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Abstract The poor thermal stability of cellulose
nano-crystals (CNCs) and dispersion in polymer
matrices are significant obstacles limiting their appli-
cations in modification of polymers, especially during
melt processing. The self-assembly nucleation agent,
decamethylene dicarboxylic dibenzoyl hydrazide
(TMC300), was used to modify CNCs via physical
adsorption methods. Because TMC300 adsorbed on
the surface of CNCs shields the sulfonate on CNCs,
the thermal stability of CNCs was significantly
improved. Meanwhile, modified CNCs formed differ-
ent self-assembly morphologies in confined and
unconfined spaces, which influenced  the
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crystallization behaviors and microstructures of
poly(L-lactide) (PLLA). It improved the crystalliza-
tion rate of PLLA, which increased the crystallinities
and heat resistances of PLLA/CNC composites. More
importantly, the self-assembly nucleation agent
induced the shish-kebab structures of PLLA, which
enhanced the interfacial structure as mechanically
interfacial lock and simultaneously improved tensile
strength and toughness. This physical and economical
modification method of CNCs is anticipated to take
full advantage of CNCs to modify PLLA or other
semi-crystalline polymers via melt processing.
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Introduction

Increasing amounts of “white pollution” have made
the research of biodegradable polymers an urgent
requirement. Biodegradable poly(L-lactide) (PLLA)
with good biocompatibility, thermal processing prop-
erties, relatively high strength, and renewable raw
materials, has been deemed one of the most important
biodegradable polymers, which can be potentially
used in medical or industrial products (Dash and
Konkimalla 2012; Ramot et al. 2016; Snell and
Peoples 2009; Lu et al. 2009). However, low crystal-
lization rate, poor heat resistance, and excessive
brittleness limit its wide range of potential applica-
tions (Li and Huneault 2007; Al-Itry et al. 2012;
Bhardwaj and Mohanty 2007). Cellulose nano-crystals
(CNCs) are ideal to modify PLLA (Morin and
Dufresne 2002; Petersson et al. 2007; Samir et al.
2004; Helbert et al. 1996), as they are natural
renewable nanoparticles with biodegradability, high
elastic modulus (approximately143GPa) (Sturcova
et al. 2005), and good gas barrier property (Dhar
et al. 2015; Fortunati et al. 2012; Fang et al. 2019).
Unfortunately, CNCs are usually prepared via sulfuric
acid hydrolysis and certain sulfate groups remain on
their surfaces, which generate sulfuric acid upon
heating and thus significantly diminish the thermal
stability of the crystals during melt processing (Liu
et al. 2017; Roman and Winter 2004; Wang et al.
2007). Besides this problem, the poor dispersion of
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CNCs, caused by their inner hydrogen bonding, and
their poor compatibility with polymer matrices greatly
limit their efficiency in modifying PLLA.

To achieve the full potential of CNCs in modifying
polymer, significant efforts have been devoted to
improving its thermal stability by removing the sulfate
groups via mild acid hydrolysis (Cheng et al. 2017),
alkaline treatment (Nan et al. 2017), solvolysis (Tan
et al. 2015), or by shielding the sulfate groups by
polymers via covalent grafting (Xie et al. 2018; Fang
etal. 2019; Gan et al. 2019) or physisorption (Liu et al.
2017; Zhang et al. 2015). Among the aforementioned
methods, the shielding strategy introduces organic
groups on CNCs, which simultaneously promote its
dispersion in matrices and enhance the interface
between CNCs and polymers. To prepare this kind
of CNCs, physisorption is an economical and effective
method compared to the covalent grafting method
(Raquez et al. 2012; Shojaeiarani et al. 2018) which is
expensive and difficult to scale up. Several materials
including surfactants (Mariano et al. 2017; Habibi
2014; Gois et al. 2019; Brinatti et al. 2016), long
polyoxyethylene (PEO) chains (Azouz et al. 2013),
block copolymers (Mano et al. 2017), graphene oxide
(Montes et al. 2018; Pal et al. 2017), an imidazolium
group (Mariano et al. 2017) or ligin etc. (Gupta et al.
2016, 2017) have been physically adsorbed on the
surface of CNCs by virtue of hydrogen bonding or van
der Waal interactions, achieving good dispersion and
high thermal stability of CNCs in polymers.

Unfortunately, Boujemaoui compared physisorp-
tion and covalent grafting of poly(n-butyl methacry-
late) (PBMA) on CNCs in PLLA/CNC composites and
found that covlant grafting was superior to physisorp-
tion on modifying the thermal and mechanical prop-
erties of the composites (Boujemaoui et al. 2017). This
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suggests that the interfacial interacion between phys-
ical modified CNCs and PLLA is still weaker than that
of chemical modifications. Therfore, there is an urgent
need to enhance the interface of physical modified
CNCs and PLLA. Recently, a strategy of designing
“mechanically interlocking” between polymer and
fillers was proposed (Jin et al. 2014; Nie et al. 2014).
For example, Nie et al. prepared root-like glass fibers
(GF) and natural fibers (NF) by virtue of aryl amide-
based nucleation agents in situ self-assembly in
polypropylene (PP) melts (He et al. 2016; Huang
et al. 2017). By this way, the self-assembly “roots” on
fibers played a role of “mechanically interfacial lock”
which effectivly enhanced the interface of PP and GF
or NF.

Many works have found that the self-assembly aryl
amide-based nucleation agent exhibits significant
nucleating ability for PLLA (Kong et al., 2019; Wen
et al., 2010; Bai et al. 2011), and its amidogens are
anticipated to form hydrogen bonds with the hydroxyl
on the surface of CNCs according to existing literature
(Incarnato et al., 1999; Choi et al. 2010). However, to
the best of our knowledge, there is still no studies
about modifying CNCs by the self-assembly nucle-
ation agent to prepare its composites with PLLA. The
self-assembly nucleation agent might impart some
self-assembly structures on the CNCs which will play
the role of “mechanically interfacial lock” and
enhance the interface of PLLA and CNCs. Further-
more, the involvement of nucleation agent is expected
to improve the crystallization rate of PLLA and
consequently, improve the heat resistance which limits
its applications.

Therefore, in the present work, the self-assembly
nucleation agent of decamethylene dicarboxylic
dibenzoyl hydrazide (TMC300) are used to prepare
modified CNCs (mCNCs) via physisorption to
improve the thermal stability of CNCs, and take
advantage of the distinct self-assembly properties of
TMC300 to enhance the interface of PLLA/CNC
composites. PLLA/mCNCs composites were prepared
via melt blending, and their crystallization behaviors,
mechanical properties, and heat resistances were
investigated. Compared with the PLLA/CNCs,
PLLA/mCNCs composites exhibited different crys-
tallization morphologies, high crystallization rates,
improved mechanical properties, and heat resistance.
This work proposes a physical method to carry out the
melt processing of CNCs, improve the crystallization

behaviors of PLLA and enhance the interfacial
structure of PLLA/CNC composites, simutaneously.

Experimental
Materials

Commercially available PLLA (4032D, Nature
Works) with high stereoregularity (1.2-1.6% D-iso-
mer lactide) was used in this study. The weight-
averaged molecular weight and polydispersity were
207 kDa and 1.74, respectively. Cotton linter pulps
(CLP) were purchased from a local market. Sulfuric
acid (H,SO,4, 98 wt%, analytically pure), sodium
hydroxide (NaOH, analytically pure) were purchased
from Shanghai Pilot Chemical Corporation. Dimethyl
sulfoxide (DMSO, analytically pure) was bought from
Chengdu Kelon Chemical Reagent Factory. Deca-
methylene  dicarboxylic  dibenzoyl hydrazide
(TMC300, chemical structure is depicted in
Scheme 1) with a melting temperature of approxi-
mately 375 °C was supplied by Shanxi Provincial
Institute of Chemical Industry, China.

Preparation and surface modification of CNCs

CNCs were prepared via sulfuric acid hydrolysis
according to the method discussed in the following
reference (Abitbol and Kloser 2013). During the
typical procedure, CLPs were soaked overnight in
sodium hydroxide of 4% in weight ratio at 25 °C. The
obtained slurry was washed with deionized water until
a pH of 7 was achieved, and then dried at 60 °C in a
vacuum oven for 24 h. Subsequently, the pretreated
slurry was hydrolyzed in 64 wt% sulfuric acid at
44 °C for 180 min with continuous stirring. Then, the
reaction was stopped by applying ten-fold volumes of
deionized water, and the resulting suspension was
centrifuged and repeatedly washed until it could not be

/NH

NH:
NH /

NH!
0 (]

Scheme 1 Chemical structure of TMC300
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stratified. After dialyzing against deionized water until
a pH value of 7 was achieved, the CNCs were obtained
by freeze-drying and sieving.

Modified CNCs were prepared via physisorption.
The CNCs and the nucleating agent TMC300 were
dissolved in a certain amount of dimethyl sulfoxide
(DMSO) via ultrasonication for 60 min. Then, the
mixture was vacuum filtered using a 0.15 pm micro-
porous film to remove the un-adsorbed TMC300. The
filter cake was dried in a vacuum oven at 60 °C for
12 h. After sieving, the mCNCs with CNCs/TMC300
raw weight ratios of 1/1 or 1/2 were prepared and their
production yields were approximately 60% and 45%,
respectively. The actual contentsof TMC300 in
mCNCs were calcuated by the following equation:

Wrmcioo — (Wrmesoo + Wenes) X (1 —Y)

Content =
ontent tymc3o0) (Wrmcaoo + Wenes) X Y

(1)

where Wncz00 and Wencs represent the raw weights
of TMC300 and CNCs, respectivey. “Y” is the
production yields. Therefore, the actual contents of
TMC300 are approximately 17 wt% and 25 wt% in
mCNC samples with raw weight ratios of 1/1 or 1/2,
respectively.

Preparation of PLLA/CNC and PLLA/mCNC
nanocomposites

After being dried at 60 °C under vacuum for 24 h,
PLLA, CNCs, and mCNCs were melt blended using an
XSS-300 torque rheometer (Shanghai Kechuang Co.
Ltd.) with a rotor speed of 50 rpm and 180 °C for
5 min. The PLLA/mCNCs composites, with the
mCNC content of 1 wt% and 3 wt%, were prepared
and coded as PLLA/ImCNCs and PLLA/3mCNCs.
For comparison, PLLA, with 1 wt% pristine CNCs
(denoted as PLLA/CNCs), were also prepared via the
same melting process. During the investigation of
crystallization behaviors, PLLA with 1wt % TMC300
(PLLA/TMC300) samples were prepared via solution
blending with chloroform (CHCl3) as a solvent.

Characterizations
Atomic forced microscopy

CNCs and mCNCs were respectively dispersed in
water and DMSO by ultrasonic dispersing. After spin
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coating on the mica plate (5 x 5 mm?), they were
dried on a hot plate at 60 °C. The morphologies of
CNCs and mCNCs were investigated by an atomic
force microscope (AFM, Multimode 8, Bruker) in the
tapping mode. Si tips (TESP) with a resonance
frequency of approximately 300 kHz and a spring
constant of about 40 Nm ™' were used. To obtain the
sizes of the fabricated CNCs, a straight line was drawn
along the length of the CNCs and the height profiles
were obtained. The diameter and length were obtained
according to the data in the vertical and horizontal
axis, respectively.

Infrared spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) was
used to analyze the structures of CNCs, TMC300 and
mCNCs. The spectra were obtained at a constant
spectral resolution of 4 cm™" using a FTIR spectrom-
eter (Nicolet 380, USA) in the wave number range of
4000400 cm ™" at 25 °C.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) of CNC and
mCNCs were measure on an X-ray photoelectron
spectrometer (ESCALAB 250Xi).The Cls, Ols and
Nls spectra were collected at pass energy of 20 eV
with a scan step of 0.1 eV.

Thermo gravimetric analysis

Thermo gravimetric analysis (TGA) measurements
were operated on a Mettler-Toledo simultaneous
thermogravimetric analyzer (TGA/DSC1/1600LF).
All analyses were carried out from 100 °C to 600 °C
at a heating rate of 10 °C/min and under a nitrogen
atmosphere with a flow rate of 50 mL/min.

Wide angle X-ray diffraction

The crystal structures of PLLA, PLLA/CNCs and
PLLA/mCNCs were investigated by a wide angle
X-ray diffractometer (WAXD) (RigakuD/
Max2500PC) with nickel filtered Cu Ko radiation
(wave length = 0.154 nm, 40 kV, and 110 mA) in the
20 range from 4° to 40° with scanning steps of 0.02°.
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Differential scanning calorimetry

A Mettler-Toledo differential scanning calorimeter
(TGA/DSC1/1600LF, Switzerland) was used to char-
acterize the glass transition temperatures (7), crys-
tallization temperatures (7,) and melting temperature
(T,,) of the nanocomposites. The samples were first
heated to 200 °C at a heating rate of 10 °C/min and
held for 3 min to erase the thermal history. After that,
the samples were then quenched to 25 °C followed by
the second heating to 200 °C at the same rate of 10 °C/
min.

Scanning electron microscopy

The microstructures were observed by a scanning
electron microscopy (SEM, Nova Nano SEM 450, FEI
Co., Ltd.). The PLLA/CNC composites with varied
compositions were cryogenically broken in liquid
nitrogen and coated with gold in vacuum before
observation.

Mechanical properties

Two kinds of samples—with and without crystalliza-
tion—were prepared to investigate the mechanical
properties. The thoroughly dried samples were placed
in a mold of size 80 x 80 x 0.6 mm’ and melted at
190 °C for 5 min at a pressure of 5 MPa. Samples of
the first type were transferred quickly into ice water to
obtain the samples without crystallization. Samples of
the second type were naturally cooled to the room
temperature of 25 °C to obtain samples with crystal
structure. Following that, both kinds of samples were
cut into dumbbell shapes to investigate their mechan-
ical properties.

An electronic universal tensile strength testing
equipment (AI-7000 M) was used to investigate the
tensile properties of both kinds of aforementioned
samples at 25 °C with a crosshead speed of 5 mm/min.
The tensile data were recorded by averaging results
over six replications.

The notched Izod impact strength test was per-
formed on an XJJ-5 charpy impact tester (JinJian-test,
China). The size of the rectangular specimen was
80 x 10 x 4 mm?®, and it included a U-shaped notch
(of depth 1 mm). The average values of five specimens
were used for data analysis.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA, DMA1) was
then used to investigate the heat resistance of the
crystal samples which were cutto 5 x 25 x 0.6 mm?>.
The tensile mode (frequency = 1 H,) was operated at
temperatures range from 30 °C to 100 °C with a ¢ of
2 °C/min. The values of E' were obtained by averag-
ing of the values of at least three replications.

Results and discussion
Characterization of CNCs and CNCs-TMC300

To intuitively exhibit the morphology changes
effected by physisorption of TMC300, TEM and
AFM images of CNCs and mCNCs have been depicted
in Fig. 1. The TEM image in Fig. 1a; demonstrates the
fact that pristine CNCs are rod-shaped and the
modified CNCs, depicted in Fig. 1by, retain the rod-
like morphologies. However, the diameters of mCNCs
are evidently larger than that of the CNCs. According
to the AFM images, depicted in Fig. la,, a3, the
pristine CNCs have lengths of 200-300 nm and
diameters of approximately 5 nm. After physisorption
of TMC300, few pristine CNCs can be observed in
Fig. 1b,, and the diameters of most mCNCs increase
to 5-10 nm (Fig. 1b;, which suggests that the surfaces
of CNCs are physically combined with TMC300. In
addition, some black lines (labeled as blue arrows) are
apparent in the image of mCNCs. Compared to the
morphology of CNCs, most of these black lines with
approximate lengths of 100-200 nm often appear as
several short lines perpendicular to CNCs (as marked
by “a” and “b”), and the rest with approximate
lengths of 1.5 pm parallel to CNCs (as marked by
“c”). Considering the self-assembly character of
TMC300, these black lines can be attributed to the
self-assembly structures of TMC300 combined on
CNCs. These unique morphologies might bring
changes about the structures and properties of CNCs.

Figure 2 depicts the FTIR spectra of CLP, CNCs,
TMC300, and mCNCs with the compositions of
CNCs/TMC300 being 1/1 and 1/2. For CLP and
pristine  CNCs, both exhibit characteristic peaks,
including the intense O-H stretching vibration peak
at 3343 cm™', the C-H stretching vibration peak at
2890 cm ™', and the O-H bending vibration peak of
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Fig. 2 FTIR of CLP, CNCs, TMC300 and mCNCs with the compositions of CNCs/TMC300: 1/1 and 1/2. a The wavenumbers range of

4000 cm™! to 400 cm™'and b enlargement in the wavenumbers range of 1000 cm™' to 500 cm

adsorbed water at 1643 cm™! (Han et al. 2013; Yang
et al. 2018). However, an additional peak is observed
at 813 cm™', corresponding to symmetrical C-O-S
vibration in CNCs (Borjesson et al. 2017), which
suggests that the sulfonate was introduced during the
preparation of the CNCs.

After physical modification by TMC300, the peaks
of mCNCs at 3343 cm ™' and 1643 cm™' became very
weak. On the contrary, all characteristic peaks of
TMC300 appear in the spectra of mCNC samples,
including the N-H group at 3203 cm™', the C=0
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1, and the benzene

stretching vibration at 1600 cm™

skeletons vibration at 1467 cm~!. However, the
intensity of N-H group in mCNCs is evidently weaker
than that of TMC300. Besides that, the methylene
peaks are situated at 2920 cm~! and 2861 cm_l,
which are transformed into the same formations as
those of TMC300. More importantly, the symmetrical
C-O-S vibration at 813 cm™' disappears in the
spectra of mCNCs, which indicates that sulfonates
are no longer exposed to the surface due to the

physisorption of TMC300. The shielding of sulfonate
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is anticipated to improve the thermal stability of CNCs
by avoiding the decomposition of sulfonate group at
high temperature, which is the determinants of the
thermal stability of CNCs (Voronova et al. 2013).
XPS measurement was carried out to further
investigate the structures of CNCs and mCNCs. The
elemental composition of the pristine CNCs and
mCNCs have been listed in Fig. 3 and Table 1. As is
apparent from Fig. 3a, peaks at approximately 536 eV
and 290 eV can be distinctly observed in all samples,
which correspond to Ols and Cls, respectively,
revealing that oxygen and carbon are the major
elements in the samples. For mCNC samples, the
proportion of element O in the contents decreases from
67.2 to 35.8% and a distinct peak appears at approx-
imately 404 eV corresponding to the element N in
TMC300. Moreover, according to the high-resolution
XPS spectra for pristine CNCs (Fig. 3b), three peaks
can be observed at 282.4 eV (C-0-C), 284.5 eV (C-C
and C-H), and 287.0 eV (C-O) (Xie et al. 2018;
Bashar et al. 2019; Shi et al. 2019; Bao and Chrisey
2010), respectively. After modification by TMC300
(Fig. 3c), a peak appears at 288.2 eV, which corre-
sponds to C=0 in TMC300 (Xie et al. 2018). The
aforementioned results indicate that the surfaces of

CNCs have been
TMC300.

TGA was used to investigate the modifications
effected by TMC300 on the thermal stability of
pristine CNCs and mCNCs, and the TGA and DTA
curves are depicted in Fig. 4. The onset degradation
temperature, which is the temperature at 5% weight
loss of pristine CNCs, was observed to be approxi-
mately 210.7 °C, and the weight loss can be attributed
to absorbed water and sulfonate radical groups (Cha
et al. 2012). On the other hand, TMC300 has a high
onset temperature at approximately 296.6 °C, provid-
ing a basis to improve the thermal stability of CNCs.
After modification by TMC300, the onset degradation
temperatures of mCNCs with CNCs/TMC300 of 1:1
and 1:2 shift to 242.1 °C and 247.6 °C, respectively,
exhibiting improvements by more than 30 °C com-
pared to those of pristine CNCs.

According to the DTA curves, pristine CNCs
exhibit a degradation process with three steps at the
maximum weight loss temperatures (7,,,) of
234.1 °C, 303.2 °C and 356.4 °C, respectively. The
degradation processes of CNCs/TMC300 of 1/1 sam-
ple exhibit a degradation behavior similar to that of
pristine CNCs, with a very small peak at 271.2 °C, and

successfully combined with
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Fig. 3 XPS spectra of CNCs and mCNCs (a), and high-resolution XPS spectra of Cls for CNCs (b) and mCNCs (c)
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Table 1 Binding energies (£ 0.2 eV), corresponding assignment and, within brackets, atomic concentrations (%) for each peak
fitted in XPS regions for CNCs and mCNCs. The error associated to the relative amounts does not exceed 5%

Samples Atomic concentrations(%) Content of the element(%)
C-0-C 2824 eV C-C, C-H 284.5 eV C-0 287.0 eV C=0 288.2 eV C (0] N

CNCs 2.6 91.5 59 - 32.8 67.2 0

mCNCs - 81.3 9.7 9.0 52.4 35.8 11.8

(b)
s
[m]
o~
X ~ N
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w o a
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Fig. 4 a Thermogravimetric profiles of TMC300, CNCs, and mCNCs with the compositions of CNCs/TMC300: 1/1 and 1/2. b The

corresponding derivative forms

two big peaks at 294.2 °C and 367.5 °C. However, the
CNCs/TMC300 of 1/2 sample exhibit only two steps
with T,.x at 277.5 °C and 383.2 °C, respectively. The
diminishing of the first degradation peak implies that
the degradation of absorbed water and sulfonate
radical groups is weakened by the physisorption of
TMC300. Therefore, the increased onset temperature
and the changed degradation behaviors demonstrate
that the physisorption of TMC300 significantly
improves the thermal stability of CNCs. Considering
the significant effects of CNCs/TMC300: 1/2 on the
thermal stability, the mCNC samples with the com-
positions of CNCs/TMC300: 1/2 are used to prepare
the PLLA/mCNC composites.

Crystallization behaviors of PLLA/CNC
composites

As a type of self-assembly nucleation agent, TMC300
combined on the surface of cellulose is capable of
greatly altering the crystallization behaviors of PLLA.
Figure 5 depicts the crystallization morphologies of
(a) PLLA, (b) PLLA/CNCs, (c) PLLA/TMC300, and
(d) PLLA/ImCNCs during isothermal crystallization
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at 140 °C for 30 min. The nucleation processes of
these samples exhibited great differences among each
other. No crystals for neat PLLA were observed in the
first 100 s because of its long crystallization induction
time (Auras et al. 2004). However, nuclei appeared
during this time for all the modified PLLA samples,
indicating that both CNCs and TMC300 can induce
nucleation in PLLA. The numbers of crystal nuclei
induced by each were different: the most were induced
by PLLA/TMC300, followed by PLLA/ImCNCs and
PLLA/CNCs. Another great difference is their crys-
tallization morphologies. Neat PLLA and PLLA/CNC
samples form spherulite structures with Maltese-
crosses. However, the PLLA/TMC300 sample first
forms large amounts of rod nuclei at 100 s, then
appears as shish-kebab structures without evident
Maltese-crosses (Fig. 5¢c5), which is consistent with
reports in existing literature (Bai et al. 2011). While
the PLLA/1mCNC sample still forms spherulites with
Maltese-crosses, the lamella exhibits shish-kebab
structures (as depicted in the enlarged region in
Fig. 5ds). The aforementioned changes in crystalliza-
tion behaviors suggest that the CNCs modified by
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Fig. 5 In-situ POM images of a PLLA, b PLLA/CNCs, ¢ PLLA/TMC300 and d PLLA/ImCNCs during isothermal crystallization at

140 °C for 30 min. The scale bar is 50 pm

TMC300 can improve the nucleation rate and change
the crystallization morphology of PLLA.

Figure 6 depicts the DSC traces of PLLA, PLLA/
CNCs, PLLA/ImCNCs and PLLA/TMC300 samples,
(a) depicts cooling traces after erasing thermal history
and (b) records the following heating traces. No
crystallization exothermal peaks of PLLA and PLLA/
CNC:s are noticed during cooling process, while both
PLLA/ImCNCs and PLLA/TMC300 samples exhibit
exothermal peaks. This indicates that both mCNCs
and TMC300 exert stronger nucleation effects than

pristine CNCs. However, the crystallization peak area
of PLLA/ImCNC:s is observed to be smaller than that
of PLLA/TMC300, which reinforces the conclusion
that CNCs and TMC300 have been successfully
combined together.

All the samples exhibit pronounced glass transition
temperatures (7,) at approximately 64 °C during the
heating process suggesting that the mobility of PLLA
chains is not influenced by CNCs and TMC300.
During this process, the incomplete crystallization
during the cooling process continues to proceed and
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Fig. 6 DSC traces of PLLA, PLLA/CNCs, PLLA/TMC300, and PLLA/ImCNCs. a The cooling traces from 200 to 25 °C and b the
heating 200 °C to 25 °C. The cooling and heating rates are both 10 °C/min

the exothermal peaks (T.) for the PLLA, PLLA/CNCs,
and PLLA/mCNCs samples appear at 116 °C, 111 °C,
and 94 °C, respectively. The decreasing exothermal
peak temperatures confirm that PLLA/mCNCs have a
higher crystallization rate than PLLA/CNCs.

Mechanical properties of PLLA, PLLA/CNCs,
and PLLA/mCNCs

The PLLA, PLLA/CNCs, and PLLA/mCNCs samples
used to investigate mechanical properties were pre-
pared via melt blending and their digital photos are
presented in Fig. 7. After addition of pristine CNCs,
the samples clearly become yellow-grey because of
the decomposition of CNCs. However, few yellow
dots are noticed in the PLLA/ImCNCs sample and
small amounts yellow dots are noticed in the PLLA/
3mCNC sample. This confirms that the thermal
stability of CNCs was significantly improved by the
physisorption of TMC300.

As mCNCs simultaneously improved the thermal
stability of CNCs and changed the crystallization
behaviors of PLLA, both of which positively impact
the mechanical properties of PLLA/CNC composites,
two kinds of samples were prepared to investigate the
mechanical properties—sample without crystalliza-
tion, which was prepared by quenching from melt to
evaluate the effects of thermal stability, and sample
with crystallization, which was obtained via slow
cooling from melt to evaluate the effects of crystal-
lization. Figure 8 depicts the WAXD spectrum of
these samples. The spectrum separates into an amor-
phous peak and two crystalline peaks by virtue of

@ Springer

Fig. 7 Digital photographs of melt processing samples which
are used for tensile experiments. a PLLA, b PLLA/CNCs,
¢ PLLA/ImCNCs, and d PLLA/3mCNCs

Gaussian functions, and the crystallinities (x.) were
calculated based on the proportions of the areas of the
crystalline peaks. No crystallization peaks were
observed for the samples prepared by quenching.
However, the samples prepared by slow cooling were
observed to possess two characteristic diffraction
peaks at 16.8° and 19°, which correspond to the o
crystal of PLLA (Zhao et al. 2016). The crystallinity of
PLLA was improved by the addition of CNCs and
mCNCs. In accordance with the previous results of
crystallization behaviors, PLLA/ImCNC samples
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Fig. 8 WAXD spectra of PLLA, PLLA/CNCs, PLLA/ImCNCs, and PLLA/3mCNCs. The samples were prepared a by quenching
from melt and b via naturally cooling from melt to the room temperature of 25 °C

exhibited higher crystallinity than PLLA/CNCs due to
the nucleation effect of TMC300. The lower crys-
tallinity of PLLA/3mCNCs can be attributed to the
agglomeration of CNCs, which will be investigated
via SEM.

The stress—strain diagram and data regarding the
mechanical properties of the samples without crystal-
lization are depicted in Fig. 9 and Table 2, respec-
tively. The yielding strength, tensile strength,
elongation at break, and tensile toughness of the
PLLA/CNC sample are observed to be lower than
those of the neat PLLA sample, with the only
exception being the Young’s modulus. However, for
the PLLA/ImCNC sample, all the mechanical param-
eters are observed to have increased, in particular, the
elongation at break and tensile toughness, both of
which increased by 33%. This reveals the significant
enhancing and toughing effects of mCNCs on PLLA.

PLLA/ImCNCs
i /s
50

40

Stress (Mpa)

20 PLLABmCNCs/ PLLA

PLLA/CNCs

10

0 2 4 6 8 10 12 14 16
Strain (%)
Fig. 9 Typical stress—strain diagram of PLLA, PLLA/CNCs,

PLLA/ImCNCs, and PLLA/3mCNCs samples without
crystallization

Compared to that of PLLA/CNCs, the lower Young’s
modulus of PLLA/ImCNCs suggests that the nucle-
ation agent TMC300 in mCNCs is incapable of
increasing the modulus. However, the PLLA/3mCNC
sample exhibited the highest Young’s modulus
because it comprises a high proportion of CNCs. The
decreased tensile performance of the PLLA/3mCNCs
suggests that mCNCs might agglomerate at high
contents. The changes in mechanical properties indi-
cate that, as a kind of nanofiber, pristine CNCs cannot
improve the tensile strength and elongation at break of
PLLA by melt processing because of the decomposi-
tion of pristine CNCs. Nonetheless, after modification
by physisorption of TMC300, it can simultaneously
improve the tensile strength and toughness of PLLA.

Figure 10 and Table 3 depict the stress—strain
diagram and the data regarding the mechanical
properties of the samples with crystal structures.
Compared to those of the samples without crystalliza-
tion, the yielding strength, tensile strength, and
Young’s modulus for the samples with the same
composition are all observed to have slightly
improved. As PLLA is in glass state at room temper-
ature, this little improvement in mechanical properties
is related with the small difference in mechanical
properties between the glass state and crystalline state.
However, for the PLLA/ImCNC sample, the elonga-
tion at break increases from 12.9% to 16.4%, which is
an increase by 27%. In addition, the PLLA/3mCNC
samples with a crystallinity of 31.8% (Fig. 8) only
shows a very low elongation at break of 4.8% after
crystallization. This contrary effect of mCNCs on the
PLLA indicates that mCNCs bring about the signif-
icant changes in the structures of composites.
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Table 2 The mechanical properties data of PLLA, PLLA/CNCs, PLLA/ImCNCs and PLLA/3mCNCs without crystallization

Samples Yielding strength Tensile strength Elongation at break  Young’s modulus Tensile toughness(MJ/
(MPa) (MPa) (%) (MPa) m?)
PLLA 61.4 £ 09 53.7+£0.2 9.7+ 1.6 687 £ 58 34 +£0.7
PLLA/CNCs 569 + 2.3 521+ 14 7.8 £ 0.6 758 £ 23 32+02
PLLA/ 65.6 £ 1.9 56.7 £ 23 129 £ 22 696 £ 43 45 +0.2
1mCNCs
PLLA/ 547 £ 3.8 512 £33 6.55 £ 23 789 £ 82 20+ 04
3mCNCs
[ PLLA/LmCNCs and 50%, respectively, compared to those of their neat
60 - PLLA samples. This difference reinforces the conclu-
s [ sion that the self-assembly character of TMC300 in
= I mCNC:s alters the micro-structures of the composites.
E 40 | For the PLLA/3mCNC samples, both kinds of samples
N’ 3 Lt . .
2 30l exhibit a low impact strength at approximately
v | / 3.8 MPa, which is in accordance with the observed
hd . .
©v 20 / PLLA/CNCs tensile properties.
10 [/ PLLA/3mCNCs In order to bette.r analyze the effects of CNCs and
mCNCs on the microstructures of PLLA, the SEM
1 a2 1 n 1 i 1 i 1 i 1 2 1 i 1 n 1

0 2 4 6 8 10 12 14 16 18 20
Strain (%)

Fig. 10 Typical stress—strain curves of PLLA, PLLA/CNCs,
PLLA/ImCNCs, and PLLA/3mCNCs with crystal structures

Notched impact experiments were carried out to
investigate the effects of CNCs or mCNCs and the
results are recorded in Fig. 11. Unlike the tensile
properties, the pristine CNCs also exhibit distinct
toughing effect on PLLA for both crystallized and
non-crystallized samples. However, after adding
1 wt% mCNCs, the toughness of crystallized sample
and non-crystallized sample were improved by 65.7%

images of the composites have been presented in
Fig. 12. Figure 12a depicts the morphologies of the
samples without crystallization. The neat PLLA
sample in Fig. 12a, exhibits a smooth and brittle
fractured surface. For the PLLA/CNC sample depicted
in Fig. 12a,, some small white dots and holes were
observed, which corresponded to the CNCs remaining
in the matrix and pulled out of the matrix during
fracture, respectively. Meanwhile, it is apparent that
some aggregates of CNC particles (labeled with
arrows) were unevenly dispersed in the matrix. On
the other hand, for the PLLA/ImCNC sample
(Fig. 12a3), most CNCs were evenly dispersed in the
matrix as indicated by the blue circles. Besides this, a

Table 3 The mechanical properties data of PLLA, PLLA/CNCs, PLLA/ImCNCs and PLLA/3mCNCs with crystal structure

Samples Yielding strength Tensile strength Elongation at break  Young’s modulu Tensile toughness (MJ/
(MPa) (MPa) (%) (MPa) m?)
PLLA 629 £ 0.6 556+ 13 9.8 £0.8 770 £ 20 39 +0.1
PLLA/CNCs 599 £25 539+ 05 85+ 13 850 & 43 33+08
PLLA/ 64.5 + 3.3 57.8 £ 14 164 + 2.4 740 + 33 75+ 1.0
ImCNCs
PLLA/ 514 £43 515 £ 84 48 £ 1.6 865 + 63 1.3 £03
3mCNCs

@ Springer



Cellulose (2020) 27:4337-4353

4349

2
a
=

L)

—6—

—{J— noncrystal
551 —Q— crystal

5.0 F
45 F

4.0 -

Notched impact strength/KJem"

3.0 F

1 1 1
PLLA PLLA/CNCs PLLA/ImCNCs PLLA/3mCNCs
Samples

Fig. 11 The notched impact strength of PLLA, PLLA/CNCs,
PLLA/ImCNCs, and PLLA/3mCNCs

small amount of aggregations of smaller sizes were
also noticed, as labeled by arrows. However, for
PLLA/3mCNC samples depicted in Fig. 12a,4, large
numbers of white dots and holes with a larger sizes
than that of PLLA/ImCNC sample (labeled with
circles) were observed, which suggests poor disper-
sion of CNC:s. In spite of this, the sizes of aggregations
were observed to have significantly decreased com-
pared to those of PLLA/CNCs. These changes
demonstrate the capability of modified CNCs by
TMC300 to improve the dispersion of CNCs in PLLA.
However, when the content of mCNCs is high
(reached 3 wt%), aggregations of CNCs still cannot
be avoided. Therefore, the mechanical properties of
PLLA/3mCNCs were not improved compared to those
of PLLA.

Figure 12b depicts the microstructure images of the
samples with crystal structure. To clearly observe the
crystal structure, the crystallization samples were
ultrasonically etched in an acetone/ethanol (1:1)
mixed solution for 2 min before observation. Many
spherulites are uncovered after etching for both the
neat PLLA and PLLA/CNC samples, as depicted in
Fig. 12b;, b,. After addition of mCNCs, a significant
disappearance of spherulites is noticed (Fig. 12bs, by).
In the enlargement of Fig. 12bs, one distinct line with
an approximate length of 8 um formed by self-
assembly of TMC300 can be observed. Further, in
the enlargement of Fig. 12b, of the PLLA/3mCNC
sample, the shish-kebab morphologies across the lines
can be clearly observed. The lines formed by TMC300
are similar to the morphologies that appeared in AFM
image of modified CNCs. However, the sizes of these
lines are much bigger than those depicted in the AFM
image. Further, PLLA/ImCNCs exhibit spherulites
with Maltese-crosses, as depicted in POM image (see
in Fig. 5ds), while the spherulites cannot be observed
by SEM. The different morphologies suggest that the
self-assembly process of nucleation agent is influ-
enced by the groen space. The samples used to carry
out AFM and POM experiments are thin films with a
thickness of tens of nanometers or micrometers, and so
the self-assembly process of TMC300 in mCNCs
occurs in a confined space. Therefore, in the AFM
results, the long lines parallel to CNCs are formed by
TMC300 after complete self-assembly and the short
lines perpendicular to CNCs are formed by incomplete
self-assembly due to limited space. These incomplete

Fig. 12 SEM images of the composites with different compo-
sitions. Column (a) are samples without crystallization: a;
PLLA, a, PLLA/CNCs, az; PLLA/ImCNCs and a; PLLA/

3mCNCs. Column (b) are samples with crystal structures: by
PLLA, b, PLLA/CNCs, bs PLLA/ImCNCs and by PLLA/
3mCNCs. The bottoms in (bs) and (b4) are the enlargements
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self-assembly lines are incapable of changing the
Maltese-cross spherulite morphology of PLLA in
POM images. The samples used for SEM were
prepared as thick films with the thickness of 0.6 mm,
and the self-assembly could be completely completed
in this environment, inducing the formation of long
lines and the disappearance of spherulites. In both
cases, the shish-kebab structures caused by TMC300
can be clearly observed.

The aforementioned results demonstrate that the
self-assembly of mCNCs induce great effects on the
microstructures and mechanical structures of PLLA/
mCNC composites (as shown in Scheme 2). TMC300
is physically adsorbed on the surface of CNCs.
Therefore, the sulfate is shielded and the thermal
stability of CNCs is improved. During the crystalliza-
tion process, self-assembly of TMC300 in mCNCs
forms short lines or long lines depending on the
growth space. When the growth space is confined in
thin films, it mainly forms short lines perpendicular to
CNCs and results in the formation of PLLA spher-
ulites with shish-kebab lamella. When the growth
space is unconfined in thick films, the combined
TMC300 and CNCs in mCNCs form long lines under
the effects of self-assembly of TMC300 and induce
PLLA to form shish-kebab structures. These shish-
kebab structures enhance the interface of PLLA/
mCNC composites and transfer the stress efficiently,
inducing the simultaneous improvement of tensile
strength and toughness. Therefore, different to the
reported work about PP/NF composites (Huang et al.
2017), in which self-assembly nucleation agent

formed “root” on the nature fibers, the mechanically
interfacial lock in this work is the shish-kebab
structure that was formed by nucleation agents and
PLLA crystals at the interface of PLLA matrix and
CNC filler.

Besides mechanical properties, improvement of
heat resistance is another important task to increase the
scope of the applications of PLLA. Dynamic mechan-
ical analysis (DMA) was carried out to elucidate the
effects of mCNCs on the heat resistance of the
composites with crystal structures. Figure 13 depicts
the changes in storage modulus, E’, with increasing
temperature, for PLLA, PLLA/CNCs, and PLLA/
ImCNCs. The E' values of all the samples dropped
sharply in the temperature range of 60-80 °C due to
glass transition. For PLLA and PLLA/CNC samples,
subsequent increases in the value of E' at higher
temperatures are related to cold crystallization caused
by the DMA heating process. The E’ corresponding to
PLLA/ImCNCs does not exhibit such a change,
suggesting that its crystallinity, formed in the primary
thermal history, is high enough. More importantly, the
E’ of PLLA/ImCNCs at the whole temperature ranges
is higher than that of PLLA and PLLA/CNCs. For
example, at a temperature of 80 °C, E' of PLLA/
1mCNC:s is 348 MPa, while that of PLLA and PLLA/
CNCs is 23 MPa and 75 MPa, respectively. The high
E’ values of PLLA/ImCNCs can be attributed to its
high crystallinity effected by the modified CNCs,
which can resist heat deflection at temperatures below
the melting point of PLLA.

PLLA/mCNCs

TMC300

Scheme 2 Evolutions of mCNC microstructures in different growth spaces
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Fig. 13 Changes of storage modulus, E’as functions of
temperature for PLLA, PLLA/CNCs, and PLLA/ImCNCs
samples prepared by slow cooling. The heating rate is 2 °C/min

Conclusion

In summary, we prepared modified CNCs by adsorb-
ing the self-assembly nucleation agent, TMC300, on
its surface. Because the sulfonate of CNCs was
shielded by TMC300, its thermal stability was signif-
icantly improved. This kind of modified CNCs can
exhibit different self-assembly morphologies in con-
fined and unconfined spaces, which influence the
crystallization behaviors and microstructures of
PLLA. Therefore, the crystallization rate of PLLA,
the crystallinity and the heat resistance of PLLA/
mCNC samples were all improved. And more impor-
tantly, modified CNCs induced shish-kebab structures
in PLLA/mCNC samples, which enhanced the inter-
face as a mechanically interfacial lock and improved
the mechanical properties. Therefore, these results
indicate that we can take full advantage of CNCs via
this physical method to modify PLLA or other semi-
crystalline polymers.
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