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Abstract A green method—joint mechanical grind-

ing and high pressure homogenization—was used to

defibrillate paper pulp into nanofibrils. The prepared

cellulose nanofibrils (CNF) were then blended with

PVA in an aqueous system to prepare transparent

composite film. The size and morphology of the

nanofibrils and their composites were observed, and

the structure and properties were characterized. The

results showed that CNFs are beneficial to improve the

crystallinity, mechanical strength, Young’s modulus,

Tg and thermal stability of the PVA matrix because of

their high aspect ratio, crystallinity and good compat-

ibility. Therefore, nano cellulosic fibrils were proven

to be an effective reinforcing filler for the hydrophilic

polymer matrix. Moreover, the green fabrication

approaches will be helpful to build up biodegradable

nanocomposites with wide applications in functional

environmentally friendly materials.
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Introduction

Nanocomposites are a new class of composites with at

least one phase having at least one dimension in the

vicinity of 1–100 nm. Nowadays, inorganic nanofil-

lers are mostly used to prepare nanocomposites with

polymeric matrices (Schmidt and Malwitz 2003),

although their processability, biocompatibility and

biodegradability are much more limited than those of

naturally organic ones. In nature, a large number of

living beings can produce extracellular high-perfor-

mance structural biocomposites that consist of a

matrix reinforced with fibrous biopolymers, e.g.,

fibrous celluloses are the main components of hemp,

wheat straw, rice straw, bagasse, etc., and are consid-

ered to be inexhaustible and renewable resources for

the production of functional biocomposites.

Recently, considerable interest inspired by their

biological origin has been directed to micro- or nano-

fibrous cellulose and its filled composites because of their

low cost, biocompatibility, bioactivity, nontoxicity, bio-

degradability and oxygen barrier properties, which give

them numerous potential applications, such as drug

delivery, tissue engineering, food packaging, etc. Con-

siderable research has been carried out regarding the

extraction of cellulose nanofibrils (CNF) from different

sources. For example, by a combination of chemical and

mechanical treatments, Jonoobi et al. (2009) isolated

nanofibrils from unbleached and bleached kenaf pulp.

The obtained nanofibrils showed higher crystallinity and

thermal stability compared to the raw kenaf. Among
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reported studies, CNF-reinforced plastics have received

ever-increasing interest, such as reinforced phenolic resin

(Nakagaito and Yano 2004, 2008), acrylic resin (Yano

et al. 2005; Nogi et al. 2006) and polylactic acid

(Chakraborty et al. 2005) composites. Panaitescu et al.

(2007) prepared a-cellulose nanofibrils from mechano-

chemical treated pulp for reinforced polypropylene

composites. The composites exhibited higher tensile

strength and elastic modulus than pure polypropylene. In

comparison to cellulose nanocrystals or whisker rein-

forced (except for the cellulose nanowhiskers isolated

from tunicate) composites, CNF-reinforced composites

showed higher mechanical properties because of the

higher aspect ratio of CNF (Cheng et al. 2009; Liu et al.

2010; Siqueira et al. 2009). Additionally, the flexibility of

CNF could produce more flexible composites as com-

pared with the stiff cellulose nanocrystals or whiskers.

Recently, incorporation of nanosized CNF into

biodegradable polymer matrix has been explored as an

important strategy for obtaining nanocomposites with

environmentally friendly performance (Habibi et al.

2010; Eichhorn et al. 2010); for instance, polylactic acid

nanocomposites reinforced with CNF also showed

improved mechanical properties (Iwatake et al. 2008;

Suryanegara et al. 2009; Jonoobi et al. 2010). Although

extensive work has been done to prepare the commercial

potential of cellulose nanofibril-filled biodegradable

polymer materials (Eichhorn et al. 2010; Samir et al.

2004), poor mechanical behavior is still a key problem

restricting their applications. Poly(vinyl alcohol) (PVA)

is the largest and most popular synthetic water-soluble,

semicrystalline, nontoxic, transparent and biocompati-

ble as well as biodegradable polymer produced in the

world. The degree of solubility, and the biodegradability

as well as other physical properties can be controlled by

varying the molecular weight and the degree of

hydrolysis (saponification) of its mother polymer-poly-

vinyl acetate. PVA is used in a broad spectrum of

applications in tissue scaffolding, filtration materials,

membranes, optics, protective clothing, enzyme immo-

bilization and drug release, etc. However, the low

mechanical strength and integrity of PVA demand the

use of reinforcing agents, for example, carbon nano-

tubes (Jeong et al. 2007; Wong et al. 2009), cellulose

nanofibrils and chitin whiskers.

In this study, based on our former technology of joint

mechanical treatment, paper pulp was also defibrillated

into nanofibrils well dispersed in aqueous suspension.

PVA/CNF nanocomposite films were prepared by the

solution casting method from mixtures of PVA solution

and CNF suspensions. Consequently, the chemical or

crystalline structure, morphology, and thermal and

mechanical properties of the nanocomposite films were

also investigated. This study led to making a novel

nanocomposite film based on a PVA solution and

offered an eco-friendly, effective method of fabricating

CNF-based biodegradable green materials with

enhanced properties for high-end application.

Experimental section

Materials

The paper pulp was kindly provided by Domtar Corp.

of Canada. PVA (AH-26) was purchased from Shang-

hai Sinopharm Chemical Reagent Co., Ltd., China.

Preparation of CNF

A certain amount of pulp was torn into small pieces

and then poured into boiling water for several hours.

The resulting pulp at a concentration of 1 wt% was

beaten in a wet-grinding machine (Labor-Pilot 2000/4,

IKA Works, Inc.) with a milling gap of about 0.1 mm

at a flow speed of 10 l/h for 20 cycles. The pretreated

pulp was then subjected to the high-pressure homog-

enizer (M-100P, Microfluidics Co., USA) under the

constant pressure of 250 MPa for 20 cycles. The

obtained suspended cellulose nanoparticles labeled as

CNF were freeze-dried into powder for further char-

acterization and blending experiments.

Preparation of CNF-reinforced PVA films

PVA was dissolved in distilled water at 90 �C under

agitation for 1 h. After filtering out undissolved matter,

we obtained a solution of PVA at a concentration of

10 wt%. The resulting PVA solution and CNF suspen-

sions were mixed together under agitation to obtain

blends with different compositions. After vacuum

defoaming, the blend suspensions were cast into films

at 25 �C. According to the weight ratio of CNF in the

composites, i.e., 0.0, 1.0, 3.0, 5.0, 8.0, 10.0, 15.0, 20.0,

40.0 and 60.0 wt%, the nanocomposite films were

coded as PVA, PVACNF1, PVACNF3, PVACNF5,

PVACNF8, PVACNF10, PVACNF15, PVACNF20,

PVACNF40 and PVACNF60, respectively.

2982 Cellulose (2013) 20:2981–2989

123



Characterization

Transmission electron microscopy (TEM) observa-

tions were carried out on a JEOL JEM 2010 FEF

(UHR) electron microscope with an accelerating

voltage of 200 kV. One drop of diluted CNF suspen-

sion was spread on the copper grid coated with carbon

support film and then coated with carbon for TEM

observation. Scanning electron microscopy (SEM)

was performed to investigate the morphology of the

PVACNF composite films with an S-570 SEM (Hit-

achi, Japan) instrument. The tensile fractured surfaces

of selected samples were mounted on SEM stands,

coated with gold on an ion sputter coater and observed

at 20 kV by SEM. FT-IR was recorded on a Thermo

Nicolet Nexus 671 FT-IR using a KBr pellet method

with a resolution of 4 cm-1. X-ray diffraction diffrac-

tograms were recorded on a diffractometer (LabX

XRD-6100, Shimadzu) in reflection mode in the

angular range of 4�–60� (2h) at a scanning rate of

0.5�/s. Differential scanning calorimetry (DSC) and

thermogravimetric analysis (TGA) were performed on

a SDT Q600 V20.9 from TA Instruments under helium

flow (100 ml/min). The dry samples weighing

between 3 and 10 mg were packed in aluminum pans,

placed in the DSC cell and tested from ambient

temperature to 600 �C at a heating rate of 10 �C/min

under nitrogen atmosphere. Mechanical properties of

the films were measured with a tensile testing machine

(Instron Universal testing machine 5565) following

ASTM standard D882. The initial distance between

the grips was 25 mm, and the separation rate of the

grips was kept constant at 4 mm/min. The stress–

strain curve was recorded for each sample at 25 �C and

relative humidity (RH) of 50 %, and the reported data

in the manuscript were averaged over eight specimens.

The percent optical transmittance (Tr) of the sheets

with a thickness of about 0.4 mm was measured with a

Perkin-Elmer ultraviolet–visible spectrometer

(Lambda 3B model) in the wavelength range from

800 to 200 nm.

Results and discussion

Morphology of CNF

TEM micrographs of CNFs are shown in Fig. 1.

CNFs exhibited widely distributed width ranging

from 20 to 80 nm and length of more than a few

microns. In fact, CNFs appearing like aggregated

bundles consisted of thin wire-like microfibrils with

diameters of a few nanometers. In this study, the

associated large bundles, a number of branches of

smaller bundles or partly individualized nanofibrils

possessed a high aspect ratio of more than 50. A

recent review dedicated to research into cellulose-

based nanocomposites reported that an efficient

reinforcement effect in composite materials can be

guaranteed when nanofibrils with an aspect ratio

around 50 are incorporated into a polymer matrix

compared with conventional micro-sized fibrils

(Gilberto et al. 2013).

Structure of the nanocomposites

The FT-IR spectra of CNF, PVA and composites are

displayed in Fig. 2. An important absorption peak

was verified at 1,143 cm-1, which is associated with

the C–C stretching mode of PVA and is generally

related to the crystallinity of PVA (Tadokoro et al.

1956). The characteristic absorption bands of PVA

occurring at 1,088, 919 and 838 cm-1 were attributed

to the stretching of C–O, bending of –CH2 and

rocking of –CH, respectively. The absorption band at

1,058, 895 cm-1 in the spectra of CNF is attributed to

the C–O stretching vibration and anomeric carbon of

b-D-glucopyranosyl of cellulose, indicating the typi-

cal structure of cellulose (Huang et al. 2011), whereas

the peak position of the C–O stretching vibration of

cellulose and PVA shifted toward each other, which

might contribute to the expected interaction of

hydroxyl groups of PVA with the hydrophilic

surfaces of the cellulose nanofibrils (Elizabeth et al.

2006).

Diffraction patterns of PVA, CNF and PVACNF

characterized by XRD are shown in Fig. 3. A broad

peak at 2h = 19.4� observed from the profile of pure

PVA film was attributed to the orthorhombic lattice

structure of semi-crystalline PVA (Kurumova et al.

2000). There is a relative decrease in the intensity of

the peak at 2h = 19.4� with the increase of concen-

tration of CNF; meanwhile, the diffraction peak of the

2h angles at about 22.5� was assigned to the typical

reflection planes (002), and the broad peak at around

16� was attributed (101) and (101
�

) planes of cellulose I

(Liu et al. 2010). Furthermore, the intensity of these
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two peaks increased with the increment of CNF in the

nanocomposites. The degree of crystallinity (W) could

be evaluated using the following relation:

W ¼ 100 ðS=SoÞ ð1Þ

where S is the sum of the areas of all the crystallinity

peaks and So is the total area under diffractogram

(Prajapati and Gupta 2011). French (2013) also

precisely described the crystallinity of small crystals

by simulation with the Mercury program. In this work,

we calculated the crystallinity using the program

provided by LabX XRD-6100, and the degree of

crystallinity of PVA, PVACNF3, PVACNF5,

PVACNF10, PVACNF15, PVACNF20, PVACNF40,

PVACNF60 and CNF was 28.2, 31.1, 33.4, 38.2, 42.5,

46.0, 58.7, 66.2 and 71.2 %, respectively. In fact, there

was a linear relationship between the crystallinity and

the content of CNF in the composites. CNF has a

higher crystallinity than pure PVA; therefore, with the

increment of the content of CNF, the crystallinity of

the PVA/CNF composites increased accordingly.

Mechanical properties

The mechanical properties of the PVA and its

composite films are listed in Table 1, and the typical

stress–strain curves are shown in Fig. 4. Pure PVA

film presented maximum stress of 29.7 MPa and

elongation at break of 164.1 %, while the tensile

Fig. 1 TEM micrograph of cellulose nanofibers
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Fig. 2 FT-IR spectra of pure PVA, CNF and PVACNF composites
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stress, strain and modulus of PVA composite loading

3 % CNF were all improved about 20 %, respectively,

with respect to the pure PVA film. The tensile stress

and modulus of the composites kept on increasing with

increasing content of CNF from 5 to 60 %, e.g., the

tensile stress and Young’s modulus of PVACNF60

were 57.7 and 1105.6 MPa, respectively, which were

1.9 and 6.2 times higher than pure PVA film. This

indicates the nanocomposites exhibited much higher

tensile strength and Young’s modulus, and more rigid

features with higher load-bearing capacity, indicating

that CNF with high crystallinity can be used as a good

reinforcement with the desired toughness to improve

the mechanical strength of PVA-based films. How-

ever, as compared with pure PVA, films loading with

5–60 wt% CNF showed a trend of decreased elonga-

tion. That is to say, PVA behaves like an elastomer;

PVACNF60 is really a rigid plastic with a high

modulus of more than 1 GPa. In contrast to this,

PVACNF3 possessed the highest elongation of all

fabricated composites. This might be due to the

optimized compatibility of CNF and PVA, which

made PVACNF3 a highly toughened and flexible

material. The enhancement of mechanical properties

of PVACNF composites was suggested to have

resulted from the good adhesion at the CNF/PVA

matrix interface and the incorporation of stiff CNF

with high crystallinity. (Lee et al. 2009; Roohani et al.

2008).

In order to better understand the mechanical

properties of the PVACNF nanocomposites, SEM

micrographs of the fractured cross-section are shown

in Fig. 5. The fractured surface of pure PVA was

rather flat and smooth with continuous flow, indicating

that elastomer deformation of the matrix occurred with

a specified load. In addition, the preferential tensile

orientation was observed for pure PVA. This is why

pure PVA exhibited a ‘‘drawing’’ at strains when the

stress reached a plateau before failure, as shown in

Fig. 4. In contrast, layered structures with uniformly

dispersed cellulose sheets in PVA matrix were clearly

revealed in the composites. A small amount (3 %) of

incorporation of CNF would improve the ductility of

the materials as evidenced by CNF sticking out of the

fracture surface. On the fracture surfaces of high-

loading CNF composite films, cellulose nanofibrils

tended to align parallel to the film surface, resulting in

the formation of an ultra-strong paper-like material
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Table 1 Mechanical properties of the composite films

Samples Tensile strain

(%)

Tensile

strength

(MPa)

Young’s

modulus (MPa)

PVA 247.8 ± 30.0 29.7 ± 0.8 164 .1 ± 25.0

PVACNF3 280.7 ± 5.5 35.6 ± 0.7 228.1 ± 2.0

PVACNF5 255.5 ± 5.0 38.4 ± 2.6 378.2 ± 53.1

PVACNF8 148.8 ± 6.4 42.4 ± 3.3 442.2 ± 84.2

PVACNF10 134.8 ± 14.1 44.2 ± 0.9 476.6 ± 11.1

PVACNF15 51.8 ± 3.4 42.9 ± 6.8 509.2 ± 7.4

PVACNF40 28.5 ± 7.1 51.9 ± 2.3 876.4 ± 75.4

PVACNF60 19.1 ± 3.1 55.6 ± 2.1 1,022.3 ± 83.3
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Fig. 5 SEM micrographs

of films a PVA;

b PVACNF3; c PVACNF5;

d PVACNF8;

e PVACNF10;

f PVACNF15;

g PVACNF20; h CNF
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with layered structures. Therefore, the ductile fracture

of the high-loading CNF composite exhibited in Fig. 4

also proved the rigid character of the CNF bundles

surrounded by PVA matrix. In this continuous CNF

network, PVA behaved like an adhesive to glue all the

oriented nanofibrils together. With the decrease of

PVA as an ‘‘adhesive,’’ the cross-section exhibited

brittle breaks. Without the connection of PVA, the

pure CNF showed a morph of fault pictures. There-

fore, CNF arranged in a layered structure was

beneficial for improving the mechanical strength of

the composites (Yang et al. 2010, 2011; Xu et al.

2009); simultaneously, PVA bound to fibrils was good

for elevating the extension of the composites.

Thermal behaviors

DSC thermograms of PVA and PVACNF composites

are presented in Fig. 6. The glass transition temper-

ature (Tg) of PVA, PVACNF1, PVACNF3,

PVACNF5, PVACNF8, PVACNF10, PVACNF15,

PVACNF20, PVACNF40 and PVACNF60 were

77.4, 78.2, 79.1, 79.7, 80.1, 80.8, 81.7, 82.1, 82.8

and 83.2 �C, respectively. Obviously, the Tg of the

nanocomposites was enhanced with the increase of

CNF. Since Tg is related to the flexibility of polymeric

segments, the result may be ascribed to the restriction

of segmental motions of PVA chains. This behavior

can be explained in that PVA chains were highly

confined by cellulose nanofibrils because of the strong

interactions, such as hydrogen bonding, between

them. The expected interactions between these cellu-

lose nanofibrils and PVA altered the supramolecular

structure of the amorphous phase and decreased the

mobility of the macromolecules at higher temperature.

Therefore, the segmental motions of the PVA chains

were greatly constricted and the chain mobility

associated with glass transition slowed down, thus

increasing the energy for glass transition to occur.

Figure 7 shows typical TGA and DTG curves of the

composite films. All samples exhibited three distinct

weight loss stages at 30–210 �C (5 wt% loss of

weakly physic-sorbed water), 210–380 �C (decompo-

sition of side chain of PVA) and 380–550 �C

(decomposition of main chain of PVA). Major weight

losses of about 75 wt% were observed in the range of

210–550 �C for all the samples, which corresponds to

the structural decomposition of PVA and partly

thermal degradation of CNF. The maximum

decomposition rates related to Tmax (the decomposi-

tion temperature corresponding to the maximum

weight loss) revealed that the thermal decomposition

behavior of the composites is similar to that of the pure
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PVA. The maximum mass loss rates of the PVA/

cellulose nanofibril composites shifted to a higher

temperature compared to that of pure PVA. However,

this process was accompanied by an increase of Tmax

from 288 to 331 �C for PVA and PVACNF60,

respectively, in its maximum mass loss rate upon

addition of CNF. Over about 500 �C, TGA diagrams

of all samples became flat, and mainly the inorganic

residue remained. From the amounts of the residue at

550 �C, the residues of PVA and PVACNF60 were

estimated to be approximately 6 and 13 wt%, respec-

tively. Evidently, the thermal decomposition of

PVACNF films shifted slightly toward high temper-

ature, suggesting that the composite films had higher

thermal stability mainly because of the presence of the

crystal structure and thermal stability of CNF.

Optical transmissivity

It is well known that PVA is a kind of good optical

material because of good optical transmissivity of its

film, which can be evidenced from UV–visible curves

of the PVA shown in Fig. 8. PVA composites with

loading of 1, 3, 5, 10, 15, 20, 40 and 60 wt% CNF

showed a reduction trend of the transparency, although

these composites presented the transmittance of visible

light higher than 40 %. Meanwhile, the composite film

exhibited characteristic absorption of ultraviolet light at

200–275 nm, which is responsible for any charge

transfer (Falcão and Azevêdo 2002). No red or blue

shift of these bands indicated any charge transfer of

chemical change in the composites during the addition

of CNF. Therefore, composite film with an optimum

amount of CNF will have high absorption of ultraviolet

light and slight less transparency of visible light.

Conclusions

Cellulose nanofibril was successfully defibrillated by

means of mechanical grinding and high pressure

homogenization without any chemical treatments.

When the CNF with a high aspect ratio and crystallinity

was used to blend with PVA, both components showed

good compatibility due to hydrogen bonding interac-

tion. The well-dispersed CNF showed good reinforce-

ment effects on the PVA matrix, e.g., the tensile stress

and modulus were greatly enhanced. In the case of low-

loading CNF (less than 5 wt%), the strains were even

elevated, indicating good toughening effects. PVA

behaved like an adhesive to bound stiff nanofibrils

together and help to improve the elastic properties of

the composites, which can be identified by SEM. The

nanocomposite film also exhibited improved thermal

stability and Tg compared with the pure PVA film. In

addition, the nanocomposite films presented moderate

transparency and good absorption of ultraviolet rays;

they are promising materials for application in the

optical and other functional engineering fields.
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