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where the thickness of the crystalline lamellae formed during cold crystallization may be
sufficiently different between these two phases to yield separate melting transitions [44].

3.3. Mechanical Analysis
3.3.1. Tensile Testing of Cast Films

Although solvent casting necessitates solvent removal, which is costly, slow, and often
incomplete, this technique allows for the organization of CNCs in the dispersion into or-
dered structured domains arising from particle–particle interactions between CNCs [18,25].
Tensile testing can provide some insight to this structure, as well as the interactions between
CNCs and PLA. Figure 4 and Supplementary S5 show that in cast films, the hybrid CNC
mixtures outperformed the monofiller CNC reinforcement in terms of strength, modulus,
and toughness.
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This is consistent with previous studies that demonstrated synergistic mechanical
reinforcement in solution-cast polymeric composites reinforced with hybrid CNC mixtures,
compared to monofiller CNC composites [23]. This “hybrid effect” was demonstrated pre-
viously with hydrophilic CNCs in a polar aqueous solution, and now in nonpolar benzene
using hydrophobic CNCs. However, further investigation is warranted to determine the
mechanisms responsible for the increased mechanical properties in these hybrid compos-
ites. It is not clear whether CNC–CNC interactions and organization are responsible for
this effect in composites. Moreover, solution cast films are not scalable, and therefore, it is
important to determine if any hybrid effect can extend to other more common composite
preparation techniques such as melt mixing [18].

3.3.2. Tensile Testing of Extruded Films

Composite samples were produced by k-mixing and extrusion to determine whether
the unique mechanical properties exhibited by hybrid CNC mixtures in solution-cast
samples would extend to samples prepared by melt processing. As documented in Figure 5
the strength, modulus, and maximum force values for all samples containing CNC were
similar, and the hybrid mixtures did not show the same synergistic reinforcement observed
in the solution cast samples. It is well known that melt-mixed polymeric composites, which
incorporate nanofillers, are prone to suffering from aggregation of the nanofiller during
the melt-mixing process [45]. We posit that the aggregation of CNC particles during melt
mixing may have led to a reduced dispersion of the CNCs within the PLA matrix, and
that this reduced dispersion degrades the mechanical reinforcement of the filler due to a
lower filler–matrix contact area and the inability of the aggregated filler to percolate the
PLA matrix [46,47]. This CNC aggregation prohibits hybrid CNC mixtures from providing
the synergistic mechanical reinforcement observed in solution-cast films. Further evidence
of this aggregation is provided by comparing the mechanical properties of the composites
with different CNC loadings. The 2 wt.% CNC composites, which contained more CNC
reinforcement, consistently underperformed the 1% CNC composites, which contained less
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reinforcement. Since stress transfer from the matrix to reinforcement is governed by their
contact area, this suggests that CNC aggregation accelerates with increased CNC loadings,
leading to reduced mechanical properties despite the increased CNC loading.
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3.4. Vapor Transmission

The NatureWorks Ingeo 4044D grade of PLA used in this work has already been
approved by the United States Food and Drug Administration (FDA) for use in food
packaging applications [48], and a variety of nanocellulose materials are also finding use
in this area [49]. Presented here for the first time is the effect of the ODA–TA-modified
CNCs on the vapor transmission properties of PLA films. The water vapor transmission
rate (WVTR) data is visible in Figure 6, the permeance and the permeability data is visible
in Table 5 and in Supplementary S6 of the Supplementary Information.

Table 5. Measured water vapor transmission properties of all extruded film samples.

Sample WVTR
(g/h/m2)

Permeance
(g/s/m2/Pa) (×10−7)

Permeability
(g/s/m/Pa) (×10−11)

E-UP-PLA 1.1 ± 0.4 2.5 ± 0.1 7.5 ± 2.7
E-P-PLA 1.2 ± 0.1 2.7 ± 0.1 6.8 ± 0.4
E-1T-PLA 0.5 ± 0.1 1.2 ± 0.1 3.1 ± 0.1
E-1W-PLA 0.5 ± 0.1 1.1 ± 0.2 2.9 ± 0.6

E-1H-Pre-PLA 0.6 ± 0.1 1.2 ± 0.1 3.4 ± 0.1
E-1H-Post-PLA 0.8 ± 0.2 1.7 ± 0.5 4.6 ± 1.4

E-2T-PLA 0.7 ± 0.2 1.4 ± 0.4 3.7 ± 1.0
E-2W-PLA 1.2 ± 0.7 2.7 ± 0.2 7.4 ± 4.1

E-2H-Pre-PLA 0.9 ± 0.3 2.0 ± 0.1 5.5 ± 1.7
E-2H-Post-PLA 1.2 ± 0.8 2.7 ± 0.2 7.2 ± 4.4
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The addition of modified CNCs to the PLA matrix at 1 wt.% led to a reduction in
vapor transmission rates, permeance, and permeability compared to both pristine and
k-mixed PLA standards. For nanocomposite films containing 2 wt.% wood CNCs or 2 wt.%
hybrid wood–tunicate CNCs, the barrier properties were more comparable to the PLA
without CNC addition, which may relate to the increased aggregation of the CNC filler at a
higher CNC content. This indicates that the 1 wt.% CNC composites may be more suitable
for use in food packaging applications than composites with 2 wt.% CNC.

3.5. Biodegradation

To understand how the biodegradation of the studied materials differs with chang-
ing CNC compositions and loadings, we preformed anaerobic digestion on all samples
prepared via extrusion. The bioplastic samples were then analyzed for surface erosion
utilizing SEM, followed by a gravimetric determination of weight loss. The resulting SEM
micrographs and calculated weight loss are presented in Table 6 and Figure 7, respectively.

Table 6. Measured mass remaining after anaerobic digestion of the designated samples.

Sample Mass after Anaerobic
Digestion (%) Standard Deviation

E-UP-PLA 96 ±2
E-P-PLA 95 ±2
E-1T-PLA 94 ±2
E-1W-PLA 92 ±3

E-1H-Pre-PLA 92 ±3
E-1H-Post-PLA 92 ±3

E-2T-PLA 92 ±2
E-2W-PLA 90 ±2

E-2H-Pre-PLA 91 ±4
E-2H-Post-PLA 91 ±3

In the environment, PLA waste is primarily degraded by mesophilic bacteria [32],
which have been known to exist in the wastewater sludge of pollution control plants [33].
By harvesting wastewater sludge and inoculum from a local pollution control plant, we
successfully demonstrated that PLA composites reinforced with ODA–TA-CNCs can also be
biodegraded by utilizing these inputs. As clearly visible in the SEM micrographs, anaerobic
digestion led to visible surface erosion in PLA-based bioplastic samples. Interestingly, there
seems to be a correlation between the presence of CNC in the composites and the resulting
surface erosion, with all CNC-containing composites displaying enhanced biodegradation
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compared to the PLA samples without CNCs. This may be attributable to the mechanism
described by Shanmuganathan et al., which posits that CNCs act as channels that allow
solvent to more efficiently penetrate the composite compared to the matrix material without
CNCs [46,50]. We first note that composites loaded with T-CNCs had more remaining
mass than those with wood, although the variability was too high for statistical certainty.
Tunicate CNCs have been reported to have a natural resistance to biodegradation [51],
so further study is needed to evaluate the biodegradation of PLA-T-CNC composites.
Similarly, the composites containing 2 wt.% CNC also appear slightly more susceptible
to biodegradation, which may be related to the increased aggregation observed in these
samples, which is visible in Supplementary S7. While the overall biodegradation of our
samples was relatively low, with a maximum mass loss of ~10 wt.% after one month,
our findings indicate that ODA–TA-CNCs can improve the biodegradability of PLA. The
limits of this improvement may be understood through future work further exploring the
biodegradation of these materials under both mesophilic and thermophilic conditions.
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4. Conclusions

A one-pot, water-based strategy was used to modify both wood and tunicate cellulose
nanocrystals with tannic acid and octadecylamine. PLA–CNC composites containing CNCs
from wood, tunicate, or a combination of both were produced by using solvent casting
and melt extrusion. Films that were produced by melt extrusion were first compounded
in the presence of water in a thermo-kinetic mixer, which both evaporated the water and
compounded the PLA and CNCs. The modified CNCs and the PLA composites prepared
therefrom were characterized, providing new information about their mechanical, water
vapor barrier, thermal, and morphological properties, in addition to their biodegradation
potential. Cast films of these hybrid CNC composites displayed a unique improvement
in mechanical properties consistent with recent studies of hybrid CNC mixtures. The
maximum strength and the elastic modulus of these hybrid cast films surpassed both
nanocomposite materials which incorporated only one CNC type and the unmodified PLA
matrix. The extruded films did not show this hybrid effect; however, this may be due
to aggregation of the CNCs in these samples. Further study is warranted to determine
whether this hybrid effect observed in cast films can be translated into extruded films.
Little difference in nanocomposite performance was observed between extruded samples
reinforced with wood or tunicate CNCs. Notably, the water vapor permeability of the
composites with 1% CNCs was reduced by approximately 60% compared to neat PLA. The
primary challenge encountered when combining PLA with the modified CNCs produced
in this work was the aggregation of CNCs during the melt-mixing process, particularly as
the loading of the CNCs increased from 1 wt.% to 2 wt.%. However, the extruded 1 wt.%
composites displayed comparable mechanical and thermal properties to the PLA, while
also displaying superior vapor transmission and biodegradation properties, indicating the
potential of these materials in sustainable packaging applications.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13213661/s1, S1: CNC Modification. Figure S1: WCNCs (Left), TA-WCNCs (Center),
and ODA-TA-WCNCs (Right). Figure S2-1. Thermal decomposition profiles of designated composites.
Figure S2-2. DTGA thermograms of designated extruded samples. Figure S3-1: Measured Toughness
and Max Force of solution cast film samples. Figure S3-2: Measured Toughness and Max Force of
extruded film samples. Figure S4-1. Measured permeance of all extruded film samples. Figure S4-2:
Measured permeability of all extruded film samples. Figure S5. Photographs (iPhone 7) of E-P-PLA
(Left), E-1T-PLA (Center), and E-2T-PLA (Right). Table S1. Measured Contact Angle of designated
samples. Table S2-1: Measured values obtained from the DSC thermograms of the 1st thermocycle.
Table S2-2: Values obtained from subtracting DSC thermograms (i.e. 2nd cycle – 1st cycle). Table S3.
Measured mechanical properties of the designated samples.
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