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ABSTRACT: The fabrication of nanocomposites of polyamide 12 (PA12) and cellulose nanocrystals (CNCs) isolated from cotton and
tunicates is reported. Through a comparative study that involved solution-cast (SC) and melt-processed materials, it was shown that
PA12/CNC nanocomposites can be prepared in a process that appears to be readily scalable to an industrial level. The results demon-
strate that CNCs isolated from the biomass by phosphoric acid hydrolysis display both a sufficiently high thermal stability to permit
melt processing with PA12, and a high compatibility with this polymer to allow the formation of nanocomposites in which the CNCs
are well dispersed. Thus, PA12/CNC nanocomposites prepared by melt-mixing the two components in a co-rotating roller blade
mixer and subsequent compression molding display mechanical properties that are comparable to those of SC reference materials.
Young’s modulus and maximum stress could be doubled in comparison to the neat PA12 by introduction of 10% (CNCs from tuni-
cates) or 15% w/w (CNCs from cotton) CNCs. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42752.
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INTRODUCTION

The use of feedstock from renewable resources appears be of
growing importance for future polymer-based materials, due to
environmental-impact concerns, sustainability aspects, as well as
dwindling supplies of crude oil." Cellulose, the most abundant
renewable polymer on earth, is receiving significant attraction
in this context.> While cellulose fibers have been utilized to
create fabrics for thousands of years,”” chemical technology
enabled uses of this raw material, e.g., in the form of regener-
ated or chemically modified cellulose, depolymerized fragments,
or hydrolytically isolated cellulose nanocrystals (CNCs),*™'" are
developments of the last century. CNCs feature dimensions of
ca. 20 x 200-2000 nm (width x length) (depending on the
source), offer high on-axis strength and stiffness, appear to be
nontoxic," ™ and can be isolated from a plethora of biosources
including wood, cotton, and many agricultural waste prod-
ucts.'? These attractive properties, the broad range of pro-
spective uses (vide infra), and need to develop new markets for
the rapidly changing pulp and paper industry have triggered the
recent establishment of several (pilot) plants for the production
of wood-based CNCs.”>° CNCs have been demonstrated to be
useful for the design of mechanical adaptive materials,”'~°

38 sensors and actuators,”®*! biomedical

4,45 46,47

drug-release systems,””

4243 barrier

devices, self-healing materials,* aerogels,
materials,**° filtration membranes,’’ and many other materials
systems,”>* but by volume, their most important potential use
may be as a reinforcing filler in polymer nanocomposites.”
These lightweight materials are potentially recyclable,”® offer
high strength-to-weight ratios,”®>%*" and the approach permits
one to readily tune materials properties by way of composi-
tional variation. While several laboratory methods have been
shown useful to produce polymer/CNC nanocomposites with
few of the
employed are technologically and industrially viable.**° The
main problems that prevent the successful melt-compounding

of CNCs with polymers include insufficient compatibility with
61,62

attractive properties, research-scale processes

the polymer, mechanical degradation of the CNCs under

the high shear forces applied during thermoplastic compound-

664 and thermal degradation of the CNCs during melt

65,66

ing,
processing at elevated temperatures.

Recently, Sapkota et al.** demonstrated that the mechanical deg-
radation of CNCs can be avoided if these nanoparticles are
compounded with a polymer under low-shear mixing condition,
for example, in a co-rotating roller blade mixer (RBM).

Additional Supporting Information may be found in the online version of this article.

© 2015 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

42752 (1 of 10)

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42752


http://www.materialsviews.com/

ARTICLE

Moreover, our group has reported that thermally stable CNCs
can be produced if they are isolated by hydrolysis with phos-
phoric and not sulfuric acid.®” While the hydrolysis with sulfu-
ric acid causes the introduction of a considerable amount
(typically 30-90 mmol/kg) of negatively charged sulfate half-
ester groups on the CNC surfaces (S-CNCs),®® which catalyze
the degradation of cellulose, especially at higher tempera-
tures,*>*® hydrolysis with phosphoric acid affords phosphoryl-
ated CNCs (P-CNCs) with much lower surface charge density
(ca. 11 mmol/kg) and higher thermal stability.

PA12 is a semicrystalline engineering thermoplastic that displays
a much lower water take-up than most other polyamides and is
used in automotive applications,”” cable,’””' wire and tube
coatings, gas pipes,”” barrier membranes,”>”* and a broad range
of other engineering applications.”>”® Polyamides have been
modified using a variety of fillers, including clay,*®®' glass
fibers,** carbon nanotubes,*>® graphite,®>® etc. Interestingly,
only few studies have been reported, which address the melt-
mixing of PA nanocomposites with bio-fillers. This may be
related to the high temperatures required to process PAs and
the comparably low decomposition temperature of many bio-
materials. Kiziltas et al® reported composites of polyamide 6
(PA6) and microcrystalline cellulose (MCC), a larger and gener-
ally round shaped form of cellulose that was created by melt-
mixing the components in a twin-screw extruder. A lubricant
was incorporated to facilitate mixing, and nanocomposites with
high MCC loadings thus produced displayed indeed a higher
storage modulus than the neat PA6. Panaitescu et al.*® prepared
several nanocomposites containing polyamide 11 (PA1l) and
cellulose nanofibers by melt-mixing at 185°C and observed
slight increase in stiffness, the highest increase in Young’s mod-
ulus being 41% compared to neat PAll for nanocomposites
containing 8 wt % cellulose nanofiber. However in all composi-
tions, significant amount of agglomeration was observed. A
recent study on melt-processed nanocomposites made from PA6
and CNCs isolated from cotton via sulfuric acid hydrolysis
showed that melt processing was possible when the CNCs were
first coated with polymer solution and then dried to protect
them from thermal degradation during melt mixing.*® An
extruded and injection-molded nanocomposite with a CNC
concentration of 1 wt % did indeed increase the elastic modulus
of nanocomposite by 45% (to ~1900 MPa) compared to neat
PA6 (~1290 MPa), attributed to better dispersion and better
interfacial adhesion promoted by coating the CNCs with poly-
mer. However, no detailed characterization and no high content
CNC nanocomposites were reported, hence it is unclear whether
similar behavior can be obtained with greater amounts of CNCs
in the system.

Building on these advances, and speculating that the combina-
tion of polar and nonpolar motifs found in polyamide 12
(PA12) would promote good compatibility with CNCs, we set
out to study melt-mixed (MM) nanocomposites of PA12 and
CNGCs isolated from cotton and tunicates. Through a compara-
tive study that involved SC and melt-processed materials, it was
shown how PA12/CNC nanocomposites with high mechanical
properties can be prepared in a process that appears to be read-
ily scalable to an industrial level. Our experiments demonstrate
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that CNCs isolated from the biomass by phosphoric acid hydro-
lysis display both a sufficiently high thermal stability to permit
additive-free melt processing with PA12, and a high compatibil-
ity with this polymer to allow the formation of nanocomposites
in which the CNCs are well dispersed. This approach appears to
represent the most proficient and scalable method for the pro-
duction of PA/CNC nanocomposites, and it may also be appli-
cable to other thermoplastic polymers.

EXPERIMENTAL

Materials

PA12 (Ubesta 3024 U, received from UBE) having a weight-
average molecular weight, Mw, of 24 000 g/mol and density
5=1.04 g cm ? was obtained in the form of solid pellets from
UBE America Inc. Cotton-derived cellulose nanocrystals
(cCNCs) were isolated from Whatman No. 1 filter paper via
sulfuric acid (S-cCNCs) and phosphoric acid hydrolysis (P-
cCNCs) using the previously reported procedures.®”*" Tuni-
cates, Styela clava, were collected from floating docks at Port de
Plaisance du Moulin Blanc, France. The tunicates were cleaned
and bleached as previously reported.’' Sulfated tunicate cellu-
lose nanocrystals (S-tCNCs) were isolated using sulfuric acid
hydrolysis as the previously reported procedure.***%

Isolation of Cellulose Nanocrystals by Phosphoric Acid
Hydrolysis of Tunicate Mantles

Phosphorylated tunicate cellulose nanocrystals (P-tCNCs) were
prepared from bleached tunicate mantles in a protocol that
adapts the procedure developed by Camarero Espinosa et al. for
cotton-based CNCs.”” The bleached and dried mantles (2 g)
were soaked in purified water (200 mL) from a milliQ Sartorius
arium 611VF overnight and disintegrated in a kitchen blender
at high speed for 15 min, yielding a fine cellulose pulp. Phos-
phoric acid (95-97%, 350 mL) was slowly added under vigor-
ous mechanical stirring to the cellulose pulp, which was cooled
in an ice bath; the addition was controlled so that the tempera-
ture was kept below 20°C. After 300 mL of the acid had been
added, the dispersion was removed from the ice bath and was
heated to 40°C during the addition of the final 50 mL of acid.
After the acid addition was complete, the mixture was heated to
100°C and was kept at this temperature for 90, 150, 180, or 210
min under continuous stirring in order to establish the opti-
mum hydrolysis time. After the hydrolysis was complete, the
mixture was cooled to room temperature, centrifuged (20 min
at 3600 rpm), and the supernatant was decanted. Deionized
water was added and the centrifugation step was repeated at
least three times until the pH of the dispersion reached ~5.
After the last centrifugation, the resulting P-tCNCs were dia-
lyzed against H,O for 7 days; during this process, the H,O was
exchanged twice per day. The CNC suspension was subsequently
diluted with deionized water (total volume 500 mL) and soni-
cated in a Badelin Sonorex Technik RL 70 UH ultrasound bath
for 18 h at 25°C, before it was filtered through a No. 1 glass fil-
ter in order to remove any remaining aggregates. The concen-
tration of the CNCs in the final dispersion was determined
gravimetrically to be ~3 mg/mL. This dispersion was freeze-
dried using a VirTis BenchTop 2K XL lyophilizer with an initial
temperature of 25°C and a condenser temperature of —78°C.
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Table I. Characteristics of the CNCs Used
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Property S-cCNCs S-tCNCs P-cCNCs P-tCNCs
Charge concentration® (mmol/kg) 95 80 10 30

Length® (nm) 295+115 1850+530 320+110 2300+760
Diameter® (nm) 24+5 28+10 30+5 35+12
Aspect ratio® (+) 13+x2.15 76+ 20 13+2.5 80+15

2Determined by conductometric titration.
b Determined by evaluation of transmission electron microscopy images.

H,0 was removed during 72 h. P-tCNCs thus produced were
kept in an air-tight container and were used as needed. Based
on image analysis of the obtained P-tCNCs (Supporting Figures
S1, S2), a hydrolysis time of 210 min was selected as an optimal
method because of high CNC yield after hydrolysis and better
variation in aspect ratio compared to other hydrolysis time.
P-tCNCs used in this study were prepared accordingly.

Conductometric Titration of CNCs

In order to determine their surface charge density, all CNCs
used in this study were titrated using the conductometric titra-
tion technique reported by Camarero Espinosa et al®” Thus,
50 mg of the CNCs were suspended in 10-15 mL of 0.01M
aqueous hydrochloric acid. After 5 min of stirring and 20 min
of sonication (in a Badelin Sonorex Technik RL 70 UH), the
suspensions were titrated with 0.01M NaOH. The phosphate-
ester and sulfate-ester contents were determined from the vol-
ume of NaOH required to titrate the sample, and normalizing
it to the weight of the sample using a similar approach to the
one described for S-cCNCs.*”** The surface charge densities
determined were as follows: S-cCNCs: 95 mmol/kg, S-tCNCs:
80 mmol/kg. P-cCNCs: 10 mmol/kg. P-tCNCs: 30 mmol/kg.

Preparation of PA12/CNC Nanocomposites by Melt Mixing

PA12/CNC nanocomposites with a CNC content of 5%, 10%,
15%, and 20% w/w were prepared by direct melt mixing in a
RBM (Brabender” GmbH & Co. KG, Duisburg, Germany; mixer
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Figure 1. TGA thermograms of S-tCNCs and P-tCNCs under nitrogen.
The measurements were conducted at a heating rate of 10°C min™").
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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type 30EHT). The temperature and rotor speed were set to
190°C at 70 rpm, respectively. The polymer was first introduced
to the RBM and processed until it had transformed into a vis-
cous melt (~6 min). The CNCs were added at this point and
mixing was continued for a further 4 min. The nanocomposites
were removed from the mixer and allowed to cool to the room
temperature. The materials were subsequently compression-
molded between poly(tetrafluoroethylene) sheets in a Carver®
press at 190°C under a pressure of 3 metric tons for 5 min. The
thickness of the films was controlled by the use of spacers to a
typical value of 200 um, as measured with a caliper. A neat
PA12 film was also prepared by melt-mixing under analogous
conditions.

Preparation of PA12/CNC Nanocomposites by Solution
Casting

Freeze-dried CNCs were dispersed in N,N-dimethylformamide
(DME, extra dry over molecular sieves, purchased from Acros
Organics, at a concentration of 5 mg mL™' by sonication for
4 h in an ultrasonic bath (Badelin Sonorex Technik RL 70 UH).
PA12 was dissolved in DMF at a concentration of 15% w/w by
stirring the mixture at 120°C for 4 days. The appropriate
amount of CNC dispersion was added to the PA12 solution.
For example, for a 15% w/w nanocomposite, 25 mL of a 15%
w/w PA12 solution was added to 83.3 mL of a CNC dispersion
in DMFE The mixtures were stirred with a magnetic stir bar
under reflux conditions for 1 days before they were cast into
12.7 cm diameter Teflon® Petri dishes. The samples were placed
into an oven at 70°C for 4 days to evaporate most of the sol-
vent. The resulting films were dried in a vacuum oven at 70°C
and a pressure of 400 mbar for 2 days to remove any remaining
solvent. Neat PA12 films and nanocomposites containing 0%
and 15% w/w CNCs were thus produced. The materials were
subsequently compression-molded between poly(tetrafluoroeth-
ylene) sheets in a Carver® press at 190°C under a pressure of 3
metric tons for 5 min. The thickness of the films was controlled
by the use of spacers to a typical value of 200 um, as measured
with a caliper.

Atomic Force Microscopy (AFM)

Atomic force microscopy was carried out on a NanoWizard II
(JPK Instruments) microscope. The samples (neat PA12 and
nanocomposites) were prepared by compression molding films
of a thickness of less than 50 um and were mounted on glass
slides for film stability. The scans were performed in AC mode
in air, using silicon cantilevers (NANO WORLD, TESPA-50)
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(a)

Figure 2. Pictures of compression-molded thin films of the neat PA12 (a),
and PA12/CNC nanocomposites containing 10% w/w P-cCNCs (b), S-
c¢CNCs (c), P-tCNCs (d), or S-tCNCs (e). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

and applying a resonance frequency of 320 kHz and a scan rate
of 1 line/s.

Transmission Electron Microscopy (TEM)

Lyophilized CNCs were dispersed in deionized water at a con-
centration of 0.08 mg/mL by sonication in a Badelin Sonorex
Technik RL 70 UH ultrasonication bath for 10 min. Subse-
quently, the aqueous CNC dispersions were deposited on
carbon-coated grids (Electron Microscopy Sciences, one drop
each), and the samples were dried at 70°C for 3 h. The samples
were examined by transmission electron microscopy (TEM)
using a Hitachi H-1700 microscope operating at an accelerating
voltage of 75 kV. The dimensions of the CNCs were determined
from the TEM images by using image analysis software Image].
The length and width of 100 CNCs from each of 5-10 TEM
images were determined; the averaged values are reported.

Dynamic Mechanical Analysis (DMA)

The mechanical properties of the PA12/CNC nanocomposites
were characterized by dynamic mechanical analysis (DMA)
using a TA Instruments Model Q800. The samples were pre-
pared by cutting rectangular strips with a width of ~6 mm
from the films. Tests were conducted in tensile mode using a
temperature sweep method (—120 to —220°C) at a fixed fre-
quency of 1 Hz, a strain amplitude of 15 um, a heating rate of
10°C min~', and a gap distance between the jaws of ~10 mm.
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Tensile Measurements

Tensile measurements of PA12/CNCs nanocomposites were per-
formed using a Zwick/Roell Z010 tensile tester. Tests were car-
ried out at room temperature with a strain rate of 5% min~', a
preload force of 0.01N, a gap distance between the jaws of
35 mm, and using dog-bone shaped films having a width of
4 mm. Tensile moduli were calculated from the slopes of the
linear region between 0.5% and 1% strain. Tensile toughness
was determined by integrating the stress—strain curve.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry measurement were performed
under N, using a Mettler-Toledo STAR system. The typical pro-
cedure included heating and cooling cycles of approximately
8 mg sample in a DSC pan from —50°C to 250°C using a heat-
ing rate of 10°C/min. The glass transition temperature (T,) was
determined from the midpoint of the specific heat increment at
the glass—rubber transition, while the melting temperature (T;,)
was taken as the highest temperature point of the melting
endotherm.
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Figure 3. Dynamic mechanical analysis traces showing the storage modu-
lus (E') of PA12 and PA12/CNC nanocomposites containing 15% w/w of
P-cCNC and S-cCNC as a function of temperature. The nanocomposite
films were prepared by (a) solution cast and (b) melt-mixing technique.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Table II. Mechanical Properties of Neat PA12 and PA12/CNC Nanocomposites at 25°C

CNC content Youngd's Maximum Tensile toughness Storage

(% wiw) Modulus (MPa)? stress (MPa)? (1074 Jm9p modulus (MPa)°
0% (neat PA12) 1200 + 100 40+4 7280+ 100 940+ 115
5% S-cCNC 1520+ 150 48+3 1330+95 1180+ 165
5% P-cCNC 1770+60 52+5 300+ 80 1430+ 140
10% S-cCNC 1640+120 55x4 625+70 1330+185
10% P-cCNC 1790+ 105 60=+4.0 310+90 1450+ 135
15% S-cCNC 2385 +270 63+3 970+115 2100+270
15% P-cCNC 2400 =235 72+3 255+110 2550+ 185
20% S-cCNC - - - 1265+270
20% P-cCNC = = = 1650 =225
5% S-tCNC 1875+120 50+ 3 750+120 1780+ 295
5% P-tCNC 2040 =200 54+3 530+100 1950+275
10% S-tCNC 2310+75 65+3 1030+ 140 2230+ 340
10% P-tCNC 2750+ 130 80+10 650+130 3092 =165

@Determined by tensile testing.
b Determined by DMA measurements.

These samples showed phase separation and were excluded from tensile testing. All data represent averages (number of individual measurement,

N = 3-4) = standard error measurements.

Thermogravimetric Analyses (TGA)

The thermal stability of CNCs was probed by thermogravimetric
analysis using a Mettler-Toledo STAR thermogravimetric ana-
lyzer in the range of 25-500°C with a heating rate of 10°C
min~ ' under nitrogen. The mass of the samples was ~5 mg.

Determination of Chemical Composition

The chemical composition of the P-tCNCs produced was deter-
mined by Fourier transform infrared spectroscopy (FTIR) spec-
troscopy. Spectra were recorded on a Perkin Elmer Spectrum 65
FTIR spectrometer r between 4000 and 600 cm™ ' at a resolu-
tion of 4 cm™" and a total of 15 scans.

RESULTS AND DISCUSSION

The CNCs used in this study were isolated from cotton and
tunicates (Styela clava) collected from the French Atlantic coast.
While the former have dimensions and mechanical properties
that are comparable to CNCs isolated from soft pulp wood and
represent an excellent model for a commercially viable CNC
type, the latter are of interest because of their superior mechani-
cal properties and higher aspect ratio, which bestow tCNCs
with superior reinforcing capability.”"**** In order to enable
a direct comparison, we employed CNCs isolated by sulfuric
acid hydrolysis using standard protocols (S-cCNCs”*** and S-
tCNCs),” %7 as well as CNCs isolated by hydrolysis with phos-
phoric acid (P-cCNCs®”*®% and P-tCNCs). While P-cCNCs
were prepared using the method previously reported by Camar-
ero Espinosa et al,*” P-tCNCs were so far unknown. By increas-
ing the hydrolysis time, we were able to adapt the hydrolysis
conditions reported for the isolation of P-cCNCs®” to the isola-
tion of P-tCNCs from tunicate mantles. Table I, which summa-
rizes the dimensions and surface charge density of all CNC
types used in this study, shows that P-tCNCs feature similar

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42752 (5 of 10)

dimensions as S-tCNCs, but a surface charge density that is
much lower, and similar to that found in P-cCNCs.

The thermal stability of the new P-tCNCs was determined by
thermogravimetric analysis (TGA); S-tCNCs were measured for
reference purposes. As shown in Figure 1, the degradation of S-
tCNCs (defined as temperature at which the weight loss is 5%)
sets in around 180°C, which is consistent with previous
reports.®® The degradation temperature of P-tCNCs was estab-
lished to be 290°C (Figure 1). The significantly improved ther-
mal stability of P-tCNCs vis a vis S-tCNCs mirrors the behavior
observed for the corresponding c-CNCs®” (Supporting Figure
S4) and is, as will be shown below, decisive for successful melt
processing with PA12 at 190°C. Recent studies have shown that
neutralizing acid sulfate group content of CNCs after hydrolysis
using strong base could recover the thermal stability of CNCs
once the neutral pH is reached; however, the TGA analysis
shows the thermal stability of S-cCNCs neutralized using NaOH
is better than S-cCNCs but still unable to compete with P-
CCNC.46’100

Previous research in our group has previously shown the versa-
tility of solution-casting mixtures of polymers such as poly(vinyl
acetate),”**>®* poly(vinyl alcohol),”" poly(ethylene oxide-co-epi-
chlorohydrin),” or poly(urethane)'®* and CNCs from dimethyl-
formamide and optionally subsequent compression molding
affords nanocomposite films with homogenously dispersed
CNCs. 34264102 Iy the dry state, these materials display
mechanical properties that are attributed to the formation of
three-dimensional hydrogen-bonded CNC networks within the
polymer and their stiffness is well described by a percolation
model.'*>'%* Thus, we opted to utilize solution casting of PA12/
CNC mixtures and subsequent compression-molding to pro-
duce reference nanocomposites with the presently investigated
CNC types. These experiments were conducted with a CNC
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Figure 4. Dynamic mechanical analysis traces showing the storage modu-
lus (E) of PA12 and PA12/CNC nanocomposites containing various
amounts of S-cCNCs (a), P-cCNCs (b), P-CNCs or S-tCNCs (c) as func-
tion of temperature. All samples were prepared by melt mixing and subse-
quent compression molding. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

content of 15% w/w and the SC samples were re-processed by
compression molding into ~200 pm thin films. PA12/CNC
nanocomposites with varying CNC content (5%, 10%, 15%,
and 20% w/w) were also prepared by directed melt-mixing in a
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RBM. The PA12 was first melted in the RBM at 190°C, before
CNCs were added and the mixture was compounded for 4 min.
The nanocomposites were removed, allowed to cool to room
temperature, and the materials were compression molded at
190°C to produce ~200 pm thin films.

Photographs of the melt-processed nanocomposite films (Figure 2)
containing 10% w/w of the four CNC types (P-cCNCs, S-cCNCs,
P-tCNCs, and S-tCNCs) provide a first indication of the higher
thermal stability of the phosphorylated over the sulfated CNCs. It
is clearly apparent that the nanocomposites containing S-cCNCs
or S-tCNCs darken considerably, in contrast to the composites
with either of the phosphated CNC types, which remain virtually
colorless. While the qualitative nature of the experiments does not
permit further conclusions, the observed color gradient (neat
PA12 ~ PAI12/P-cCNC < PA12/P-tCNC < PA12/S-cCNC < PA12/
S-tCNC) follows the concentration of surface ester groups and
confirms the previously derived conclusion that not only their
nature, but also concentration determines the CNCs thermal sta-
bility.*” The nanocomposite containing neutralized S-cCNCs also
showed the yellowing effect, the color qualitatively being mid-
way between that of S-cCNCs and P-cCNCs, due to the corre-
sponding intermediate thermal stability as confirmed by TGA.

Let us first focus on nanocomposites based on cCNCs. We first
compared the mechanical properties of compression-molded
films made from MM and SC PA12/CNC nanocomposites con-
taining 15% w/w of P-cCNCs or S-cCNCs. The data were
acquired by DMA (Figure 3) and the neat PA12 was also meas-
ured. Figure 3(a) shows that both SC nanocomposites show
identical DMA traces and that both materials exhibit an
increased storage modulus (E') in comparison to the neat PA12
both above and below the glass transition temperature (7).
This behavior matches the previous results for cellulose-
reinforced polymers of this type,*”'%> and suggest that solution
casting affords well-dispersed nanocomposites. We note that
DSC curves of MM neat PA12 and solution cast PA12, that
were compression molded afterwards, showed similar behavior
as shown in Figure S5, suggesting the processing method had
no significant influence on structure. A similar trend was
observed for the MM nanocomposites containing either S-
c¢CNCs or P-cCNCs (Figure S6). As suspected on the basis of
the lower thermal stability of S-cCNCs and subsequently MM
nanocomposites containing S-cCNCs (Supporting Figure S7)
display, at all temperatures, a lower stiffness than the corre-
sponding materials with P-cCNCs [Figure 3(b)]. For example,
at 25°C, E of the melt-processed 15% w/w PA12/P-cCNC nano-
composite is 2600 MPa, whereas the value for the corresponding
S-cCNC sample is only 2100 MPa (Table II). The fact that the
DMA data of the MM and SC P-cCNC nanocomposites are vir-
tually identical over the entire temperature regime suggests that
both processes result in a similar nanocomposite structure, in
which the CNCs are well dispersed in the PA12 matrix. Similar
reinforcement as of S-cCNCs was obtained when neutralized S-
cCNCs were used to obtain nanocomposites and hence for fur-
ther analysis only S-cCNCs and P-cCNCs were used.

We next investigated the influence of the CNC concentration on
the reinforcement of MM nanocomposites containing P-cCNCs

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42752
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Figure 5. AFM amplitude images of 50 pm thin films of neat PA12 (a), and melt-mixed nanocomposites of PA12 and 15% w/w P-cCNCs (b) or 15% w/
w S-cCNCs (c). Scale bar = 250 nm. The white arrows show individual CNCs dispersed in the polymer matrix, red arrows shows aggregates of CNCs.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

or S-cCNCs (Table II). In the case of the P-cCNC-based nano-
composites, E' rose with the CNC content. At 25°C, E' increased
from ~950 MPa for the neat PA12 to ~2500 MPa for the com-
posite with 15% w/w CNCs [Figure 4(a)]. The S-cCNC series
shows a similar behavior, but the reinforcing effect is less pro-
nounced; here, the 15% w/w PA12/S-cCNC nanocomposite
shows an E of only ~2100 MPa [Figure 4(b)]. The reduced
reinforcement of the S-cCNC series mirrors the situation dis-
cussed above for the 10% w/w PA12/S-cCNC composite and is
consistent with (partial) degradation of the S-cCNC surface
and/or aggregation effects. In both cases, the nanocomposites
containing 20% w/w CNCs displayed a lower E' than the mate-
rials with 15% w/w CNCs (P-cCNC: 1650 MPa; S-cCNC: 1250
MPa), likely due to the aggregation and phase separations when
a higher content of CNCs is incorporated. An incremental
increase in the Young's modulus is observed with addition of
CNCs from 1200 MPa for neat PA12 to 2400 MPa for nano-
composite comprising 15% w/w P-cCNCs. The Young’s modu-
lus shows the similar pattern as storage modulus (see Table II),
with increases observed when greater amounts of CNCs are
mixed into the system. As expected, elongation at break for the
nanocomposites decreases with addition of CNCs from ~220%
in the case of neat PA12 to ~20% for the nanocomposites con-
taining 15% w/w P-cCNCs. Correspondingly, with an increase
in stiffness and decrease in elongation at break, the toughness
was reduced from 7300 10 * J m > for neat polymer to 250
107*J m™? for nanocomposites containing 15% w/w P-cCNCs.

To confirm the level of homogeneity and CNC dispersion in the
MM PA12/cCNC nanocomposites, atomic force microscopy
(AFM) experiments were carried out on samples containing
either 15% w/w P-cCNCs or S-cCNCs (Figure 5). In compari-
son to the surface of neat PA12 film [Figure 5(a)], the AFM
image of the nanocomposite containing P-cCNCs [Figure 5(b)]
clearly shows well-dispersed, individualized CNCs even at 15%
w/w filler content (indicated by white arrows). By contrast, the
presence of some CNC aggregates (in nanocomposites contain-
ing S-cCNCs [Figure 5(c)] can be observed.

Taken together, the data seem to suggest a much better dispersi-
bility and thermal stability of the P-cCNCs in the PA12 matrix
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than in the case of the S-cCNCs, at least up to a CNC content
of 15% w/w. When the CNC content was increased to 20% w/
w, all samples had a heterogeneous appearance (Figure S12),
which is explained by CNC aggregation.

Finally, we explored the possibility to reinforce PA12 with 5%
or 10% w/w CNCs extracted from tunicates (tCNCs). Figure
4(c) and Table II show that these two series show the same
trends as the cCNC series (larger reinforcing effect of P-tCNCs
than S-tCNCs). As expected from the large body of work that
enables a comparison of tCNC and ¢CNC based nanocompo-
sites, the former displays a much higher reinforcing
power.'%*'%” For example at 25°C, the 10% w/w PA12/S-tCNC
nanocomposite displays an E' of ~2200 MPa, whereas the nano-
composites containing 10% w/w S-cCNCs features an E of
~1300 MPa. Similarly at 25°C, the 10% w/w PA12/P-tCNC-
nanocomposite MM displays an E' of ~3100 MPa, whereas the
nanocomposites containing 10% w/w P-cCNCs-MM features an
E' of ~1500 MPa. Overall, the t-CNCs demonstrates a higher
reinforcing capability than their lower-aspect ratio counterpart
isolated from cotton, possibly due to not only the higher aspect
ratio, but also a higher on-axis stiffness of individual
CNCs,3397:108

The thermal properties of compounded nanocomposites, glass
transition temperature (T,), melting temperature (T;,) (of PA
components), crystallization temperature (7), and degradation
temperature (T4) were analyzed by DSC and TGA (see Figure
S4). Interestingly, for all of the PA12 and composite systems,
the exothermic peak becomes wider with a relatively small
change in the crystallization and melting peak temperatures, so
the addition of CNCs did not significantly affect the degree of
crystallization of PA12.

CONCLUSIONS

In summary, we show that thermally stable CNCs isolated via
phosphoric acid hydrolysis can be melt mixed into PA12 with-
out the need for additives or costly surface grafting. The sub-
stantial doubling of maximum stress and Young’s modulus
relative to the neat polymer indicate that the introduction of
10% (CNCs from tunicates) or 15% w/w (CNCs from cotton)
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CNCs at a mixing temperature of 190°C facilitated P-CNCs to
be efficiently mixed into the semi-crystalline PA12. The excellent
mechanical and thermal properties of lightweight bio-based fill-
ers nanocomposites are useful in numerous applications, such
as automotive parts, ski boots, and electrical appliance: applica-
tions that require lower weight or replacing glass fiber- rein-
forced material. This approach represents a significant step in
improving a new industrially scalable processing method for
CNC nanocomposites, and the production of bio-based fillers
combined with PA12.
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