Downloaded viaUS DEPT AGRCLT NATL AGRCLTL LBRY on September 30, 2024 at 16:18:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

Sustainable

Resource Management
pubs.acs.org/acssrm

Incorporation of Cellulose Nanocrystals into a Cottonseed Oil-Based
Network Polymer: Effect on Mechanical Properties

Katherine S. Elmore, Shuaib A. Mubarak, Gregory Schueneman, Yunsang Kim, and Santanu Kundu*

Cite This: ACS Sustainable Resour. Manage. 2024, 1, 1121-1130 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: The detrimental issues surrounding the accumu-
lation of traditional plastic waste are well known. A myriad of
research has been conducted in the past few decades related to the
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obtain polymers from renewable sources. These polymers can be -
biodegradable and, therefore, can decrease further plastic waste | ) N Looor . . —r
accumulation. Although many studies have been conducted on the : ’
polymerization of soybean oil (SBO), comparatively few studies | .. -~V
have been conducted on the polymerization of cottonseed oil | network
(CSO). CSO is an excellent candidate for a plant-based polymer
due to the abundance, renewability, and potential biodegradability o 0
of the synthesized polymers. We have synthesized cottonseed oil Tunable mechanical properties 2 Strain (%)

network polymer (CNP) from epoxidized cottonseed oil (ECSO)

using maleic anhydride (MAL) as a crosslinker. Further, cellulose nanocrystals (CNCs) have been successfully incorporated into
CNPs to produce a nanocomposite. Neither solvent exchange of the aqueous CNCs nor surface compatibilization was required
before mixing with the ECSO and subsequently with maleic anhydride (MAL). FTIR confirmed the presence of CNCs in the
polymer matrix, and the effects of CNCs on the mechanical properties were investigated. CNCs alter the mechanical properties of
the crosslinked polymer, with an increase in stiffness/modulus correlating with an increasing CNC content. The polymer’s thermal
properties, as investigated by thermodynamic analysis and differential scanning calorimetry, have not undergone significant changes
for the CNC concentrations considered here. Overall, this study demonstrates that CNC can be successfully incorporated into a
network polymer derived from CSO, resulting in altered mechanical properties and demonstrating the possibility of tailoring them
for various applications.
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Bl INTRODUCTION syntheses,'* ' and is even used in some on-market products
such as paint.”> However, the problem with SBO as a starting
material is that it is a significant contributor in the food
industry (directly and as a textural or emulsification additive)>’
as well as the biofuel industry (where biodiesel is produced via
transesterification reaction with SBO).** Particularly, in the
year 2022, approximately 54% of SBO sourced in the United
States was used for food, feed, and industrial uses, while 37%
was used for biofuel.”” In comparison, cottonseed oil (CSO),
although it has not been investigated to the same extent as
SBO,*°™*” has a similar chemical composition. However, it is
both produced and consumed in much smaller quantities,
indicating an opportunity for market expansion in this area.

The environmental challenges associated with traditional
plastics are well known. Since mass production began around
the 1950s, over 8.3 billion metric tons of plastic have been
produced.”” Of this, approximately 65% have either been
incinerated, releasing large volumes of greenhouse gas
emissions,’ or left untreated, which, in addition to releasing
emissions,” builds up in landfills, the ocean,” or soil.” This has
caused environmental casualties with a scope and severity that
only grows as more single-use, non-biodegradable plastic is
produced each year. Efforts to combat these issues over the
past few decades have led to many polymers from renewable
sources.”™” Polymers from greener feedstocks have been
designed to degrade more readily and with lower hazardous

byproducts, reducing environmental footprints.'*~"* Received:  February 5, 2024
Plant oils are ideal candidates as a starting material for Revised:  May 3, 2024
polymers because of their chemical functionality, abundance, Accepted:  May 6, 2024

renewability, and the resulting products potentially to be Published: May 16, 2024

biodegradable and recyclable. Regarding the selection of plant
oil, soybean oil (SBO) has been used in many polymer
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Additionally, while SBO is an integral part of the food industry
as an additive in many products, CSO is not used for this
purpose. Therefore, if CSO were to be used on a large scale in
the synthesis of polymers, then this would not cause a
disruption to the food supply chain. Specifically, 5.01 million
metric tons (MMT) of CSO was produced in 2022 compared
to 61.49 MMT of SBO.” As CSO-based materials will not
compete with food sources, there is a significant opportunity
for the growth of those materials.

The CSO is susceptible to chemical reactions because of the
carbon—carbon double bonds (unsaturation) located on its
triglyceride fatty acid chains. Specifically, CSO contains over
50% linoleic acid (two locations of unsaturation), approx-
imately 20% each palmitic acid (no double bonds) and oleic
acid (one double bond), as well as smaller amounts of stearic
(no double bond), and linolenic acids (3 locations of
unsaturation).”” Epoxidation of CSO (or other plant oils) is
a common preparation method that transforms the carbon—
carbon double bonds into oxirane epoxy groups, greatly
improving the monomers’ crosslinking ability. Subsequently,
various methods of crosslinking reactions have been utilized,
leading to a wide range of products, such as UV curable
materials,®" resins,>*™>* coatings,35’36 functional rubbers,®” and
composite matrices.”®

Although an excellent option with respect to degradability,
an argument against plant oil polymers is that their mechanical
performance may not always be favorably compared to those of
traditional plastics.””~*' Nanomaterials have been demon-
strated to significantly modify a polymer’s physical properties,
and cellulose nanocrystals (CNCs) have specifically been used
in numerous plant oil polymerization studies,"”” e.g, in
reactions with ESBO-based resins,’ polyurethanes,** and
(meth)acrylate polymers,”> UV-cured acrylated ESBO ther-
mosets,*® sunflower-derived epoxy polymers,*” castor oil-based
polyurethanes,” ™" and resins from tung-oil.>" Because of
CNCs’ excellent tensile strength (greater than that of
Kevlar”), significant improvements in mechanical properties
have been observed with the incorporation of CNCs. For
example, tensile moduli have shown improvements anywhere
from 5% on the lower end,*” to more extreme changes. One
study resulted in an increase from 0.34 to 630 MPa after CNCs
had been incorporated.”’

However, CNCs can be difficult to incorporate into
polymers because of their hydrophilic nature. To address this
issue, processes have been developed to successfully improve
the interactions between the CNCs and the reacting media and
polymer. These include surface modification/compatibiliza-
tion, which improves the dispersion of CNCs within the
reaction medium, thus preventing major CNC agglomer-
ation,"®>*7%7 as well as methods to facilitate the formation of
covalent bonds between the polymer matrix and CNCs (e.g,,
grafting polymers onto CNCs or using crosslinkers).”’
Covalent bonding between CNCs and polymers such as
natural rubber and PLA has been shown to improve
mechanical properties (e.g, modulus, tensile strength, and
elongation at break) beyond what physical interactions alone
would achieve.”*” In addition to improving or altering the
mechanical properties of polymers, it has been demonstrated
that CNCs also improve the biodegradability of the polymers
into which they are incorporated.”’"®* Although there are
reports on CNCs incorporated during polymerizations of some
other plant oils, such as with SBO (epoxidized and mixed with
polylactide,40 high oleic,%® acrylated, * and modified via thiol—

1122

ene click chemistry*’), foamed polyurethanes from castor oil,”’
or sunflower oil® a CNC-incorporated cotton oil-based
polymers with evidence of good CNCs dispersity has not
been reported widely in the literature.

In an earlier study, CSO network polymer was synthesized
by first epoxidizing the CSO, followed by crosslinking with
maleic anhydride (MAL) in varying molar ratios.”® Polymers
with ultimate tensile strengths (UTS) of up to 0.4 MPa, stretch
ratios of up to 125%, and elastic moduli on the order of 1 MPa
were obtained. Here, we report the synthetic route to
incorporate CNCs in CSO network polymer. No additional
steps, such as solvent exchange or functionalization of the
CNCs’ surface groups, were required before incorporating the
post-dialyzed freeze-dried CNCs with the ECSO and MAL. An
investigation of the corresponding change in mechanical and
thermal properties was conducted. Particularly, the mechanical
and thermal properties for a range of CNCs concentrations are
presented.

B EXPERIMENTAL SECTION

Materials. CSO (Acros Organics), glacial acetic acid, sulfuric acid
(BDH brand), and S0 wt % aqueous hydrogen peroxide solution were
purchased from Fisher Scientific. An aqueous solution of 10 wt %
sulfuric-acid hydrolyzed CNCs (1.06 wt % sulfur on dry CNCs,
sodium form) was received from Forest Product Laboratories (2018-
FPL-CNC-130 from CNC-115D). Maleic anhydride (MAL) was
purchased from Fisher Scientific (Alfa Aesar).

Preparation of Freeze-Dried CNCs. Sulfuric-acid hydrolyzed
CNCs were diluted from 10 wt % to 1 wt % by vortex mixing with
deionized water. Dialysis was performed to remove free sulfate groups
from the CNCs.”” This was done by placing the dilute 1 wt %
concentration of aqueous CNCs into Biotech 100 kDa cellulose ester
(CE) dialysis membrane tubing, followed by placing the tubing into a
container of deionized water. The water in the container was
refreshed daily for 1 week. Conductometric titration was performed
before and after dialysis using a conductometer (Oakton PC2700) to
determine the reduction of sulfur content (see Figure S1 of the
Supporting Information, SI). After dialysis, the deionized CNCs were
further diluted to 0.5 wt %. This aqueous solution was then freeze-
dried using a Labconco FreeZone Plus 4.5 L drier at —40 °C and
0.018 mbar for 3 days to dry the CNCs completely.

Preparation of ECSO. A predetermined mass of CSO was added
to a three-necked round-bottom flask over a hot plate. Using a
magnetic stirrer, CSO was stirred at ~300 rpm. To this, glacial acetic
acid was added to the flask and a molar ratio of 1:2 for CH3COOH
(acetic acid) to C=C in CSO was maintained. Sulfuric acid was
added next to achieve 2 wt % concentration, as calculated from the
total mass of the reaction mixture. The reaction was heated to 55 °C,
and then aqueous hydrogen peroxide (concentration of S0 vol %) at a
mole ratio of 1.5:1 for H,0,:C=C was added dropwise over
approximately 20 min. The mixture was left to react overnight. After
the reaction was complete, water washing and solvent extraction with
ethyl acetate was used to respectively remove acids and water. This
was followed by rotary evaporation to remove the solvent.

Preparation of CNC-Incorporated CNP. The freeze-dried
CNCs was added to the epoxidized CSO (ECSO) in small mg
increments to avoid agglomeration. The solution was probe sonicated
intermittently between adding CNCs using a Fisherbrand FBS0S
Sonic Dismembrator, 500 Watts, 20 kHz, at 60% amplitude for a S s
pulse duration. One pulse per addition of CNCs with an additional
3-S5 pulses following the last CNCs’ addition was used. It is important
not to vortex mix before probe sonication and to add the CNCs in
small stepwise increments to achieve minimum CNC agglomeration/
optimum CNC dispersion (according to visual observations, vortex
mixing before probe sonication appeared to inhibit dispersion of
CNCs and increase agglomeration). Rheometric analysis was
conducted at room temperature using a TA-Instruments DHR2 and
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Scheme 1. Reaction for the Synthesis of CNC-Incorporated CSO Network Polymers
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parallel plate geometry to observe the changes in ECSO viscosity after
the addition of CNCs. Samples were analyzed under a shear rate from
1 to 100 s™" at 30 °C. Although not by a significant amount, there was
a slight increase in viscosity observed with the addition of CNCs (see
SI Figure S2).

Next, MAL was added in a previously determined optimum ratio of
2:5 by mol (ECSO:MAL).®® This is followed by heat mixing in a
silicone oil bath on a hot plate at 80 °C and ~300 rpm for 1.5 h.
Then, the mixture was poured onto a flat metal plate lined with
aluminum foil (folded up on the sides to prevent spreading beyond
the intended geometry) and placed under a 25 inHg vacuum
overnight to remove any air bubbles. Finally, the polymer was cured at
150 °C for 18 h. The polymer samples for varying CNC
concentrations are referred to by their concentrations (e.g, 0.1 wt
% refers to the 0.1 wt % CNCs in ECSO polymer samples).

Characterizations. Fourier transform infrared spectroscopy
(FTIR) was carried out with a Nicolet iS S spectrometer, with
spectra collected from 400—4000 cm™'. The microstructure of the
CNC-containing polymer was observed using TEM. CNC-containing
polymer samples were stained using uranyl acetate to enhance the
contrast between CNCs and surrounding polymer. The samples were
then embedded into LR-White resin. From this, 100 nm thick sections
were microtomed using a Reichert Jung Ultracut-E ultramicrotome
equipped with a diamond blade and then placed on a copper grid.
Both samples were analyzed using a JEOL 2100 TEM, operated at
200 kV accelerating voltage.

For atomic force microscopy (AFM) measurements, one droplet of
diluted CNC (c.a. 0.02%) was spin-coated onto a silicon wafer, which
had been freshly treated with a piranha solution and then dipped in an
aqueous polyethylenimine solution (1%).°® The spun CNC film was
baked at 120 °C for 20 min. AFM measurements were performed
using a Bruker Dimension Icon (Hamburg, Germany) in a tapping
mode.

A Mark-10 tensile instrument (Model DC4050, 2.5 kN cell load)
was used to conduct the tensile testing of the samples. Post-cured
polymer specimens with a thickness of 1.3 +/— 0.2 mm were cut into
254 mm length X 6.4 mm wide (1 inch X 1/4 inch) rectangular
geometries. The tensile tests were conducted at a rate of 10 mm/s.

The thermal behavior of the samples was analyzed using thermal
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) on TA Instruments’ Q600 SDT and Q2000 models,
respectively. Both thermal analyses were conducted under an inert
atmosphere of continuously flowing (50 mL/min) ultra-high purity
nitrogen gas. For TGA experiments, the samples (4—9 mg) were
heated from room temperature (approximately 25 °C) to 600 °C at a
rate of 10—20°C/min. For DSC analysis, the neat and CNC-

1123

incorporated polymer samples (~5—10 mg) were hermetically sealed
in aluminum pans. The samples were equilibrated at 40 °C for 5 min
and then heated to 150 °C at a rate of 20 °C/min. The samples were
held at this temperature for another 5 min, then cooled at the same
rate to -50 °C, and then again held isothermal for S min before
heating again. This cycle was repeated three times for all samples.

B RESULTS AND DISCUSSION

Incorporation of CNCs at Varying Concentration in
CNP. The proposed reaction mechanism for the incorporation
of CNCs in CSO network polymer (CNP) is shown in Scheme
1. Plant oils are composed of triglycerides that contain long
aliphatic fatty acid (FA) chains connected via ester linkages to
a glycerol backbone. Located on these FAs are unsaturated
carbon—carbon double bonds, which may be utilized for
polymerization reactions. Since the main types of FAs found in
CSO are linoleic, followed by oleic acid (two and one carbon—
carbon double bond, respectively, on an 18-carbon chain), the
presumed structure of a CSO triglyceride is one oleic and two
linoleic FA per CSO monomer.”” The CSO used in this study
was determined to have an iodine value between 109—120, and
a density of 0.92 g/cm>*® The CSO triglyceride was first
prepared for polymerization via an epoxidation reaction to
synthesize the network polymer. The monomer was reacted
with hydrogen peroxide, which acts as an oxygen donator to
convert the carbon—carbon double bonds to oxirane rings.
These rings are significantly more reactive than the carbon—
carbon double bonds.”’ This epoxidized CSO monomer
(ECSO) contains five oxirane groups per triglyceride monomer
and, thus, five potential locations where a crosslinking reaction
may occur.

MAL was selected as a bifunctional crosslinker between the
ECSO triglyceride molecules and the CNCs, enabling the
formation of a crosslinked network polymer. MAL is a good
candidate for crosslinker because of its low toxicity and its wide
commercial availability.”"”* The specific reaction between the
MAL and the ECSO oxirane groups is nucleophilic
substitution and has been utilized earlier to obtain CNPs.*’
Here, we expect the covalent bond formation between the
MAL and CNCs through ring-opening esterification,”” wherein
the CNCs hydroxyl groups react with the MAL anhydride
groups (Scheme 1).”* Further, CNCs can also form hydrogen
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Figure 1. FTIR data for ECSO, crosslinked polymers without and with various concentrations of CNCs. Full spectra and zoomed views of the
functional group peaks are shown on the left side of the figure, while on the right side are corresponding schematics showing the chemical
structures. The specific functional groups are shaded: (a) & (e) (red shading) C=C bond at 3000 cm™" and epoxies (or oxirane rings) between
820—850 cm™’; (b) (orange shading) —OH stretching likely due to of ring-opened oxirane (chemical structure not shown) and H-bonded CNCs
at the range of 3050—3,500 cm™; (c) (blue shading) C=0 bond of ester between 1700—800 cm™'; and (d) (purple shading) C—O—C of ether at
1120—1200 cm™". Results for ECSO are also shown for comparison purposes.

-10.0nm

0.0 5.0 um

Figure 2. (a) Typical AFM image of CNCs, (b) TEM image of neat polymer (0 wt % CNCs), and (c) 4.5 wt % polymer. A zoomed image of
CNCs is shown in the inset of (c). The darker regions in the TEM image capture CNCs.

bonds with the carbonyl groups in the surrounding polymer
network due to the large number of hydroxyl groups present
on the surface of the nanocellulose structure (Scheme 1).”
Similar hydrogen bond formation has been reported by Cao®”
and Khan.”

FTIR analysis was performed on the CSO, ECSO,
crosslinked polymers with and without varying concentrations
of CNCs, and other components, and results are shown in
Figure 1. As observed in Figure la, after epoxidation but
preceding polymerization, the CSO’s =CH peak at 3000 cm ™"
disappears, while two peaks representing epoxy functionalities
appear at 820—860 cm™'°””* After the polymerization
reaction, the epoxy peaks at 820—860 cm™' significantly
decrease in intensity (Figure le). Additionally, after polymer-
ization, a peak at 1730 cm™' develops, representing the C=0
bond stretch of the ester functional group (Figure 1c). For
CNCs, a broad peak from 3100 -3450 cm™' was observed,
whereas for the polymer without CNCs, a peak from 3050 to
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3650 cm™! was noted. However, for 4.5% CNC-containing
polymer, no distinct peak was observed in that region, but an
increase of intensity over the range of 3050—3500 cm ™' was
noticed, likely capturing a broad peak. The peak in this region
has been associated with —OH group stretching, and the
literature reports indicate that the peak can shift to a lower
wavenumber because of hydrogen bonding.”*~”” The broad-
band observed here suggests the presence of H-bonded
structures and ring-opened oxirane structures in the sample.
Also, for CNC-incorporated samples, a shoulder peak appears
around 1150 cm™ in the region representing the C—O bond of
ester groups (Figure 1d). This peak appears only when the
CNCs are present within the polymer sample and generally
increases in intensity with increased CNC concentration.
Individual figures for each spectrum are presented in
Supporting Information (SI) Figure S3.

The decrease of the C=C peak at 3000 cm™' and the
formation of epoxy peaks at 820—860 cm™" after epoxidation
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indicate the conversion of the carbon—carbon double bond
groups into oxirane,’>**#¥89007878 thys confirming the
success of the epoxidation reaction. After polymerization,
there is a decrease in intensity of the epoxy peaks at 820—860
cm™. This decrease in epoxy peaks after polymerization
indicates that ring opening of the oxirane groups occurs during
the polymerization reaction, but as the peak has not completely
disappeared, some oxirane rings may still be present in the
system. Post-polymerization, the new peak formed at 1730
cm™" appears due to the addition of MAL, as the carboxylic
groups within MAL’s structure are in a distinct chemical
environment compared to the carboxyl groups found on the
CSO triglyceride.>®” Finally, the shoulder peak appearing at
1150 cm™' after polymerization and only with the CNC-
containing polymer samples (Figure le) further confirms the
presence of CNCs in the polymer. The CNCs’ C—O ester
groups are in a different environment compared to the neat
CSO polymer C—O groups because of covalent bond
formation. The intensity of this shoulder peak increases with
increasing CNC concentration, indicating more occurrence of
covalent bond formation.*

Structural Characterization. Figure 2a shows a typical
atomic force microscopy (AFM) image of CNCs. A TEM
image of 4.5 wt % polymer is shown in Figure 2c. Here, the
CNCs are found to be dispersed throughout the specimen,
with individual CNC particles appearing to be identifiable,
indicating no significant agglomeration. Similar TEM images
revealing distinguishable CNCs dispersed throughout a
polymer sample have been reported in literature for poly(e-
caprolactone),®” rubber latex,”” and a polyester synthesized
from polyols and sebacic acid’' to name a few examples.
Additionally, in some instances, there appears to be end-to-end
contact between and localized alignment among CNC
particles, which may suggest the percolation in the
sample.”””*”> The aspect ratios for CNC specimens typically
range between S to 70, depending on the source.’”>"%?
Beyond the percolation threshold (V.), CNCs can also form a
three-dimensional (3D) network. For a cylindrical geometry,
V. = 0.7/A,”* where A is the CNCs’ aspect ratio (see SI). For
our case, the aspect ratio for the CNCs was estimated to be
~20, which leads to a percolation threshold of approximately 5
wt % (SI).”>*>°° The aspect ratio for the polymers was
estimated by using a composite average of identifiable
individual CNCs particles observed in Figure 2c as well as
additional TEM images taken of the 4.5 wt % polymer in
several locations along the sample. Additional analysis to
capture the morphological differences between the neat and
CNC-incorporated polymers was performed using scanning
electron microscopy (SEM). The surface of the CNCs-
containing polymer is notably rougher than the neat polymer
(SI Figure S4). This indicates the successful inclusion of
CNCs, leading to their presence near the surface.

Mechanical Properties. Tensile testing was conducted for
polymers with each concentration of CNCs as well as the
polymers without CNCs, and the results are shown in Figure 3.
Properties, including Young’s Modulus (YM), ultimate tensile
strength (UTS), strain, and toughness, were determined at
varied concentrations of CNCs and are shown in Figure 4.
Although the YM for 0.1 and 0.5 wt % appear similar in Figure
4a, t-test analysis indicated statistically significant differences
for all their mechanical properties (see SI Table S1). Overall,
with increasing CNCs content, both YM and UTS increased.
The toughness also appears to increase as the CNC
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Figure 3. Typical tensile stress vs. strain curves (smoothed data) of
CNP and CNC-incorporated CNP for varying CNC concentrations.

concentration increases, while the extensibility either increases
slightly or is not significantly affected as more CNCs are
added. At the highest concentration tested of 4.5 wt %, the
average values observed were YM ~1.81 +. 0.204 MPa, UTS
~1.09 + 0.185 MPa, toughness ~583 =+ 66.1 kPa, and strain at
break ~94 + 5%.

The increase in YM and UTS with increasing CNC
concentration is expected given CNCs’ significant tensile
strength (as theoretically modeled or empirically measured by
Raman spectroscopy) and stiffness (as empirically measured
using multiple methods).>>”” Usually, an increased number of
crosslinks leads to higher modulus but a decrease in
stretchability. In our case, a similar or slight increase in
extensibility can be associated with the physical bonding of
CNCs, which dissociate and reform, dissipating energy and
improving extensibility.”””***”® Thereby, these composites
exhibit a rare escape from the trade-off between improved
modulus and sacrificed ductility or toughness. An overall trend
of increase in mechanical properties with an increase in CNC
content to 4.5 wt % was observed; however, a slight decrease
for 0.5 wt % CNC content has been noted. This behavior is
consistent with the trends observed in the literature, where the
change in mechanical properties was reported to be non-
monotonic with increasing CNC content.” ™' This has been
attributed to the reaching percolation threshold and agglom-
eration of CNCs beyond that.***® However, the estimated
threshold calculated for the CNCs in this study is higher than
0.5 wt %; therefore, the exact reason behind the drop in
modulus at 0.5 wt % CNC content will require further
investigation in the future.

Thermal Properties. The thermal stability of the CNCs,
neat polymer, and 4.5 wt % polymer was determined using
TGA. As shown in Figure Sa, the degradation of CNCs occurs
in three phases: immediately and up to around 200 °C, 200—
300 °C, and then from 300 °C continuing past the temperature
range shown here. For both the neat and 4.5 wt % polymers,
the decomposition began at approximately 150 °C, with
approximately 10 and 15 wt % reduction occurring for the neat
and 4.5 wt % polymers by 300 °C, respectively. From there, the
4.5 wt % polymer degrades at a slightly faster rate compared to
the neat polymer, resulting in a slightly higher final residual
mass at ~485 °C.

The thermal degradation behavior of the CNCs (Figure Sa)
is typical to that reported previously, with an initial mass loss
for the sam&)le up to ~200 °C attributed to moisture
evaporation,'”® followed by decomposition of the CNCs’
glucose units within the cellulose backbone, initiated by free
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chain ends on the CNCs’ surface.'®* %7 Higher residual

CNCs’ mass is due to remaining surface sulfate groups.'”®
Comparing the neat and 4.5 wt % polymers, the greater mass
loss at lower temperatures for the 4.5 wt % is likely the result of
the degradation of CNCs within the polymer matrix, as has
been previously observed with the incorporation of chemically
unmodified CNCs in maleic anhydride grafted poly(butylene
adipate-co-terephthalate) (PBAT) or poly(e-caprolactone)
(PCL) matrices.*”'” Although it appears that only a slight
difference may be observed between the polymer containing
CNCs and the neat polymer’s residual mass, this corroborates
with expected calculations (see SI Figure SS).

DSC was used to further characterize the thermal properties
of the polymers (Figure Sb; see SI Figure S6 for individual
DSC trace). For the neat polymer, a glass transition
temperature (T,) was observed at approximately —10 °C.
The T, of the 4.5 wt % polymer was slightly higher at —5 °C.
Two melting peaks occur in the neat polymer sample at 5 °C

1126

and 15 °C. Both peaks are greater than the melting
temperature (T,,) of the ECSO at approximately —S °C.
Recrystallization of the neat polymer (T.) occurs in two stages
at 10 °C and 0 °C. For the 4.5 wt % polymer, a single T, was
observed for the first heating cycle at 55 °C. However, multiple
Tm at 15 °C, 25 °C, and 30°C were observed in the second
heating cycle. Note that a slight variation in T, and T, has
been observed between different batches of samples. The DSC
results for the CNCs in Figure 5b.1 showed no significant
transitions other than evaporation of bound water within the
CNCs from approximately 145—190 °C."'%""!

Comparing the DSC results for the neat polymer (Figure
Sb), the increase in T, and T, for the 4.5 wt % polymer
compared to the neat polymer can be attributed to the
incorporation of CNCs, resulting in modified network
structures.'”” The existence of melting and recrystallization
peaks for both the neat and 4.5 wt % polymers indicate the
presence of crystal-like, non-crosslinked FA chains both
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polymers since a truly crosslinked polymer with short chain
lengths between the crosslink points will likely not have a
melting temperature. Multiple melting and recrystallization
peaks likely indicate the presence of imperfections within the
network, as well as locally existing crystalline domains, as
anticipated for these complex nanocomposite samples. For the
4.5 wt % polymer, the apparent disappearance of the melting
peak at 55 °C from the first heating cycle to the second may be
due to kinetically frozen FA chains during the crosslinking
process.

B CONCLUSIONS

In this study, a CNC-reinforced network polymer was
successfully synthesized from ECSO. An overall increase in
mechanical properties, including YM, UTS, and toughness, was
observed with increasing CNC concentration. Strain at break
either slightly improved or was not significantly affected by
increased CNC content. The highest YM, UTS, and toughness
were achieved with a CNC concentration of 4.5 wt %, while
the greatest failure strain was observed at 2 wt % CNCs.
Thermal stability of the polymers was maintained at even the
highest CNC concentration tested. These results demonstrate
that tunability and enhancement of the CSO network
polymer’s mechanical properties are achievable by using
CNCs in varying concentrations.
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