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Abstract

Cellulose nanocrystal (CNC) suspensions were
compounded into blends of poly(lactic acid) (PLA) and
poly(vinyl acetate) (PVAc) wusing a novel wet
compounding approach in which drying and compounding
were carried out simultaneously. The resulting CNC/PLA
composites were compared with those produced using a
more traditional method of freeze-drying CNC suspensions
followed by melt-blending into PLA. CNCs in wet
compounded composites appeared to be well-dispersed in
the PLA/PVAc blends, and films extruded from these
compounds exhibited high transparency compared with
melt-blended composites. Gel permeation chromatography
indicated that molecular weight degradation due to wet
compounding was comparable to that from melt blending.
The formulation, including surfactant modified CNCs and
PVAc processing aids, played a significant role in the
dispersion and properties of the nanocomposites. The
elimination of a stand-alone drying step for cellulose
nanomaterials can potentially overcome some of the
challenges associated with producing thermoplastic
cellulose  nanocomposites and  help  advance
commercialization of these materials.

Introduction

Plastic waste is a growing problem nationally and
globally, and although no clear remedy has emerged, many
regard sustainable biobased and biodegradable polymers as
a possible solution, especially for single-use plastics, and
some industry has responded by committing to increasing
sustainable packaging usage!>. Poly(lactic acid) is one of
the most commonly used bioderived and biodegradable
thermoplastics* °. However, such biopolymers currently
suffer numerous drawbacks, especially in their
performance and processability. For example, PLA is more
brittle than polyethylene or polyethylene terephthalate and
is a poor water vapor and moderate oxygen barrier. Some
of these challenges can be mitigated by using additives,
including plasticizers for brittleness or nanomaterials for
barrier improvements. For example, the water and oxygen
transmissions across PLA films were shown to be reduced
by 30 and 75%, respectively, by adding as little as 1%
CNCs in our previous work®.

Although cellulose nanomaterials have been
repeatedly shown to improve numerous properties of
nanocomposites, including mechanical and barrier
properties, challenges continue to exist for producing
thermoplastic cellulose nanocomposites®?!. One of the
most difficult problems to overcome is drying cellulose
nanomaterials without losing their nanoscale structures.
Spray drying and freeze drying are two popular methods
being employed by researchers, but those processes often
result in agglomerated fibers or particles with micrometer-
scale diameters. Freeze-drying can yield plate-like
structures of CNCs, and it is possible for these
agglomerated CNCs to improve the mechanical and barrier
properties of polymers. However, these agglomerated
particles often result in reduced mechanical performance
and typically have undesirable appearance due to
agglomeration. Here, we describe a method in which
cellulose nanomaterials can be compounded and dried in a
single process using a thermokinetic mixer and which
results in improved dispersion over dry compounding
techniques.

Cellulose nanocomposite properties are highly
dependent on the formulation, including surface
modification and compatibilizers, and developing these
formulations remains an intensive area of research. For
example, Ansari et al. found that modifying CNCs with
dodecyl trimethyl ammonium chloride (DTAC)
dramatically improved the mechanical properties of
poly(vinyl acetate) (PVAc) compared to both neat PVAc
and unmodified CNC-PVAc nanocomposites, resulting in
nanocomposites with higher transparency compared to
unmodified CNCs?2. PVAc is miscible with PLA and has
been successfully used as a dispersion medium for
cellulose nanocrystals in PLA?* 2%, Because the wet
compounding process involves compounding in the
presence of water, materials that are compatible with water
are desirable. DTAC is readily adsorbed to CNCs in
aqueous suspensions, and numerous PVAc-water
emulsions are available commercially. Therefore, here we
evaluate the effects of surface modifying CNCs with
DTAC and of including PVAc on the properties of wet
compounded PLA-CNC nanocomposites.

Additionally, operating conditions of the
thermokinetic mixer are expected to impact the properties
of wet compounded nanocomposites. Our previous



research indicated that discharging PLA-CNC compounds
at lower temperature lead to improved properties compared
to higher temperature®. Therefore, here we also examine
the effect of discharge temperature and mixing speed on
wet compounded nanocomposite properties.

Materials

PLA (Ingeo™, 4044D) was obtained from
NatureWorks LLC® (Minnetonka, MN, USA) in pellet
form. PVAc with a molecular weight of 500,000 g/mol was
purchased from Sigma Aldrich® (St. Louis, MO, USA).
DTAC was purchased from Fisher Scientific Co.
(Pittsburgh, PA, USA). CNCs were produced at the Forest
Products Laboratory (FPL) from Eucalyptus Kraft pulp by
hydrolysis with 64 % sulfuric acid in a process described
previously?®.

Methods

For this study, PLA-cellulose nanocomposites were
produced using a wet compounding approach, and the
compounds were then cast extruded into films. The effects
of processing conditions and formulation on
nanocomposite properties were evaluated by tensile
testing, ultraviolet-visible (UV-Vis) spectroscopy, optical
microscopy, and gel permeation chromotography (GPC).

CNC Modification & Nanocomposite Production

CNCs were modified with DTAC by adding the
surfactant to a CNC suspension at a 1:1 molar ratio of
DTAC to CNC- sulfate groups, on which positively
charged DTAC is expected to ionically bond??. The CNC
suspension was diluted to 1%, and the pH was adjusted to
10 using sodium hydroxide prior to DTAC addition.

o
Figure 1: Thermokinetic mixer shown with open
chamber

PLA pellets were frozen with liquid nitrogen and
ground using a Wiley mill into a powder passing through a
1 mm screen. A thermokinetic mixer (Synergistics Inc., St.

Remi de Napierville, Quebec, Fig. 1) was used to
simultaneously dry and compound aqueous CNC
suspensions with PLA and/or PVAc granules/pellets. After
discharge from the kinetic mixer, the compounds were
cryogenically granulated again in a Wiley mill. Wet
compounding controls were also created in which water
with no cellulose was added to PLA in the kinetic mixer.
Films were then cast using the DSM Xplore
microcompounder (DSM Research, The Netherlands) with
a slit die (35 mm x 0.4 mm) and drum winding accessories.
Film thicknesses were about 300 — 600 um.

Mechanical Property Testing

Films were die cut into ASTM D638 type V dogbone
specimens and tested for their tensile properties according
to ASTM D638-10%". Samples were conditioned and tested
at 23 °C and 50% relative humidity using an Instron 5566
(Instron Engineering Corp., MA, USA) tensile testing
machine with a 500 N load cell at a speed of 1mm/min.
Extension was measured using a LX 500 laser
extensometer (MTS systems Corp., MN, USA) with
sampling at 10 Hz. Tensile strength was taken as the
maximum stress level, and the Young’s modulus was
determined by fitting the data to a hyperbolic tangent and
taking the initial slope of the fitted equation. Five
specimens were tested for each condition.

Experimental Design

A two-level, four factor experimental design was
created to evaluate the effects of formulation and operating
conditions on nanocomposite properties. The independent
variables were 1) presence of DTAC on the CNCs; 2)
inclusion of 10% PV Ac; 3) discharge temperature setpoint,
T (155 or 170 °C); and 4) mixing speed, S (3700 or 6000
rpms). The response variables were tensile strength, tensile
modulus, elongation at break, toughness, and normalized
light transmittance at 350 nm and 500 nm. The
concentration of CNCs was held constant at 1% for all 2*
experimental conditions from the factorial design.
Additionally, PLA control films were produced from both
as-received pellets and samples that were wet compounded
with a quantity of water comparable to samples using CNC
suspensions. Experiments were analyzed using SAS®
V9.4 and SAS’s ADX Interface for the Design of
Experiments (SAS/QC in SAS V9.4(TS1M3), Cary, NC).
Additional runs, including PLA controls, were evaluated
for differences from the initial experimental runs by
constructing 95% prediction intervals and determining if
they exceeded (higher or lower) those bounds.

Microscopy and UV-Vis spectroscopy

Films were evaluated for their appearance and light
transmission using optical microscopy and UV-Vis
spectroscopy, respectively. An Agilent 8453 UV-Vis



spectrophotometer was used to measure light transmission
through films. The absorbance measured for each film was
normalized assuming a linear relationship with thickness,
and this normalized absorbance was used for calculating
“normalized transmission” results at both 350 nm and 500
nm. For optical microscopy, a Leitz Wetzlar optical
microscope with a polarizer was used.

Gel permeation chromatography (GPC)

The number average molecular weight (Mn) of the
films was measured by GPC using a Waters instrument
(Waters 1515, Waters, Milford, MA) equipped with a series
of HR Styragel® columns (HR4, HR3, HR2 (300*7.8 mm
(I.D)) and a Refractive Index (RI) detector (Waters 2414,
Waters, Milford, MA). The test was conducted at a flow
rate of 1 ml/min at 35°C using the Mark-Houwink
corrected constant K = 0.000174 ml/g and a = 0.736 for
PLA solution in THF. Polystyrene (PS) standards ranging
between 2.9%10° to 3.64*10° daltons were used for
calibration. Approximately 20 mg of sample was dissolved
in 10 ml of 99.99% pure tetrahydrofuran (THF). The
samples were then filtered and transferred into 2 ml glass
vials. A syringe was used to inject 100l samples from the
vial into the GPC. The detector and column were
maintained at 35°C. The obtained data was analyzed using
the Breeze software (version 3.30 SPA, 2002) (Waters,
Milford, MA, USA). Samples were tested in triplicates.

Results and Discussion

Optical microscopy (Fig. 2) reveals that wet
compounding resulted in nanocomposites with better
dispersion (Figs. 2b-2f) than those melt-compounded with
freeze-dried CNCs (Fig. 2a) and that surface modification
of CNCs is important for good dispersion. Fig. 2¢ shows a
microscopy image of wet compounded CNCs in PLA with
no DTAC or PVAC, and significant agglomeration clearly
exists, but it’s considerably less than in the case of melt-
blended nanocomposites using free-dried CNCs (Fig. 2a).
Fig. 2e depicts samples with DTAC but no PVAc, and Fig.
2f depicts samples with both DTAC and PVAc. These
samples with DTAC appear to have less agglomeration
than when no DTAC was present, but samples that have
PVAc but no DTAC have significant agglomeration.
Therefore, DTAC clearly plays a significant role in
dispersion, but PVAc does not appear to favorably impact
CNC dispersion in PLA. Additionally, we notice that some
contamination seems to be introduced into the
compounding process (Fig. 2b), so additional work is
needed to reduce such contamination.

UV-Vis measurements (Table 1) of films support the
finding from optical microscopy that DTAC plays a role in
dispersion and thus transparency of the films. Note that all
2% runs were included in the statistical analysis, but only a
select few are shown in Table 1 for brevity. Statistical
analysis revealed that light transmission normalized at 350

nm through wet-compounded nanocomposite films was
significantly improved with the addition of DTAC with a
p-value of 0.02. This trend is clearly seen when DTAC
surface-modified CNCs were combined with PVAc in the
composite films. For wet-compounded films, the addition
of CNCs into PLA films negatively affected the
transparency of the films, irrespective of the presence of
DTAC and/or PVAc. Also, wet-compounded composites
with DTAC and PVAc were more transparent than the
melt-compounded film containing freeze-dried CNCs. The
statistical analysis revealed that the effect of DTAC on
transmission at 500 nm through nanocomposites was
marginal with a p-value of 0.07. All nanocomposites in this
case showed significantly reduced transmission, but the
wet compounded nanocomposites appear mostly
transparent (Fig. 3).

Figure 2: Optical micrograph of films (T=155°F and
S=3700 rpm): a) melt-compounded PLA-CNCs
(freeze-dried CNCs); b) PLA wet-blended control (No
CNCs or additives); ¢) PLA with 1% CNCs (no DTAC
or PVAc); d) PLA with 1% CNCs and 10% PVAc (no
DTAC); e) PLA with 1% DTAC-CNCs (no PVAc); f)
PLA with 1% DTAC-CNCs and 10% PVAc

Although quite a bit of variability was seen in the
tensile data, some statistically significant factors were
revealed. However, the differences in the tensile data of the
nanocomposites was quite small, so these factors had
limited practical effects on the tensile properties. Tensile
data is shown in Table 2 for a subset of the data; since
mixing speed had no significant effect on tensile properties,
only the data for runs at 6,000 rpm are shown for brevity.



The effect of temperature on tensile strength was
significant (p-value of 0.03) with increasing discharge
temperature leading to decreased tensile strength. In
addition, the presence of PVAc was found to be significant
on toughness of cellulose nanocomposites (p-value of
0.05). Note, however, that control PLA samples had
elongation and toughness values outside the 95%
prediction interval determined for the 2* experimental runs.
This indicates that the presence of CNCs embrittled the
films so much that even with 10% PVAc, unfilled PLA
samples had higher toughness than any containing CNCs.
Therefore, more work is likely needed to develop
formulations for these cellulose nanocomposites to
improve their ductility.

Table 1: UV-Vis transmittance of select PLA films.

Transmittance
Sample (%)
350nm 500nm
Melt-compounded PLA-CNCs 78 55
(from freeze-dried CNCs) ' '
PLA wet-blended control
(No CNC:s or additives) 60.3 730
PLA with 1% CNCs
(no DTAC or PVAc) 33 106
PLA with 1% CNCs 36 3.8
and 10% PVAc (no DTAC) ' ’
PLA with 1% DTAC-CNCs
(no PVAc) 4.6 11.2
PLA with 1% DTAC-CNCs 93 18.9

and 10% PVAc

(a)
Forest Products
Laborato ry

~

= (b)

Forest Products
Laboratory

PR b =

FOICSL A. ‘LLL
Laboratory

Figure 3: Photograph of films: a) PLA with freeze-dried
CNCs; b) PLA wet-blended control (No CNCs or
additives); ¢) wet-compounded PLA with 1% DTAC-
CNCs and 10% PVAc

Table 2: Tensile mean (and standard deviation) for
nanocomposite film samples at 6,000 rpm. All samples
have 1% CNC except for the PLA control.

DTAC/ Max. Elong-
Temp/ Modulus Stress ation Toughness
PVAc | (GPa) | (MPa) | (%) | (MVm)
0/155/0% ((1):(5)3) (5 17.218) (8:(1)2) (giii)
1/155/0% ((1,:(5)2) 57@2) (8:(1)2) ((l):ﬂ)
0/175/0% ((1,:?% 517.62) (8:(1)1) (8252)
1/175/0% ((1,:(6);) (516,’33) (8:(1)471) ((l)éé)
0/155/10% ((1,:?2) (519,’33) (8:(2)5) ((1)341‘)
1/155/10% ((1,}3) (S?S’;) (8:(1)491) ((l):%)
0/175/10% ((1,:%) (519,;13) (8:(1);) ((ﬂ?)
1/175/10% (3;3;}) (516,’78) (8152) ((l):;)
PLA control ((1)82) (5 1709) (832) ((l)gg)

Because PLA is sensitive to hydrolytic degradation®®
2, concerns exist about the effect of compounding PLA
with aqueous suspensions on its molecular weight. The
number average molecular weight, as determined by GPC,
is shown for several samples in Table 3. Molecular weight
of as-received PLA pellets was approximately 109,000
g/mol, and the molecular weight of melt extruded film was
approximately 98,000 g/mol indicating a drop of
approximately 10% due to melt processing. Control
samples consisting of PLA mixed with water in the
thermokinetic mixer without CNCs followed by grinding
and film extrusion were also tested for their molecular
weight, and their molecular weight was comparable to
samples that had only been melt extruded. Since neither the
molecular weight nor the mechanical properties of PLA
were substantially reduced, wet compounding does not
appear to result in significant degradation of PLA.

Although most of the nanocomposite properties were
not highly sensitive to operating conditions, molecular
weight of PLA in nanocomposite samples was lower for
samples processed at lower mixing speeds as shown in Fig.
4. The values shown in Fig. 4 are averaged for both
discharge temperatures. An analysis of variance was
performed on the molecular weight of PLA in
nanocomposite samples, and mixing speed was found to be
a significant factor with a p-value of 0.008, but varying
temperature from 155 °C to 175 °C was not found to
significantly affect molecular weight. Note that lower
mixing speeds result in longer residence times with
samples processed at 3,700 rpm typically taking more than
5 minutes to remove water compared to less than 2 minutes
for samples processed at 6,000 rpm. Therefore, although
some hydrolytic degradation was seen in wet
compounding, samples processed with short residence



times exhibited little degradation, similar to that of melt-
processed samples.

Table 3: Molecular weight of PLA and PLA
nanocomposites measured by GPC.

Standard
Mn . .
(g/mol) deviation
g (g/mol)
PLA pellets 109,000 14,000
PLA extruded film 97,700 4,000
PLA wet film
1755 C/6.000 rpm | 104:000 2,600
PLA-CNC wet film
155° C/6,000 pm | 103000 7,400
PLA-CNC wet film
175° C/6,000 rpm 97,800 7,200
PLA-CNC wet film
155° C/3,700 rpm 92,200 1,800
PLA-CNC wet film
175° C/3,700 rpm 87,200 1,700

110,000
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100,000
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90,000
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Figure 4: Molecular weight
nanocomposites as measured by GPC.

Conclusions

Wet compounding, a process in which suspensions of
cellulose nanomaterials can be dried and compounded into
polymers in a single step, is a promising approach for
producing  cellulose = nanocomposites.  Systematic
investigation of the effects of processing conditions and of
formulation on composite properties revealed that
discharge temperature, mixing speed, CNC surface
modification and the addition of PVAc all had modest but
significant effects on composite properties. Lower
discharge temperature lead to increased tensile strength,
which supports our previous results?®. Modification of
CNCs with DTAC lead to improved dispersion, and the
addition of 10% PVAc slightly improved the toughness of

PLA-cellulose nanocomposites, although the toughness of
neat PLA was higher than all nanocomposite samples.
Despite the susceptibility of PLA to hydrolytically degrade,
compounding PLA in the presence of water for short cycle
times did not result in significant molecular weight
reduction. However, compounding at lower mixing speed
(3,700 rpm) resulted in cycle times exceeding 5 minutes
and reduced molecular weight. Wet compounding appears
to be a suitable approach to produce cellulose
nanocomposites, and the properties of the nanocomposites
were found to be better with appropriate formulations
processed at high speeds, short cycle times and low
discharge temperatures. However, additional work is
needed to Dbetter understand and optimize wet
compounding to produce cellulose nanocomposites.

Acknowledgements

The authors sincerely thank the U.S. Endowment for
Forestry and Communities for partial financial support of
this project. The authors also thank Richard Reiner for
preparing the cellulose nanocrystals and Sara Fishwild,
Tim Nelson, and Marshall Begel for tensile testing.

References
1. Pepsi Performance with a Purpose: 2025 Agenda;
Pepsi Co. Sustainability Report 2015,

https://www.pepsico.com/docs/album/sustainability-
reporting/pepsico sustainability report 2015 and -

2025 _agenda.pdf, 2015.

2. Krajewski, C., Kraft Heinz  Expands
Environmental Commitments to Include Sustainable
Packaging and Carbon Reduction. The Kraft Heinz
Company: https://news.kraftheinzcompany.com/press-
release/corporate/kraft-heinz-expands-environmental-
commitments-include-sustainable-packaging-, 2018.

3. ‘A line in the sand’ - Ellen MacArthur Foundation
launches New Plastics Economy Global Commitment to
eliminate plastic waste at source.

https://www.ellenmacarthurfoundation.org/news/a-line-in-
the-sand-ellen-macarthur-foundation-launch-global-
commitment-to-eliminate-plastic-pollution-at-the-source
(accessed October 4, 2019).

4. Polylactic Acid Properties, Production, Price,
Market and Uses. https://www.plasticsinsight.com/resin-
intelligence/resin-prices/polylactic-acid/ (accessed
September 26, 2019).

5. Rogers, T., Everything You Need To Know About
Polylactic Acid (PLA). Creative Mechanisms: 2015; Vol.
2019.

6. Karkhanis, S. S.; Stark, N. M.; Sabo, R. C,;
Matuana, L. M., Water vapor and oxygen barrier properties
of extrusion-blown poly (lactic acid)/cellulose nanocrystals
nanocomposite films. Composites Part A: Applied Science
and Manufacturing 2018, 114,204-211.




7. Azizi Samir, M. A. S.; Alloin, F.; Dufresne, A.,
Review of Recent Research into Cellulosic Whiskers, Their
Properties and Their Application in Nanocomposite Field.
Biomacromolecules 2005, 6 (2), 612-626.

8. Brodin, F. W.; Gregersen, @. W.; Syverud, K.,
Cellulose nanofibrils: Challenges and possibilities as a
paper additive or coating material—A review. Nord Pulp
Pap Res J 2014, 29 (1), 156-166.

9. Eichhorn, S. J.; Baillie, C. A.; Zafeiropoulos, N.;
Mwaikambo, L. Y.; Ansell, M. P.; Dufresne, A.;
Entwistle, K. M.; Herrera-Franco, P. J.; Escamilla, G. C.;
Groom, L.; Hughes, M.; Hill, C.; Rials, T. G.; Wild, P.
M., Review: Current international research into cellulosic
fibres and composites. Journal of Materials Science 2001,
36 (9),2107-2131.

10. Kim, J.-H.; Shim, B. S.; Kim, H. S.; Lee, Y.-J;
Min, S.-K.; Jang, D.; Abas, Z.; Kim, J., Review of
nanocellulose  for  sustainable  future  materials.
International Journal of Precision Engineering and
Manufacturing-Green Technology 2015, 2 (2), 197-213.
11. Lavoine, N.; Desloges, I.; Dufresne, A.; Bras, J.,
Microfibrillated cellulose — Its barrier properties and
applications in cellulosic materials: A  review.
Carbohydrate Polymers 2012, 90 (2), 735-764.

12. Moon, R. J.; Martini, A.; Nairn, J.; Simonsen, J.;
Youngblood, J., Cellulose nanomaterials review: structure,
properties and nanocomposites. Chemical Society Reviews
2011, 40 (7), 3941-3994.

13. Sird, 1.; Plackett, D., Microfibrillated cellulose
and new nanocomposite materials: a review. Cellulose
2010, /7 (3), 459-494.

14. Oksman, K.; Aitomdki, Y.; Mathew, A. P.;
Siqueira, G.; Zhou, Q.; Butylina, S.; Tanpichai, S.; Zhou,
X.; Hooshmand, S., Review of the recent developments in
cellulose nanocomposite processing. Composites Part A:
Applied Science and Manufacturing 2016, 83, 2-18.

15. Jonoobi, M.; Oladi, R.; Davoudpour, Y.;
Oksman, K.; Dufresne, A.; Hamzeh, Y.; Davoodi, R.,
Different preparation methods and properties of
nanostructured cellulose from various natural resources
and residues: a review. Cellulose 2015, 22 (2), 935-969.
16. Karkhanis, S. S.; Matuana, L. M.; Stark, N. M.;
Sabo, R. C., Effect of Compounding Approaches on Fiber
Dispersion  and  Performance  of  Poly(Lactic
Acid)/Cellulose Nanocrystal Composite Blown Films. In
ANTEC® 2017 The Plastics Technology Conference,
Anaheim, California, USA, 2017.

17. Karkhanis, S. S.; Stark, N. M.; Sabo, R. C.;
Matuana, L. M., Performance of poly (lactic acid)/cellulose
nanocrystal composite blown films processed by two
different compounding approaches. Polymer Engineering
& Science 2018, DOI 10.1002/pen.24806.

18. Peng, J.; Ellingham, T.; Sabo, R.; Turng, L.-S.;
Clemons, C. M., Short cellulose nanofibrils as
reinforcement in polyvinyl alcohol fiber. Cellulose 2014,
21 (6), 4287-4298.

19. Peng, J.; Ellingham, T.; Sabo, R.; Clemons, C.
M.; Turng, L. S., Oriented polyvinyl alcohol films using
short cellulose nanofibrils as a reinforcement. Journal of
Applied Polymer Science 2015, 132 (48).

20. Peng, J.; Walsh, P.; Sabo, R.; Turng, L.-S.;
Clemons, C., Water-Assisted Compounding of Cellulose
Nanocrystals into Polyamide 6 for Use as a Nucleating
Agent for Microcellular Foaming. Polymer 2015, In Press.
21. Gong, G.; Pyo, J.; Mathew, A. P.; Oksman, K.,
Tensile behavior, morphology and viscoelastic analysis of
cellulose nanofiber-reinforced (CNF) polyvinyl acetate
(PVAc). Composites Part A: Applied Science and
Manufacturing 2011, 42 (9), 1275-1282.

22. Ansari, F.; Salajkova, M.; Zhou, Q.; Berglund,
L. A., Strong surface treatment effects on reinforcement
efficiency in biocomposites based on cellulose
nanocrystals in  poly (vinyl acetate) matrix.
Biomacromolecules 2015, 16 (12), 3916-3924.

23. Gajria, A. M.; Dave, V.; Gross, R. A.; McCarthy,
S. P., Miscibility and biodegradability of blends of poly
(lactic acid) and poly (vinyl acetate). Polymer 1996, 37 (3),
437-444.

24. Pracella, M.; Haque, M. M.-U.; Puglia, D.,
Morphology and properties tuning of PLA/cellulose
nanocrystals bio-nanocomposites by means of reactive
functionalization and blending with PVAc. Polymer 2014,
55(16),3720-3728.

25. Sabo, R.; Stark, N.; Wei, L.; Matuana, L., Wet
Compounding of Cellulose Nanocrystals into Polylactic
Acid for Packaging Applications. In ANTEC

2019-The Plastics Conference, Detroit, M1, 2019.

26. Reiner, R. S.; Rudie, A. W., Process Scale-Up of
Cellulose Nanocrystal Production to 25 kg per Batch at the
Forest Products Laboratory. In Production and Application
of Cellulose Nanomaterials, Postek, M. T.; Moon, R. J.;
Rudie, A. W.; Bilodeau, M. A., Eds. TAPPI PRESS:
Peachtree Corners, GA, 2013; pp 21-24.

27. ASTM International, ASTM D638-10 Standard
Test Method for Tensile Properties of Plastics. West
Conshohocken, PA, 2010.

28. Zhang, P.; He, Y. Y.; Gao, D.; Cai, Y.; Liu, B,,
Hydrolytic and thermal degradation of polyethylene glycol
compatibilized poly (lactic acid)-nanocrystalline cellulose
bionanocomposites. Journal of Applied Polymer Science
2019, 136 (2), 46933.

29. Elsawy, M. A.; Kim, K.-H.; Park, J.-W.; Deep,
A., Hydrolytic degradation of polylactic acid (PLA) and its
composites. Renewable and Sustainable Energy Reviews
2017, 79, 1346-1352.



ANTEC® 2020

PAPERS

w ANTEC® 2020.
" THE VIRTUAL EDITION






