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ABSTRACT: The aim of this study is to use cellulose
nanocrystals (CNCs) as a sustainable additive for improving
hydrophilicity, mechanical and thermal properties of poly-
(vinylidene fluoride) (PVDF)/poly(methyl methacrylate)
(PMMA) blends. A casting-evaporation method was used to
prepare the nanocomposites, and their surface wettability,
mechanical, thermal and morphological properties were
characterized. With the addition of only 3 wt% CNCs, tensile
strength, tensile modulus, dynamic storage modulus at 45 °C,
and onset thermal decomposition temperature of the ternary
composite exhibited 32%, 70%, 36% and 4.0 °C increase, respectively, while the static water angle decreased by 6°. As the CNC
content increased to 6 wt %, further improvement was observed in all above properties except tensile strength. The observed
performance enhancement is attributed to a considerably increased crystallinity of PVDF (e.g., from 28.5% for the binary blend
to 43.3% for ternary composite at the 3 wt % CNC level). Our present work demonstrates the importance of using sustainable
CNCs to achieve synergetic improvement in physical and mechanical performance of PVDF/PMMA blend, suggesting a facile
way to prepare nanocomposites for potential membrane-based separation applications.
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■ INTRODUCTION

Poly(vinylidene fluoride) (PVDF), as a semicrystalline polymer
derived from petroleum resources, has been widely used in
membrane-based separating operations because of its out-
standing properties including thermal, chemical, oxidation
resistance and exceptional hydrolytic stability.1−3 However,
the PVDF materials are hydrophobic, which is a notable
drawback, especially when they are used for ultrafiltration
operations for aqueous solutions. In this circumstance, PVDF is
susceptible for contamination by proteins and some other
impurities in water treatment, due to its hydrophobic nature.
This contamination can cause a sharp drop in the water flux of
the membrane3,4 and therefore leads to reduced productivity
and increased energy consumption. To overcome this draw-
back, blending PVDF with another hydrophilic polymer has
been practiced as an inexpensive technique. Several pairs of
PVDF-based blends, including PVDF/poly(methyl methacry-
late) (PMMA), PVDF/poly(vinylpyrrolidone), PVDF/sulfo-
nated polystyrene and PVDF/poly(vinyl acetate) have been
reported.5 However, there are three limitations of this strategy.
First and foremost, the efficiency of hydrophilic modification is
low. For instance, even with the addition of 50 wt % PMMA1

and poly(styrene-co-acrylonitrile) (SAN),6 the decrease in static

water contact angle was 11° and 6°, respectively, which are of
low modifying efficiency. Second, the addition of another
hydrophilic polymer component failed to effectively enhance
the mechanical properties of PVDF membrane.7−9 Third, most
of the aforementioned hydrophilic polymers and PVDF come
from petroleum source, and the prepared polymer blends are
not sustainable. Thus, it is highly attractive to use a renewable
natural resource to effectively enhance both hydrophilicity and
strength of PVDF.
Cellulose nanocrystals (CNCs) are of sustainable nature,

coming from the most abundant resources such as wood,
plants, bacteria and truncate.10−13 Through acid and/or
enzymatic hydrolysis of cellulosic materials, CNCs with highly
crystalline rod-like nanostructures are obtained.10 CNCs are
water-dispersible renewable materials and have high hydro-
philicity. Previously, cellulose acetate (CA), a derivative of
cellulose (of the same origin as CNCs), has been successfully
used to modify the surface wettability of PVDF.14 For
mechanical reinforcement, CNCs have been considered as
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one of the ideal reinforcing fillers due to their high tensile
strength (∼7 GPa) and Young’s modulus (∼130 GPa).15

Previous studies reported the reinforcing effect of CNCs on
several kinds of polymers such as poly(ethylene oxide),15

PMMA,16 poly(propylene carbonate),17 poly(L-lactic acid)18

and polyurethane.19 In addition to the stiff nature of CNCs, for
semicrystalline polymers like PVDF, the presence of nanofillers
might influence the crystal structure of polymeric matrix (e.g.,
crystallinity),17 and thereby improve the mechanical strength.
Our previous study20 also shows that CNCs can favor the
nucleation and crystallization of PVDF/PMMA blend.
Considering both rigid nature of CNCs and their influence in
the crystal structure of PVDF/PMMA blend, it is hypothesized
that CNCs can be used to effectively improve the mechanical
properties of the composite.21

In this work, both 30 wt % PMMA and CNCs were used to
modify PVDF via a solution-casting technique. PMMA was
used due to its good compatibility with PVDF,1 which is a
premise of good properties of blend, and lower material cost
compared with PVDF. However, only limited improvement in
hydrophilicity of PVDF was achieved with the use of 30 wt %
PMMA. On the other hand, the addition of CNCs contributed
to a considerable improvement in hydrophilicity, leading
improved sustainability with less nonsustainable hydrophilic
polymers needed to achieve the same level of hydrophilicity. To
the best of our knowledge, the effect of CNCs on the
mechanical, hydrophilic and mechanical properties of PVDF/
PMMA blend has not been reported. We herein exploit CNCs
as a sustainable additive to modify PVDF/PMMA (70/30)
blends via a casting-evaporation method. For a comparison
purpose, the tensile properties and water contact angle results
of PVDF, PMMA, PVDF/PMMA (50/50) and PVDF/SAN
(50/50) were also reported. The specific mechanisms for the
improved mechanical, thermal properties and hydrophilicity
were fully elucidated.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. PVDF (Kynar K-761, Mw =

441 000, Elf Atochem of North America Inc.), PMMA (GF1000,
Kurkaray) and SAN (PN139H, Zhenjiang Qimei Chemical Co., Ltd.,
China) were used in this study. The CNCs were of cotton origin, and
the specific preparation procedure was described in our previous
paper.22 In general, CNCs were prepared via the combination of acid
hydrolysis using 64% H2SO4, high-pressure homogenization and
freeze-dried processes. The average length and diameter of CNCs was
159 ± 57 and 15.0 ± 4.5 nm, respectively.22 The solution blending
technique was utilized and DMF worked as the solvent. The
concentration of polymer blend was fixed at 10 wt %, whereas the
concentration of CNCs in relation to the polymer blend was set at 0, 3
and 6 wt %, respectively. The specific formulations were PVDF,
PMMA, PVDF/PMMA (70/30) blend, PVDF/PMMA (50/50) blend,
PVDF/SAN (50/50) blend, PVDF/PMMA (70/30) composite with 3
wt % CNCs and PVDF/PMMA (70/30) composite with 6 wt %
CNCs, which were designated as P, M, PM3, PM5, PS5, PM3C3 and
PM3C6, respectively.
For the preparation of polymer and polymer blends, the polymer

was first dissolved in DMF. In the preparation of nanocomposites,
freeze-dried CNCs were dispersed in DMF and were ultrasonicated for
several hours to get a homogeneous suspension. The CNC
suspensions were then mixed with PVDF/PMMA (70/30) solutions
with a target composition under the condition of vigorous stirring
overnight. The suspension was casted in a glass Petri dish, which was
kept at 50 °C in a vacuum oven for 48 h. Finally, the thin film with a
thickness of about 80 um was obtained and peeled off from the dish.
To remove any residual DMF in the manufactured films, the films
were immersed in fresh ethanol at room temperature for 12 h. Then,

the ethanol was replaced with the fresh ethanol. Such a step was
repeated for 9 times. After the extraction process, the film was dried in
a vacuum oven at 25 °C for 12 h. After that, samples without DMF
residual were obtained. Characterization that was used to determine
whether the extraction method completely eliminated the DMF
residue from the film is presented the Supporting Information (Figure
S1).

Characterizations. Tensile properties of the film were investigated
using an AR2000EX rheometer (TA Instruments-Waters LLC, New
Castle, DE) configured to a static tensile loading mode with a solid
fixture. The load cell capacity of the rheometer was 50 N. The
dimension of each rectangle sample, obtained by cutting from film
samples, was 15 mm (length), 3 mm (width) and 0.1 mm (average
thickness). The gauge length was set as 10 mm and the testing speed
was 1.2 mm/min. The principle of the tensile test using a rheometer
can be found in our previous paper.15 Tensile strength, tensile
modulus and elongation at the break were calculated from the
machine-recorded force and displacement.

Surface wettability tests were carried out using a model FTA 200
contact angle analyzer (First Ångstorms Inc., Falls Church, VA) at
room temperature with a static test method. Droplets of deionized
water were delivered onto the surface of each specimen. Three water
contact angle measurements on each sample surface were taken with
an accuracy of ±2°.

Thermal stability of neat CNCs, PVDF/PMMA (70/30) blend and
the composites was measured using a TA thermogravimetric (TG)
analyzer (Q-50, TA Instruments-Waters LLC, New Castle, DE). Each
sample of about 4 mg was heated from room temperature to 600 °C at
a heating rate of 10 °C/min. Nitrogen atmosphere was introduced
with a nitrogen gas flow at a rate of 60 mL/min.

Dynamic mechanical analysis (DMA) tests were carried out with a
dynamic mechanical analyzer (Q800, TA Instruments-Waters LLC,
New Castle, DE). Each sample was scanned from 40 to 180 °C under
tension mode and a heating rate of 2 °C/min. The constant frequency
was 3 Hz and the strain amplitude was 0.1%. The dimension of each
sample is 20 mm (length), 5 mm (width) and 80 um (average
thickness).

A Q200 differential scanning calorimeter (TA Instruments-Waters
LLC, New Castle, DE) was used to investigate the melting and
crystallization behaviors of the blend and composites. Each sample
(about 3 mg) was first scanned from room temperature to 200 °C at a
rate of 40 °C/min and was kept for 5 min in order to eliminate any
thermal history. And then the sample was cooled to 40 °C at a rate of
5 °C/min and maintained for 5 min to observe the crystallization
behavior. To observe the melting behavior of samples without previous
thermal history, a second heating scan was recorded from 40 to 200 °C
at a rate of 10 °C/min. Nitrogen purge gas with a flux rate of 40 mL/
min was introduced.

The crystallinity (Xc) of PVDF was calculated as follows

ϕ
=

Δ
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H

H
/
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where ΔHm is the melting enthalpy measured from the differential
scanning calorimetry (DSC) curves, ΔHm*is the melting enthalpy when
crystallinity of the polymer is 100% and φ is the weight fraction of
PVDF in the blend and composites. The ΔHm* value of PVDF reported
in the literature is 104.5 J/g.23 The crystallization half time (t1/2),
which is the time when the relative degree of crystallization (Xt) is 0.5,
was also used to characterize the crystallization process. Xt was
calculated as follows
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where T0, T∞ and T are the onset crystallization temperature, end
crystallization temperature and crystallization temperature at time t,
respectively, and Hc is the enthalpy of crystallization. Crystallization
time was calculated by the following equation, in which Φ is the
cooling rate:
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Dynamic rheology used to monitor storage modulus of film was
performed using two parallel plates with a time sweep measurement
using the AR2000EX rheometer (TA Instruments-Waters LLC, New
Castle, DE). Each film was heated at 200 °C and was held for 5 min in
order to completely melt polymers in the sample and to remove any
residual crystallinity. Then, the samples were cooled to 135 or 145 °C
at a cooling rate of 50 °C/min. Once the predetermined crystallization
temperature (135 or 145 °C) was reached, a frequency of 1 s−1 and a
strain of 1% were immediately applied. Measurements were conducted
until the storage modulus leveled off.
To further investigate the phase morphology, the cryo-fractured

surface of neat PVDF/PMMA blend and the ternary composites were
disclosed using a field emission scanning electron microcopy (FEI
QuantaTM 3D FEG Dual Beam SEM/FIB, Hillsboro, Oregon, USA).
The cryo-fractured surfaces were coated with a thin layer of platinum
before viewing. The accelerated voltage was 5 kV. No staining or
chemical treatments of the samples were used for this measurement.
Fourier transform infrared spectroscopy (FTIR) measurements of

the blend and its composites were performed on a Bruker FTIR
analyzer (Tensor-27, Bruker Optics, Billerica, MA) with an attenuated
total reflectance (ATR) mode. A transmission mode combined with 32
scans and a spectral range of 4000−600 cm−1 was used.

■ RESULTS AND DISCUSSION

Mechanical Properties. Figure 1a shows typical stress−
strain curves of pure polymers and polymer blends. Pure PVDF
exhibited a well-defined yielding behavior (curve P). For
PMMA (curve M), PVDF/PMMA (50/50) blend (curve PM5)
and PVDF/SAN (50/50) blend (curve PS5), no plastic yielding
behavior was observed and the samples were fractured before
the strain reached the yielding region. The mechanical
parameters derived from the stress−strain curves are
summarized in Table 1. As shown, pure PMMA had higher
values of tensile strength and modulus than those of pure
PVDF. The use of PMMA helped improve the tensile modulus
and slightly enhance the tensile strength as well. However, the
addition of SAN improved tensile modulus somewhat, but
lowered the strength.
After CNCs were introduced into the PVDF/PMMA (70/

30) matrix, a considerable reinforcement was observed. Similar
to the behavior of PVDF, the PVDF/PMMA (70/30) blend
also exhibited a yielding behavior (Figure 1b). Limited
increases in both tensile strength and modulus were seen for
blend in comparison with pure PVDF (Table 1). However, with

increase of CNCs from 0 to 3 wt % in the blend, the tensile
strength increased from 20.4 to 27.6 MPa, and tensile modulus
from 520 to 882 MPa, which corresponded to 35% and 70%
improvement, respectively. Further addition of CNCs con-
tributed to a continuous increase in tensile modulus (112%
increase compared with that of the pure blend), but a slight
decrease in tensile strength was observed. Similar trends in
tensile strength for CNC-reinforced composites were also
reported elsewhere.18

For ductility, incorporation of both polymers (i.e., PMMA
and SAN) and CNCs caused the decline in the elongation at
break. This was thought to be due to the low ductile nature of
neat polymer, and to the existence of nanoparticles, which can
lead to stress concentrations under tensile loadings.24,25 As a
result, the composites were fractured at lower strains for
composites with increased CNCs content. Since both polymers
and CNCs decreased the elongation at break and CNCs
exhibited a more effective reinforcement, CNCs had an obvious
advantage for enhancing the mechanical properties.
To investigate the reinforcing potential of CNCs within

PVDF/PMMA matrix, a common model developed by
Halpin−Tsai was used to compare with the experimental
data. According to the Halpin−Tsai model, theoretical modulus
of composites can be calculated with the following equations:26

ξηφ ηφ= + −E E (1 )(1 )m (4)

η ξ= − +E E E E( / 1)( / )r m r m (5)

Figure 1. Typical stress−strain curves of different materials: (a) pure polymers and polymer blends; (b) PVDF/PMMA (70/30) blend and its
composites.

Table 1. Tensile Properties of Different Materials Made
from This Work

samplea
tensile strength

(MPa)
tensile modulus

(MPa)
elongation at break

(%)

P 18.8 ± 1.2 452 ± 36 23 ± 4
M 32.4 ± 1.0 1140 ± 60 2 ± 1
PM3 20.4 ± 1.1 520 ± 42 7 ± 2
PMC3 27.0 ± 2.0 882 ± 38 3 ± 1
PMC6 24.6 ± 1.8 1100 ± 40 2 ± 1
PM5 21.3 ± 1.0 745 ± 48 3 ± 1
PS5 17.3 ± 1.3 494 ± 32 3 ± 1

aP-PVDF; M-PMMA; PM3-P/M (70/30); PM3C3-P/M (70/30)
with 3 wt % CNCs; PMC6-P/M (70/30) with 6 wt % CNCs; PM5-P/
M (50/50); PS5-P/SAN (50/50).
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ξ = xl d2 / (6)

where E is the composite modulus (MPa), Em is the modulus of
the matrix (MPa), Er is the modulus of the filler (MPa) and ϕ is
the volume fraction (%). ξ is a shape parameter related to the
aspect ratio of filler. ξ can be calculated using the length (l) and
diameter (d) of CNCs. For relatively short fibers like CNCs, eq
6 can be simplified as ξ = 2l/d.27 The following values for the
matrix and the CNCs were used for the theoretical calculations:
Em = 520 MPa based on tensile results, Er = 145 000 MPa,29 ρm
= 1.60 g/cm3 and ρr = 1.59 g/cm.3,27 The length of the CNCs
was 159 nm and the diameter was 15 nm according to the
transmission electron microscopy (TEM) results from our
previous study.24 The volume fractions of CNCs were
calculated using the following equation:

φ ρ ρ ρ= + −w w w( / )/(( / ) (1 )/ )r r r r r m (7)

The comparison between the experimental results and the
predicted data from the Halpin−Tsai model is shown in the
inset of Figure 1b. It is known that the Halpin−Tsai model is
based on composite systems where the fillers are aligned in the
longitudinal direction, and have a perfect interfacial adhesion to
the matrix and a good dispersion within the matrix.26 Here, the
experimental values of tensile modulus well followed the values
predicted by the Halpin−Tsai model, indicating a possible good
dispersion of CNCs within the polymeric matrix.
The storage modulus of the blends and composites further

verified the reinforcing effect of CNCs. As shown in Figure 2,

the addition of 3 and 6 wt % CNCs increased the storage
modulus at 45 °C from 1960 to 2668 and 3957 MPa,
respectively, which is consistent with the results and trend
obtained from static tensile testing. The reinforcing effect was
maintained at high temperatures (the magnified portion of the
curve in Figure 2). For instance, the storage modulus of PVDF/
PMMA blend at 150 °C was 80 MPa compared with 119 and
196 MPa for composite with 3 and 6 wt % CNCs, respectively.
Such a reinforcing effect can be attributed to the fact that the
polymeric matrix was softened at high temperatures, while the
rigidity of CNCs was still well maintained.
Hydrophilicity. Figure 3 summarizes the static water

contact angle data of different materials. Pure PVDF exhibited
a water contact angle value of 89°. With the addition of PMMA,
the water contact angle of the composite decreased to 77° and

66° for the PVDF/PMMA (70/30) blend and the PVDF/
PMMA (50/50) blend, respectively. For the PVDF/SAN blend
system, even the addition of 50 wt % SAN only reduced the
water contact angle to 80°. All these results indicate that the
hydrophilic modification of both PMMA and SAN was of low
efficiency.
In a sharp contrast, a drastic improvement in the efficiency of

hydrophilic modification was achieved when PMMA and CNCs
were combined. With the addition of 6 wt % CNCs into the
PVDF/PMMA (70/30) matrix, the water contact angle of
materials decreased to 64°, and the value was even lower than
that of the PVDF/PMMA (50/50) blend (66°). Therefore, it is
obvious that CNCs are more effective to improve the
hydrophilicity of PVDF than the addition of a second polymer.

Thermal Stability. In addition to reinforcement and the
improved hydrophilicity, thermal stability of composites was
also considerably improved. TG curves and derivative
thermogavimetric (DTG) curves of pure CNCs, PVDF/
PMMA blend and its composites are shown in Figure 4. The

detailed results obtained from TG and DTG curves are
summarized in Table 2. Pure CNCs exhibited one degradation
step within the tested temperature region. The PVDF/PMMA
blend showed two degradation steps. The first degradation step,
which was at temperatures up to about 400 °C, corresponded
to the degradation of PMMA.28 The second degradation step,
which occurred in the temperature range of 400−600 °C, was
attributed to the decomposition of PVDF.28 Similar to the

Figure 2. Storage modulus of PVDF/PMMA blend and its composites
measured by DMA.

Figure 3. Comparison of static water contact angle of different
materials from the study.

Figure 4. TG and DTG curves of PVDF/PMMA blend and its
composites.
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degradation behavior of the PVDF/PMMA blend, ternary
composites still exhibited two degradation steps. However, an
interesting contrast was observed in the DTG curves. The
change in the second peak was more obvious than that in the
first. With the addition of CNCs, the second peak height
considerably increased and the peak temperature (Tp2)
considerably shifted to high temperature region (e.g., the Tp2

increased from 434.8 to 462.5 °C with the addition of 6 wt %
CNCs). However, the first peak height slightly decreased and
less obvious shift of the peak temperature was observed. This
contrast indicated that some structural changes existed in
composites, and CNCs affected more on the PVDF component
than the PMMA component.
The onset decomposition temperature (Tonset) of pure CNCs

was 258.0 °C, which is lower than that of the pure PVDF/
PMMA blend (356.4 °C), indicating the lower thermal stability
of CNCs compared with that of PVDF/PMMA blend.
However, it is interesting to note that addition of CNCs
improved the thermal stability as verified by the improved
values of Tonset and T50%. For example, Tonset and T50% exhibited
an increase of 10.5 and 26.9 °C with the addition of 6 wt %
CNCs. The improved thermal stability was unexpected, because
CNCs were less thermally stable than PVDF/PMMA blend
(further discussion in the Mechanisms for the Improved
Performance section).
Melting and Crystallization Behaviors. The measured

DSC curves and related parameters are shown in Figure 5 and
Table 2, respectively. For melting behaviors (Figure 5a), the
peak melting temperature (Tm

p ) of the blends was shifted from
159.7 to 162.0 °C with the addition of CNCs from 0 to 6 wt %.
The results indicated that addition of CNCs increased the
thickness of lamellar crystals of PVDF.29 Besides the increase in
peak melting temperature, the crystallinity of PVDF (Xc)
considerably increased (from 28.5% for PVDF/PMMA blend
to 43.3% for composite with 3 wt % CNCs). For a

semicrystalline polymer such as PVDF, its mechanical strength
strongly depends upon its crystallinity. Usually, higher
crystallinity is accompanied by higher mechanical strength.18

Therefore, the enhanced crystallinity induced by CNCs is
thought to be responsible for the aforementioned reinforcing
effect on mechanical properties. However, it seems that CNCs
first led to an increase of crystallinity followed by decreasing
from 43.3% to 35.3% when CNC content further increased to 6
wt %. Similar trend regarding crystallinity was also reported in
other articles.29,30 Generally, two factors corresponding to the
nucleating and diffusion effects exerted by fillers31 determine
the crystallinity and crystallization behaviors of polymer
composites. The nucleating effect is usually observed at low
nanofiller content, which favors the crystallization of polymers.
The diffusion effect occurs at high nanofiller contents, based on
which the motion of polymer chains was hindered and
therefore played a negative role in the crystallization of
polymers.32,33 In this work, when CNC content was 3 wt %,
the nucleating effect of CNCs took the leading place, which
helped enhance the ability of PVDF chains to crystallize and
therefore contributed to the large improvement in crystallinity.
As the CNCs content further increased to 6 wt %, the diffusion
effect became stronger and therefore contributed to the
decrease in crystallinity, although the value of crystallinity was
higher than that of pure PVDF/PMMA blend.
For nonisothermal crystallization behaviors (Figure 5b), the

use of CNCs increased the peak crystallization temperature
(Tc

p) of PVDF drastically (e.g., 3 wt % CNCs resulting in an
increase of 7 °C.), indicating the nucleating effect of CNCs. A
slight increase of 2 °C was observed when 6 wt % CNCs was
added. Such a slight increase was attributed to the diffusion
effect of CNCs. For crystallization rate, its trend was similar to
that of crystallinity. CNCs first contributed to a considerable
increase in crystallization rate (t1/2 decreased from 84.7 to 63.3
s) followed with a slight decrease as CNC content increased to

Table 2. TGA and DSC Results of PVDF/PMMA Blend and Its Composites

sample Tonset
a (°C) T50%

a (°C) Tp1
a (°C) Tp2

a (°C) Tm
p b (°C) Tc

pb (°C) t1/2
b (°C) ΔHm

b (J·g−1) Xc
b (%)

PMC0 356.4 432.4 370.6 434.8 159.7 123.0 84.7 29.8 28.5
PMC3 360.4 444.3 371.1 443.7 161.6 129.8 63.3 40.4 43.3
PMC6 366.9 459.3 378.9 462.5 162.0 132.3 68.6 34.1 35.3
CNC 258.0 339.8 350.9

aTonset and T50%: the temperatures corresponding to 10 wt %, and 50 wt % of weight loss. Tp1 and Tp2: the temperatures corresponding to the first
and the second peak of the DTG curve. bTm

p : peak melting temperature of PVDF. Tc
p: peak crystallization temperature of PVDF. t1/2: the half time of

crystallization. ΔHm: melting enthalpy of PVDF. Xc: crystallinity of PVDF.

Figure 5. Melting and crystallization behaviors measured by DSC: (a) melting curves; (b) crystallization curves.
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6 wt % (t1/2 increased from 63.3 to 68.6 s). The trend in
crystallization rate could also be explained by the competition
between nucleating effect and diffusion effect of CNCs.
The trend of t1/2 was also verified by isothermal

crystallization tests through measuring the storage modulus as
a function of time immediately after decreasing to a given
isothermal temperature from polymer melt rapidly (Figure 6).

Briefly, storage modulus first exhibited a sharp increase, and
then reached a plateau, which corresponded to processes of
crystal growth and the completed crystallization, respectively.34

The shorter the time needed to reach the plateau of storage
modulus, the higher crystallization rate the material will exhibit.
As shown in Figure 6, incorporation of CNCs considerably
decreased the time needed to reach the plateau (e.g., comparing
the data represented by cycle symbols with those shown by
pentagram symbols (composites 6 wt % CNCs at 145 °C). In

addition, composites with 6 wt % CNCs required more time to
reach the plateau than composite with 3 wt % CNCs.
Therefore, the order of isothermal crystallization rate was:
composite with 3 wt % CNCs > composite with 6 wt % CNCs
>PVDF/PMMA blend, which was consistent with the results of
t1/2 measured by DSC. Besides the enhanced isothermal
crystallization rate, the storage modulus at the plateau was
higher for composites than that for PVDF/PMMA blend,
which again verified the reinforcing effect of CNCs.

Morphology. SEM images of the cryo-fractured surfaces of
different samples are shown in Figure 7. As shown in Figure 7a,
no obvious phase separation existed and a uniform pattern was
observed, indicating a good compatibility between PVDF and
PMMA. In addition, no PVDF spherulites were observed.
However, with the addition of 3 wt % of CNCs, PVDF
spherulites were formed and fully dispersed within the PVDF/
PMMA matrix (Figure 7b). This indicated that CNCs favored
the crystallization of PVDF and the formation of PVDF
spherulites. As CNC content further increased to 6 wt %, the
spherulites exhibited a smaller size and distributed less
uniformly (see Figure 7c). This was ascribed to the diffusion
effect of CNCs, which reduced the free volume of PVDF and
retarded the crystallization of PVDF.3 All the results of the
morphology corresponded well with the aforementioned DSC
results.

FTIR Analysis. It is well-known that PVDF has at least four
crystalline phases: α, β, γ and δ phases, and the change in the
crystalline phase can influence the properties of PVDF.3

Usually, different crystalline phases exhibited different charac-
teristic peaks fewer than 2000 cm−1 in Fourier transform
infrared spectroscopy (FTIR).1,3 In this work, the characteristic
peaks less than 2000 cm−1 exhibited no obvious changes
(Figure 8A), indicating that incorporation of CNCs did not
change the types of crystalline phases of PVDF.1,3 Therefore, it
seems that the improved performance could not be attributed

Figure 6. Time evolution of storage modulus for PVDF/PMMA blend
and its composites.

Figure 7. Morphology of blend and composites: (a) PVDF/PMMA blend; (b) composite with 3 wt % CNCs; (c) composite with 6 wt % CNCs.
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to the change in the crystal type. However, the peak at 2922
cm−1 referring to the symmetric vibration of CH2 group in
PVDF35 in Figure 8B shifted to 2925 cm−1 with the addition of
3 wt % CNCs. However, in a sharp contrast, no shift was
observed regarding the peak at 1147 cm−1 assigned to the
symmetrical stretching of the CF2 group (see Figure 8B).36

This confirms that PVDF chains selectively interacted with
CNCs from its hydrogen atoms side rather than its fluorine
atoms side. Such an interaction is helpful to induce the
nucleating effect observed in DSC tests. Moreover, the ratio
between the height of the peak at 2922 cm−1 referring to the
symmetric vibration of the CH2 group in PVDF and the height
of peak at 2952 cm−1 corresponding to the C−O−CH3

stretching in PMMA36 decreased as CNCs content increased.
This feature indicated that the addition of CNCs interacted
more with PVDF than PMMA.
Mechanisms for the Improved Performance. Based on

the above results, a scheme of the structural change caused by
CNCs is proposed and displayed in Figure 9. For neat the
PVDF/PMMA blend, some PVDF chains were arranged into a
lattice to form the crystal region, whereas mobility of the other
PVDF chains (amorphous phase) was restricted by PMMA
chains (Figure 9A), due to the strong affinity between PVDF

and PMMA.1 With the addition of 3 wt % CNCs, two effects
were introduced (Figure 9B). First, CNCs induced a certain
interaction with the CH2 group in PVDF (as verified by FTIR),
which helped PVDF chains being absorbed to the surface of
CNCs and therefore induced a nucleating effect on
crystallization. Second, CNCs also had an affinity toward
PMMA.16 Thus, some PVDF chains (amorphous phase)
restricted by PMMA were freed, based on which the liberated
PVDF chains rearranged into the lattice, leading to the
formation of polymeric spherulites (see Figure 9B) and
increase in both the crystallinity and crystallization rate of
PVDF. For semicrystalline polymers like PVDF, its strength
and modulus depend upon its crystallinity.18 Thus, the
increased crystallinity was the main reinforcement mechanism.
When CNC content further increased to 6 wt % (Figure 9C),
the nucleating effect of CNCs became saturated. Instead, the
diffusion effect of CNCs even hindered the rearrangement of
PVDF chains into lattice,3,33 causing decreases in crystallinity
and crystallization rate (still higher than those of pure blend).
As a result, the tensile strength even slightly decreased
compared with that of the composite with 3 wt % CNCs. In
this case, the reinforcement was partly due to the rigid nature of
CNCs.
For the mechanism of the improved thermal stability, it can

be explained by the following two factors. First, the enhanced
crystallinity made PVDF lattices to become more thermally
stable.37 Second, the interaction between CNCs and the CH2
group in PVDF made CNCs to be surrounded by PVDF lattice
(CNCs worked as nuclei), and therefore helped prevent CNCs
from being thermally degraded under the thermal degrading
conditions. Therefore, a higher thermal stability was obtained,
even though CNCs themselves had a relatively poor nature of
thermal stability in comparison with that of the pure PVDF/
PMMA blend. For the mechanism of the improved hydro-
philicity, the hydrophilic nature of CNCs is responsible for the
improvement.

■ CONCLUSIONS

Previous studies1,5−7 focused on improving the hydrophilicity
of PVDF using hydrophilic polymers. In this work, PMMA and
CNCs were combined to modify the hydrophilicity of PVDF.
In comparison with polymers such as PMMA and SAN, the
combination of PMMA and a small amount of CNCs not only

Figure 8. FTIR curves of PVDF/PMMA (70/30) blend and its composites (A) and symmetric vibration of CH2 group in PVDF and C−O−CH3
stretching in PMMA (B).

Figure 9. Schematic representation of the mechanism for the
improved performance: (A) PVDF/PMMA blend; (B) composite
with 3 wt % CNCs; (C) composite with 6 wt % CNCs.
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exhibited a higher efficiency of hydrophilic modification but
also achieved an impressive reinforcement. The improvements
were mainly attributed to the hydrophilic nature of CNCs and
the effect of CNCs on the crystallization behavior of PVDF.
The addition of CNCs favored the crystallization of PVDF via
exerting nucleating effect on PVDF/PMMA matrix. As a result,
the crystallinity of PVDF was drastically enhanced and the
crystallization rate was also accelerated. The increased
crystallinity helped increase the tensile strength, tensile and
storage modulus and the onset thermal decomposition
temperature. CNCs did not change the types of crystalline
phase of PVDF, and CNCs interacted more with PVDF than
PMMA in the composite. In comparison with previous
literature reports,1,5−7 our present study demonstrates a facile
pathway to fabricate PVDF-based nanocomposites with
enhanced performance.
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