by the zeta potential measurements.
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The improved mechanical performance for composites containing other
CNC/ChNF ratios was not as easily deduced from these results and was
likely a result of differences in nanofiller distribution and dispersion,
which were influenced by the amounts of each nanofiller in the com-
posite as well as the molecular weight of the polymer matrix.

While the amount of research available on tricomponent composites
utilizing cellulose- and chitin-based nanomaterials is limited, the en-
hancement in properties presented in this paper compare favorably to
results from recent literature utilizing one of the nanomaterials.
Roohani et al. (2008) demonstrated that roughly a 25% increase in
modulus and a 18% increase in tensile strength can be achieved with
6 wt% loadings of CNCs in HPVA, which agrees with the 26% and 14%
increase in those respective properties found for 5CNC/HPVA in the
current study. Additionally, the highest achieved properties from this
earlier study from 12 wt% CNCs experienced roughly a 50% increase in
modulus and 23% increase in tensile strength, which is comparable to
the 1CNC/4ChNF/HPVA sample set that possessed an average increase
of 43% for modulus and 23% for tensile strength while utilizing less
than half of the nanofillers [9]. For comparisons to LPVA, a study by
Fortunati et al. (2013) found a decrease in modulus for 1, 3, and 5 wt%
CNC loadings, with an increase of 46% for 10 wt% CNCs. Our study
found a 26% increase in modulus for the 5CNC/LVPA samples com-
pared to neat LPVA, while the 43% increase in modulus measured for
2.5CNC/2.5ChNF/LPVA is comparable to the 10 wt% loadings of For-
tunati’s study [41]. For comparing to chitin-based nanofillers, the more
common acid hydrolysis of chitin to produce chitin nanowhiskers
(ChNWs) has previously shown approximately a 36% and 28% increase
in modulus and tensile strength, respectively, compared to neat PVA for
5wt% ChNWs [36]. These increases are greater than that achieved by
5ChNF/HPVA (21% and 16% increase in modulus and tensile strength,
respectively) and 5ChNF/LPVA (25% and 2% increase in modulus and
tensile strength, respectively), though this discrepancy may be the re-
sult of the shorter, more crystalline chitin nanomaterials. However, the
same study reported a 46% increase in modulus for 10 wt% ChNWs that
is consistent with the modulus increases provided by 1CNC/4ChNEF/
HPVA and 2.5CNC/2.5ChNF/LPVA, in addition to a tensile strength
increase of 22% consistent with the 23% increase provided by 1CNC/
4ChNF/HPVA. Overall, composites containing certain CNC/ChNF ratios
possessed greater values of modulus and tensile strength than compo-
sites containing only one type of nanofiller. Many of these differences
were statistically significant, providing evidence of synergistic inter-
actions between CNCs and ChNFs.

4. Conclusions

The ability to modulate properties of water-soluble polymers like
PVA by creating nanocomposites with mixtures of cellulosic and chit-
inous nanomaterials is relatively underexplored. Traditionally nano-
composites are constructed utilizing one nanomaterial as a filler.
However, this paper draws attention to the possibility of allowing for
further tuning of the mechanical properties through the introduction of
a second nanofiller. Materials generated in this study showed an overall
increase in stiffness, tensile strength, and thermal degradation in both
HPVA and LPVA systems. Furthermore, CNC/ChNF mixtures at certain
ratios were able to more effectively reinforce PVA than CNCs or ChNFs
alone. Films containing nanofillers also experienced a small shift in
delay of polymer degradation. Properties appeared to be somewhat
correlated to the PVA crystallinity, but with different trends observed in
the different molecular weight samples containing ChNFs. While pre-
vious studies have shown that lower nanofiller loadings within poly-
mers tended to correlate with higher strain at break values compared to
high nanofiller loadings,[61,62] the reduction in strain at break for 5 wt
% nanofiller samples compared to the neat PVA samples in this study
provides a point to be improved in future work. Zeta-potential and ti-
tration testing suggested that this behavior could be linked to charge-
driven association of ChNFs and CNCs near ratios of ChNF and CNC that



C.W. Irvin et al.

achieve neutrality. This paper provides evidence that there are some
physical and/or chemical interactions the nanofillers and polymer
matrix that are generating properties that extend beyond that of what
can be achieved with a single nanofiller when nanofiller ratios are
chosen to avoid complex formation. The combination of stiff, renewable
biomaterials with the barrier properties of PVA could potentially be
applied to industries looking to utilize a biodegradable packaging ma-
terial that provides resistance to tear and air permeation.

This paper opens questions about how polymer nanocomposites
might be further altered to allow for additional customizability through
the addition of a second nanofiller. How these materials behave when
utilizing higher weight percent additions of CNCs, ChNFs, or any other
nanocomposite are additional avenues for study. Furthermore, the ef-
fects these fillers may have on other polymers and in other composite
forms, such as hydrogels and aerogels, may provide additional in-
formation on their interactions with one another and surrounding
polymer matrix. The materials generated in this study demonstrated
that three-component polymer nanocomposites utilizing renewable
nanofillers at relatively low loadings showed enhanced capabilities in
modulus, tensile strength, and thermal degradation, and this general
methodology has the potential to be used in applications necessitating a
level of customizability.
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