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ABSTRACT: Cellulose nanocrystals (CNCs) organogels were first produced from aqueous dispersion through solvent exchange of
CNCs to acetone via a simple sol-gel process. After mixing the organogels with poly(propylene carbonate) (PPC) in dimethylforma-
mide followed by solution casting, green nanocomposites were obtained with CNCs well dispersed in PPC polymer matrix which was
confirmed by scanning electron microscopy observations. Differential scanning calorimeter analysis revealed that glass transition tem-
perature of the nanocomposites was slightly increased from 34.0 to 37.4°C. Tensile tests indicated that both yield strength and Young’s
modulus of CNCs/PPC nanocomposites were doubled by adding 10 wt % CNCs. However, poor thermal stability of PPC occurred
after incorporating with CNCs due to the thermo-sensitive sulfate groups located on the surface of CNCs. Furthermore, PPC became
more hydrophilic because of the inclusion of CNCs according to the water contact angle measurement. The enhanced mechanical
and hydrophilic properties, coupled with the inherent superior biocompatibility and degradability, offered CNCs/PPC composites

potential application in biomedical fields. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40832.
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INTRODUCTION

In response to the emerging environmental problems caused by
the heavy use of non-degradable polymer materials, biodegrad-
able, and renewable polymers had been extensively investigated
and developed worldwide in recent years."? Poly(propylene car-
bonate) (PPC) is a kind of aliphatic polycarbonate, which not
only possesses wonderful biodegradability but also contributes
to reducing the greenhouse effect due to the utilization of CO,
as one of reaction components.” PPC has a wide range of
potential applications such as packaging materials, adhesives,
However, PPC is an amorphous polymer
with very low glass transition temperature and relative poor
mechanical properties. To improve the mechanical performances
and thus extend the practical application of PPC, multi-walled
carbon nanotubes,’ graphite oxide,”® montmorillonite,” and
glass fiber'® had been composited with PPC; however, those
inorganic fillers are not biodegradable which may limit the
development of PPC in biomedical field.

and elastomers.*”

Cellulose is the most abundant biomass material in nature, with
approximately 5 X 10" tons being generated yearly. When cel-
lulose fibers are subjected to acid hydrolysis, its disordered
regions will be removed. At the same time, the fibers release the
rigid crystalline regions which form needle-shaped nanoparticles

© 2014 Wiley Periodicals, Inc.
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of cellulose nanocrystals (CNCs). Because of the fully stretched
cellulose chains in perfect crystals, CNCs own outstanding
mechanical performances with high Young’s modulus (150 GPa)
and strength (7 GPa),' therefore, CNCs had been frequently
chosen as reinforcing material for various polymers such as
polylactide,'" cellulose acetate butyrate,'>"* poly(butylene succi-
nate),'*  poly(vinyl alcohol),””  poly(3-hydroxybutyrate-co-3-
hydroxyvalerate),' polyurethane,'” and alginate.'®

CNCs are difficult to be well re-dispersed because of its strong
tendency to aggregate during the drying process. Even so, stable
CNCs suspension can be prepared in several organic solvents
such as DMFE, DMSO, and NMP,"*~*! but this re-dispersing pro-
cess involved expensive lyophilization and extensive ultrasonica-
tion which can cause morphology damage, leading to decrease
in mechanical performance of the CNCs.?' Hence, surface mod-
ification via reaction of the hydroxyl groups had been mostly
used to improve the dispersion of CNCs in the polymer matrix.
However, the reinforcing effect might be restricted with the sup-
pressed desirable interactions between CNCs, which were often
claimed to be responsible for the formation of a percolating
hydrogen-bonded network in nanocomposites.”” Recently, a
solvent-exchange method was widely adopted to get well dis-
persed CNCs in organic solvents from aqueous phase.'>*?
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Figure 1. The (a) SEM and (b) AFM images of CNCs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Inspired by the report that homogeneous polymer/nanofiber
composites were prepared based on the formation of a three-
dimensional template of well-individualized nanofibers via a
sol-gel process,” Siqueira and Tang took advantage of the sol-
gel process as a solvent exchange method to achieve well disper-
sion of CNCs in cellulose acetate butyrate'> and epoxy resin,*®
respectively. To the best knowledge, there were two publications
concerned with PPC reinforced with CNCs. Hu et al.”’ added
CNCs suspensions into the PPC/THF solution and then PPC/
CNCs powder was obtained and injection molded after coagu-
lating in a large amount of methanol. Wang et al.*® reported
well dispersion of CNCs in PPC matrix using the re-dispersible
CNCs powder whose preparation involved a complicated super-
critical extraction process.

In this work, with the aim to reinforce PPC with biodegradable
nanofillers, CNCs were incorporated into PPC using a simple
sol-gel approach along with a solution casting technique. The
hydrophilicity, thermal, and mechanical properties of a sequence
of CNCs/PPC nanocomposites with 1-10 wt % CNCs content
were studied to understand the reinforcing mechanism.

EXPERIMENTAL

Materials
PPC was provided from Melic Sea High-tech Group Company
(Inner Mongolia, China, M,;: 100 K). Microcrystalline cellulose
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(MCC, particle size about 50 pum), commercially available as
CEOLUS™, was kindly provided by Asahi Kasei. Sulfuric acid
(98%), acetone (99%), and DMF (98%) were purchased from
Sinopharm Chemical Reagent and used as received.

Preparation of CNCs

CNCs were prepared using the following procedure: 8.7 g MCC
was mixed with 100 mL 64 wt % sulfuric acid solution. The
MCC/sulfuric acid suspension was then put in a water bath and
vigorously stirred at 50°C for 90 min under ultrasonic treat-
ment. The resultant suspension was repeatedly rinsed with
deionized water and centrifuged until the supernatant became
turbid. The concentration of final CNCs dispersion was approx-
imately 3.0 mg/mL.

CNCs Organogels

CNCs—acetone organogels were fabricated from aqueous disper-
sion of CNCs using a sol-gel process previously reported by
Capadona et al.?* After defoaming, CNCs suspension (50 mL,
3 mg/mL) was gently added with acetone (200 mL) to form an
organic layer on the top of the aqueous layer. The acetone layer
was exchanged twice a day and could be agitated occasionally to
facilitate solvent exchange until the mechanically coherent
CNCs—acetone organogels were formed in 4-5 days and kept at
4°C until use. The organogels were weighted in their swollen
and dried state and the CNCs to total weight ratio was deter-
mined as an average of three independent samples.

Figure 2. Photographs of (a) dispersion of as-prepared CNCs in water and (b) organogels prepared from CNCs in acetone. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. SEM micrographs of fractured cross sections of (a) PPC and CNCs/PPC nanocomposites with (b) 1 wt %, (c) 3 wt %, (d) 5 wt %, and (e) 10

wt % CNCs.

Processing of CNCs/PPC Nanocomposites

PPC/DMEF solution (2.5 w/v%) was prepared and added with a
certain amount of CNCs—acetone organogels to obtain CNCs/
PPC nanocomposites with varying content of CNCs at 0, 1, 3,
5, and 10 wt %. When the organogels were introduced into
PPC/DMF solution, they were disappeared and re-dispersed
upon gentle shaking in several minutes. The residual acetone in
DMF was evaporated using a rotary evaporator. The CNCs/PPC
suspension was cast on glass slides and dried in vacuum oven at
60°C for 72 h. At last, the nanocomposites films with thickness
of 100 um were obtained.

Characterization
The morphology of CNCs was observed on a field emission
scanning electron microscopy (FE-SEM, HITACHI S-4800) and
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Figure 4. DSC curves of neat PPC and its nanocomposites with various
CNCs content.
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an atomic force microcopy (AFM, Agilent5500). The dispersion
of CNCs in CNCs/PPC nanocomposites was evaluated by FE-
SEM.

Mechanical properties of neat PPC and the nanocomposites
films were investigated on an electronic universal testing
machine (Kexin WDW3020) at 15°C. The size of tailored
rectangular shape test specimens was 40 mm X 5 mm X
0.1 mm and 30 mm in gauge length. The test was per-
formed at a constant tensile rate of 40 mm/min. The data
provided were the average values based on at least eight
measurements.

Thermogravimetric analysis (TA Q5000IR) was conducted from
50 to 600°C with the heating rate of 20°C/min at a nitrogen
current of 50 mL/min.
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Figure 5. The T, of CNCs/PPC nanocomposites as a function of CNCs
content.
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Figure 6. (a) TGA and (b) DTG curves of CNCs/PPC nanocomposites with various CNCs content.

The glass transition temperature (T,) of the nanocomposites
was detected on a differential scanning calorimeter
(Netzsch204F1, Phoenix). The samples were heated to 120°C
and stayed at 120°C for 5 min, then subsequently cooled to 0°C
and heated again to 80°C at 10°C/min. The T, was observed
from the second heating scan.

The hydrophilicity of the nanocomposites was characterized by
water contact angles on a Data physics OCA40 contact angle
analyzer at room temperature. The water droplet (0.5 pL) deliv-
ered from a needle connected to a syringe pump and deposited
on the surface. At least five independent determinations on dif-
ferent areas of each specimen were averaged.

RESULTS AND DISCUSSION

Morphologies and Dispersion of CNCs

In Figure 1, the rod-like CNCs were observed, and their width
and length were about 10-15 nm and 200-400 nm, respectively.
CNCs would be partially sulfate-functionalized during sulfuric
acid hydrolysis of MCC. As this negatively charged sulfate ester
moieties located on the surface of CNCs contributed to stabiliz-
ing the dispersion of CNCs by the electrostatic repulsion, the
as-prepared aqueous suspension of CNCs [Figure 2(a)] could be
stable for several weeks and no precipitation was observed. Dur-
ing the solvent exchange process, the strong interactions
between CNCs and water were substituted by relative weaker
interactions with acetone. This sol-gel process led to a transfor-
mation from colloid suspension of CNCs to macroscopic
CNCs—acetone organogels [comprising 1.5 wt %, Figure 2(b)]
which were similar with previous report.

Table I. TGA and DTG Results of CNCs/PPC Nanocomposites

Figure 3 showed SEM images of fractured surface of CNCs/PPC
nanocomposites with 1, 3, 5, 10 wt % of CNCs and pure PPC. It
could be clearly observed that pure PPC looked different com-
pared with the nanocomposites where tiny white dots appeared.
These dots increased in quantity with the increase of CNCs con-
tent in the composites and these dots should be the transversal
sections of CNCs embedded in polymer matrix. The micrographs
illustrated these tiny white dots were homogeneously distributed
and no aggregates were observed in the micrometer scale even
when 10 wt % CNCs content was loaded, indicating that good
dispersion of CNCs in PPC could be achieved using the sol-gel
approach. Such well dispersion of the fillers was significant to the
mechanical reinforcement of PPC.

Effects on the Glass Transition Temperature of PPC

The DSC curves of neat PPC and CNCs/PPC nanocomposites
were shown in Figure 4.The neat PPC displayed a glass transi-
tion temperature at 34°C. As the amount of CNCs increased,
the T, of CNCs/PPC nanocomposites was elevated to 37.4°C
when the CNCs content was 10 wt %, 3.4°C higher than that of
neat PPC. This was ascribed to the restricted segmental motion
of PPC molecular chains caused by the strong interaction
between polymer matrix and the dispersed CNCs, especially the
hydrogen bonding interactions between the abundant hydroxyl
groups of CNCs and the carbonyl groups of PPC.>**’

It is worth noting that the T, was increased by 1.5°C compared
with neat PPC when the nanocomposites contained only
1 wt % of CNCs, however, as shown in Figure 5, that value was
merely increased by 1.9°C as the CNCs content varied from

CNCs/PPC CNCs/PPC CNCs/PPC CNCs/PPC
Materials PPC (1 wt %) (3 wt %) (5 wt %) (10 wt %) CNCs
Td5%) (°C) 254 246 235 220 221 268
Tmax (°C) 300 299 297 290 281 294

Tais%) and Tamax represent the temperature of thermal degradation for 5% weight loss and the temperature at maximum weight-loss rate.
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Table II. The Mechanical Properties of CNCs/PPC Films

Yield Break Young's
strength elongation modulus

Materials (MPa) (%) (MPa)
PPC 10.2 398 681
PPC/CNCs (1 wt %) 10.7 360 658
PPC/CNCs (3 wt %) 135 206 950
PPC/CNCs (5 wt %) 129 101 1043
PPC/CNCs (10 wt %) 21.0 78 1378
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Figure 7. Typical stress—strain curves of neat PPC and its nanocomposites

comprising 1, 3, 5, and 10 wt % CNCs.

1 to 10 wt %. This revealed that a small amount of stiff rod-
shaped CNCs had been sufficient to reduce the free volume of
PPC and thus inhibit its molecular mobility. CNCs reinforced
PPC with glass transition temperature of 37.4°C which is closer
to human body temperature may find potential application in
biomedical fields.

PPC PPC/CNCs 1% I

**

PPC/CNCs 10%

PPC/CNCs 3% PPC/CNCs 5%
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Thermal Stability of CNCs/PPC Nanocomposites

Figure 6 showed the thermal degradation behaviors of pure
CNCs, PPC, and CNCs/PPC nanocomposites with different
CNCs content, and main thermal parameters were summarized
in Table I. As shown in Figure 6 and Table I, Ty, represents
the onset temperature of thermal degradation for 5% weight
loss, it was found that T, gradually decreased from 254 to
220°C as CNCs content increased from 0 to 5 wt %, and no
further obvious drop was observed when CNCs content exceed
5 wt %. It should be noted that the CNCs used in this work
displayed an onset of degradation of 5% mass loss at 268°C,
which was a little higher than pure PPC. However, TGA and
DTG curves proved that CNCs led to lower thermal stability of
PPC. This could be attributed to the introduction of thermo-
sensitive sulfate groups generated on the surface of CNCs dur-
ing sulfuric acid hydrolysis procedure.’® Desulfation probably
took place at lower temperature as the elimination of sulfuric
acid in sulfated anhydroglucose required less energy,’’ as a
result, sulfuric acid molecules were released and thus might
accelerate the decomposition or depolymerization of PPC.
Hence, weak thermal stability of the nanocomposites occurred.
However, conversely, if CNCs with no or few residual acid
groups, they always showed higher thermal stability.’"** Wang
et al.?® reported that, when desulfated CNCs were composited
with PPC, the thermal degradation of CNCs/PPC nanocompo-
sites would be suppressed by the strong interaction between
CNCs and PPC.

Mechanical Properties of CNCs/PPC Nanocomposites

Yield strength and Young’s modulus of CNCs/PPC films as rep-
resentative mechanical properties were listed in Table II. Typical
stress—strain curves of the nanocomposites were also shown in
Figure 7 and it clearly showed that all samples yielded at quite
low elongation. Obviously, the incorporation of CNCs took a
profound impact on the mechanical performances of PPC.
When CNCs content increased from 0 to 10 wt %, the yield
strength and Young’s modulus were drastically improved
by 106% from 10.2 to 21.0 MPa and by 102% from 681 to
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Figure 8. Water contact angle of CNCs/PPC nanocomposites comprising various CNCs content.
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1378 MPa, respectively. This significant change of mechanical
behavior could be understood using the percolation model of
Ouali et al.*® Presumably due to the hydrogen bonding of the
surface hydroxyls, the rigid nanoparticle fillers strongly inter-
acted with each other and formed a three-dimensional percolat-
ing network in the soft PPC matrix. Additionally, the interfacial
interaction between CNCs and PPC facilitated the stress trans-
ferring from PPC matrix to the percolating rigid phase. It could
be concluded that the strong fillerfiller interactions together
with the matrix—filler interactions contributed to the high yield
strength and modulus. Meanwhile, the mobility of PPC polymer
chains was weakened by the mutual attractive force between
PPC macromolecules and the surrounded CNCs, therefore,
elongation at break of the nanocomposites exhibited a steady
decrease from 398 to 78% with the decreasing percentage of
CNCs, demonstrating the strength and modulus of PPC were
improved at the expense of losing toughness. However, more
recently, Wang et al.*® reported that PPC comprising 10 wt %
CNCs showed a 1.3-fold increase in tensile strength without a
marked decline of elongation at break compared with neat PPC
using the re-dispersible powder as reinforcing material.

Water Contact Angle

It is qualitatively understood that cellulose is intrinsically hydro-
philic. According to previous reports, for CNCs, the water con-
tact angles were 11.5° for dry-cast CNCs films and 23.7° for
spin-coated CNCs films.>»** As shown in Figure 8, the water
contact angle continually decreased from 78.4° for neat PPC to
60.7° for the nanocomposites film containing the highest con-
centration of CNCs. Apparently, due to the hydroxyl groups
available on the surface of CNCs which were generally regarded
as the initial sites of water sorption, and the increased surface
roughness induced by the introduction of CNCs, the surface
wettability of PPC was improved. The phenomenon that poly-
mers became more hydrophilic after incorporating with nano-
sized cellulose was also described in the literatures.”>>” This
implied that CNCs could be a candidate of reinforcing material
which were able to achieve simultaneous improvement of
mechanical properties and hydrophilicity. The improved hydro-
philicity of PPC was beneficial to cellular adhesion and the
improvement of biocompatibility, making it a kind of promising
materials for tissue engineering.

CONCLUSIONS

CNCs/PPC nanocomposites were successfully prepared via a
sol-gel process followed by solution casting. As a solvent
exchange method, this sol-gel process was able to avoid the
strong aggregation during the drying process of CNCs, and thus
there would be no need of prolonged ultrasonication to re-
disperse the CNCs which caused their mechanical degradation.
SEM observations verified well dispersion of CNCs in PPC
matrix. The mechanical performances, thermal properties, and
hydrophilicity of pure PPC and its nanocomposites containing
1, 3, 5, and 10 wt % of CNCs were examined. Since the forma-
tion of CNCs hydrogen bonded percolating network, the yield
strength and Young’s modulus of the nanocomposites were sig-
nificantly improved from 10.2 to 21.0 MPa and from 681 to
1378 MPa, respectively. The T, of PPC was raised from 34.0 to
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37.4°C because of the restricted molecular mobility. However,
the partially sulfated CNCs diminished the thermal stability of
PPC. Interestingly, water contact angle measurements confirmed
that PPC turned more hydrophilic by the inclusion of hydro-
philic cellulose nanoparticles. The results of this work will have
an important impact on expanding the practical application
of PPC.
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