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ABSTRACT: As a kind of reinforcing agent, the application of nanocrystalline cellulose (NCC) is widely limited in hydrophobic poly-

mers owing to its rich hydroxyl surface. In this study, NCC was modified with lauric acid/p-toluensulfonyl chloride mixture, then the

modified nanocrystalline cellulose (mNCC) was incorporated into biopolyester poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

(P(3,4)HB) by solution casting to prepare P(3,4)HB/mNCC nanocomposites. The prepared mNCC and P(3,4)HB/mNCC nanocom-

posites were characterized by Fourier transform-infrared, X-ray diffraction, contact angle test, transmission electron microscopy, scan-

ning electron microscopy, differential scanning calorimetric, polarized optical microscope, dynamic mechanical analysis, and

thermogravimetric analysis. The results show that the crystallinity and mechanical properties of P(3,4)HB are greatly improved due

to the fact that NCC can be modified successfully and the mNCC can distribute uniformly in nanoscale in the matrix with good

compatibility along the interface. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 2015–2022, 2013
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INTRODUCTION

With the severe environmental issues and exhausted petrochem-

icals, biopolymers derived from renewable resources have

attracted a great deal of interest and been considered as promis-

ing alternatives to general plastics. Polyhydroxyalkanoates

(PHAs) are typical representative of the biopolymers, which are

synthesized and accumulated as intracellular carbon and energy

storage material by many bacteria.1 The PHAs mainly repre-

sented by the homopolymers and copolymers of poly(3-hydrox-

ybutyrate) (PHB). Owing to the outstanding properties, such as

biodegrability, biocompatibility, and excellent mechanical per-

formance,2 PHB has wide application prospect on food packing,

agriculture, and tissue engineering fields. Nevertheless, the fatal

weakness, such as high melting temperature, high crystallinity,

and large spherulitic structures with slow growth result in brit-

tleness and low thermal stability,3 greatly limit the application

of PHB. When adding a comonomer unit 4-hydroxybutyrate,

poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3,4)HB) can

be fabricated. P(3,4)HB has lower melt temperature and degree

of crystallinity compared with PHB.4 Although P(3,4)HB is

found to be more suitable for the industrial application, the

other disadvantages including slow crystallization rate, poor me-

chanical properties also limit its further application in some

particular areas. And there is few work that has been reported

about overcoming the drawbacks of P(3,4)HB. In our previous

work,5 we applied cobalt–aluminum layered double hydroxide

(LDH) as nanofiller to prepare P(3,4)HB/LDH nanocomposites.

The thermal stability, thermal combustion, and thermomechani-

cal properties for these nanocomposites were remarkably

enhanced with small amount of LDH.

Nanocrystalline cellulose (NCC), a kind of polymer reinforcing

agent, is needle-like elementary crystallite, which derives from

the most abundant renewable resource in nature. In the past

few years, much attention has been focused on NCC due to its

appealing intrinsic properties including nanoscale dimensions

(length 200–400 nm, diameter <10 nm),6 high surface area,

VC 2013 Wiley Periodicals, Inc.
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high Young’s modulus,7 low density, as well as being available,

renewable, and biodegradable.8 Therefore, NCC has been widely

applied to reinforce polymer matrices, such as polypropylene,9

poly(vinyl chloride),10 polycaprolactone (PCL),11 poly(lactic

acid),12,13 and polyurethane,14 etc. These studies showed that

NCC has certain reinforcing effect on the polymers. However,

the dispersibility of NCC in the matrix and the compatibility

between NCC and the matrix still need to be improved. So, a

lot of work has been done to modify the hydrophilic surface of

NCC, such as graft polymerization,15–17 silylation,18–20 acyla-

tion,21,22 and the use of surfactants.23,24

In this study, we applied a simple and effective method to mod-

ify NCC and then incorporate it into P(3,4)HB to prepare

P(3,4)HB based environmentally friendly nanocomposites. As

far as we know, it is the first time to study P(3,4)HB based

nanocomposites reinforced by surface modified NCC. It is sup-

posed that substituted alkyl chains on NCC could greatly

increase its hydrophobicity. As a result, the modified nanocrys-

talline cellulose (mNCC) could disperse homogenously in or-

ganic solvent without aggregation and could be incorporated

into P(3,4)HB effectively. It is also supposed that strong interfa-

cial adhesion could be created between mNCC and the matrix

in the nanocomposites. The microstructure and properties of

NCC and mNCC were characterized by Fourier transform-infra-

red (FT-IR), X-ray diffraction (XRD), transmission electron mi-

croscopy (TEM), and contact angle measurements. The

microstructure and properties of the resulting nanocomposites

were characterized by scanning electron microscopy (SEM),

TEM, differential scanning calorimetric (DSC), polarized optical

microscope (POM), dynamic mechanical analysis (DMA), and

thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

P(3,4)HB containing 5% 4HB content was purchased from

Tianjin Green Bio-science Co., Ltd. (Tianjin, China) with a

melt flow index (MFI) of 3 g/10 min (based on ASTM 1238-

906; 2.1 kg loaded at 170�C). Microcrystalline cellulose (MCC),

lauric acid, p-toluensulfonyl chloride (Tos-Cl), pyridine, sulfuric

acid (H2SO4), N,N-dimethylformamide (DMF), acetone, chloro-

form, ethanol were commercial products of the China Medicine

(Group) Shanghai Chemical Reagent Corporation (Shanghai,

China) and they were used without further purification.

Preparation of NCC

NCC was prepared as described in the literature.6 MCC powder

was hydrolyzed by sulfuric acid (63.5% w/w) for 130 min at

44�C with continuous stirring. Then the suspension was washed

with deionized water by repeated centrifuge and sonication

cycles. Finally, the suspension was filtered using dialysis with

deionized water until the wash water maintained at constant

PH and then freeze-dried for further use.

Surface Modification of NCC

Freeze-dried NCC (1 g) and DMF (30 mL) were added to a 250

mL flask, treated by 30 min of sonication. A certain amount of

TsCl and pyridine were added to the NCC/DMF suspension with

stirring, nirtrogen purging, and reflux condenser. Same molar

number of lauric acid was dissolved in 10 mL DMF and dripped

into the mixture slowly. The reaction was kept at 80�C for 12 h. Af-

ter the reaction, the mixture was filtered and washed with ethanol

and acetone, and extracted with methanol by soxhlet. Finally, the

obtained mNCC was dried in vacuum oven at 50�C for 24 h.

Preparation of P(3,4)HB/mNCC Nanocomposites

A certain amount of dried P(3,4)HB powder and desired

amount of mNCC was added to 50 mL chloroform. The mix-

ture was treated with continuous stirring and sonication to

make P(3,4)HB completely dissolved and mNCC uniformly dis-

persed. Then the suspension was casted into a Teflon mold and

Figure 1. TEM micrographs of (a) NCC and (b) mNCC.

Figure 2. Schematic plot of NCC surface esterification.
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evaporated overnight at ambient temperature to get P(3,4)HB/

mNCC nanocomposite film with a thickness of about 0.5 mm.

Measurements

FT-IR measurements were performed with Nicolet 6700 FT-IR

spectrophotometer (Nicolet Instruments) using thin KBr disc.

X-ray diffraction (XRD) experiments were performed on dried

NCC and mNCC powder, on a Japan Rigaku D/max-Ra X-ray

diffractometer with Cu-Ka radiation(k 5 0.1542 nm) in the

range of 3� to 60�.

TEM was carried out on a JEM-100SX transmission electron

microscopy (JEOL, Tokyo, Japan) with an acceleration voltage

of 100 kV. To examine NCC or mNCC, a droplet of the diluted

suspension was dripped on a copper grid. To examine the nano-

composites, the samples were cut into ultrathin slices at room

temperature with an ultramicrotome (Ultraacut-1, UK)

equipped with a diamond knife. The slices were subsequently

stained with 2 wt % osmic acid for 30 min.

Contact angle measurements were performed at ambient tem-

perature using a static contact angle measurement (JC2000C,

zhongchen, China). A drop of deionized water was dispensed

on the sample, using a manual dispenser. Five measurements of

the contact angle were taken across each sample, of which the

average is reported.

Scanning electron microscopy (SEM) was carried out on a

HITACHI S-5000 SEM to observe the fracture surface of the

nanocomposites. All the samples were fractured in liquid nitro-

gen and the fracture surfaces were gold-plated.

DSC analysis was employed to examine the thermal transitions

of the nanocomposites on a DSC instrument (Netzsch 200 F3)

under nitrogen atmosphere. Samples were placed in sealed alu-

minum crucibles. All the samples were scanned over a range of

220 to 200�C (10�C/min for heating and 20�C/min for cooling)

after a pretreatment of heating to 200�C and equilibrated at

200�C for 3 min to eliminate thermal and stress histories.

To better understand the crystallization behavior, P(3,4)HB and

P(3,4)HB-based nanocomposites were studied by a polarized op-

tical microscope (POM) equipped with a hot stage and a digital

camera(Nikon model eclipse E400 pol). The samples were heated

from room temperature to 200�C between two glass slides and

equilibrated at this temperature for 2 min, then cooled rapidly to

desired temperature and allowed to crystallize isothermally.

Figure 3. FT-IR spectra of NCC and mNCC. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
Figure 4. X-ray diffraction patterns of NCC and mNCC. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. Contact angle pictures of water drop on NCC and mNCC films.
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Dynamic mechanical analysis (DMA) of P(3,4)HB/mNCC

nanocomposites was performed on a Perkin Elmer Pyris Dia-

mond DMA dynamic mechanical analyzer in a temperature

range of 240�C to 80�C at 5�C/min heating rate and 10 Hz

constant frequency in the tensile configuration.

TGA was performed on a Q5000 IR thermogravimetric analyzer

(TA Instruments) to determine the thermal stability of the

nanocomposites. About 5 to 10 mg of samples was placed in a

Pt pan and heated to 700�C at a heating rate of 20�C/min21

under flowing nitrogen (60 mL/min21). Specimens were run in

duplicate under the same condition and the average values are

reported. The temperature is reproducible to 61�C and the

mass to 60.2%.

RESULTS AND DISCUSSION

Preparation and Surface Modification of NCC

Figure 1(a) is the TEM image of NCC obtained by evaporating

the water from aqueous suspension, which clearly shows that

NCC possesses rod-like and nanoscale morphology with an av-

erage length of about 100 to 200 nm and diameter of about 10

nm.

Freeze-dried NCC was re-dispersed in DMF to obtain a stable

suspension. Both the high value of the dielectric constant of

DMF and the medium wettability of NCC are supposed to con-

trol the stability of NCC/DMF suspension.25

The chemical surface modification of NCC was carried out in

DMF by homogeneous esterification after in-situ activation of

lauric acid with Tos-Cl (Figure 2).26–28 The FT-IR spectra for

both NCC and mNCC are shown in Figure 3. Compared with

NCC, the spectra of mNCC has two extra peaks at around 1251

Figure 6. Pictures of nanocrystalline cellulose suspension in water and

chloroform. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Micromorphology of the nanocomposites. (a) SEM micrograph of the fracture surface of neat P(3,4)HB; (b) SEM micrograph of the fracture

surface of P(3,4)HB/1 wt % mNCC; (c) TEM image of P(3,4)HB/1 wt % mNCC nanocomposites at low magnification; (d) TEM image of P(3,4)HB/1

wt % mNCC nanocomposites at high magnification.
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cm21 and 1740 cm21, which attribute to the C-O-C and C5O

vibration of the ester groups, respectively. Furthermore, obvious

variation of C-H stretching vibration can be seen between 2850

cm21 and 3000 cm21, which indicates that new grafting alkane

is introduced on the surface of NCC. Meanwhile, the intensity

of the broad band around 3300 cm21 for mNCC decreases

compared with NCC, which is due to the partial reacted

hydroxyl. These changes confirm the success of the surface

chemical modification on NCC.

The influence of surface modification on the morphology and

crystallite structure of NCC was evaluated using TEM and XRD

analysis. As shown in Figure 1(b), TEM images of NCC and

mNCC all clearly present the rod-like character of nanoparticles.

NCC seems to form bundle-like aggregates owing to the rich

content of hydroxyl on its surface.29 While mNCC has higher

dispersity with the morphology maintained compared to NCC,

which may be ascribed to the surface hydroxyl partially substi-

tuted and the weakened hydrogen bonding effect between the

nanoparticles.

The XRD profile for mNCC is nearly identical to that of NCC

(Figure 4), which indicates that NCC is chemically modified on

the surface while the crystalline structure is not affected.

Contact-angle measurements were performed at ambient tem-

perature using a dynamic drop tensiometer. Figure 5 shows the

result of water contact angle measurement for a drop of water

on the surfaces of NCC and mNCC films. Due to the OH-rich

molecular structure, the NCC film is hydrophilic and gives a

contact angle of 35�. However, after the surface modification,

the hydrophobicity of mNCC is improved and the contact angle

is up to 82�, illustrating that the surface hydroxyl group on

NCC partially takes part in reaction and is replaced by the alkyl

chain.

Figure 8. DSC thermograms of neat P(3,4)HB and P(3,4)HB/mNCC

nanocomposites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Polarizing optical microscope photographs of the P(3,4)HB and its nanocomposites. (a) Neat P(3,4)HB; (b) P(3,4)HB/1 wt % mNCC;

(c) P(3,4)HB/3 wt % mNCC; (d) P(3,4)HB/5 wt % mNCC. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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NCC and mNCC were dispersed in water and chloroform

respectively, and pictures of the suspension were collected

several weeks later. As the pictures (Figure 6) show NCC

can form stable aqueous suspension, but can not disperse in

chloroform. While mNCC could disperse in chloroform

homogeneously and can not form stable aqueous suspension.

During the controlled sulfuric acid hydrolysis, sulfate ester

groups and negative electrostatic charge were introduced

onto the surface of NCC, which was responsible for the sta-

bility of NCC aqueous suspension. However, NCC can not

be dispersed homogeneously in aprotic organic solvent

(chloroform) owing to its hydrophilic surface. Compared

with that of NCC, mNCC/chloroform suspension can

remain stable for several weeks and no precipitation of the

colloidal nanoparticles can be observed. This further demon-

strates that the surface polarity of mNCC is improved effec-

tively through esterification reaction.

Microstructure of P(3,4)HB/mNCC Nanocomposites

Whether the nanofillers could disperse uniformly in the matrix

is one of the key factors to manufacture nanocomposites. The

P(3,4)HB/mNCC nanocomposites with 1 wt % mNCC are

employed to analyze the dispersity of mNCC in the matrix by

comparing with the neat P(,4)HB. Shown in Figure 7(a,b) are

SEM images of the fracture surface of neat P(3,4)HB and

P(3,4)HB/1 wt % mNCC nanocomposites. Compared with the

neat matrix [Figure 7(a)], the white dots in Figure 7(b) stand

for the transversal sections of mNCC, which suggests that the

nanofillers were well distributed in P(3,4)HB matrix. Figure

7(c,d) shows the TEM image of P(3,4)HB/1 wt % mNCC, from

which the nanoscale and individual mNCC could be clearly

seen and the size and morphology is the same as what is shown

in Figure 1. The above results lead us to the conclusion that

nanocomposites based on P(3,4)HB reinforced with mNCC are

prepared successfully.

Crystallization Behavior of P(3,4)HB/mNCC Nanocomposites

DSC measurement was used to determine the thermal transition

and crystallization behavior of P(3,4)HB and P(3,4)HB based

nanocomposites. As shown in Figure 8, the glass transition, cold

crystallization, and melting of P(3,4)HB can be clearly seen.

Neat P(3,4)HB exhibits a glass transition (Tg,mid) at 0.5�C, an

exothermic cold crystallization peak at 62�C and two endother-

mic melting peaks at 141 and 157�C, respectively. There is no

significant variation of Tg,mid of the nanocomposites with the

addition of mNCC compared with that of neat P(3,4)HB. Simi-

lar phenomenon has been reported in other studies about nano-

crystalline cellulose reinforced polymer composites.30,31

However, there is a significant decrease in cold crystallization

temperature (Tc) when a small percentage of mNCC was added.

This behavior is ascribed to the nucleation effect of the rigid

fillers in P(3,4)HB matrix, which can reduce the energy barrier

to form P(3,4)HB nuclei and facilitate P(3,4)HB cold crystalli-

zation. But when the content of mNCC is higher than 3 wt %,

the value of Tc of the nanocomposites almost remain

unchanged, implying that agglomeration of mNCC is formed.

Excessive mNCC in the nanocomposites can prevent P(3,4)HB

crystal growth and hinder the diffusion of P(3,4)HB chains to

the growing crystallites.32

At the same time, a bimodal endothermic peak for all the sam-

ples around their melting point is observed, which demon-

strates the melting-recrystallization-melting process.30 The

melting temperature of P(3,4)HB-based nanocomposites

slightly shifts to high temperature when compared with that of

neat P(3,4)HB. One of the factors for the increase of Tm in

Table I. Results for Dynamic Mechanical Analysis of Neat P(3,4)HB and

P(3,4)HB/mNCC Nanocomposites

Sample code

Storage modulus (MPa)

Tg (�C)220�C 25�C 50�C

P(3,4)HB 4726 2194 1456 19

P(3,4)HB/1 wt % mNCC 4906 2970 1940 24

P(3,4)HB/3 wt % mNCC 5293 3485 2149 30

P(3,4)HB/5 wt % mNCC 4498 2373 1063 28

P(3,4)HB/7 wt % mNCC 4282 1732 1169 18

Figure 10. Storage modulus E0 (a) and tan d (b) as a function of temper-

ature for neat P(3,4)HB and P(3,4)HB/mNCC nanocomposites. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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P(3,4)HB nanocomposites is that the presence of nanofillers

facilitates the P(3,4)HB spherulite growth and leads to the for-

mation of more perfect crystalline lamella.

The effect of mNCC on crystallization behavior of P(3,4)HB

was further studied by POM observation. Figure 9 shows the

POM photographs of P(3,4)HB and P(3,4)HB/mNCC nano-

composites. The Maltese cross of P(3,4)HB spherulites could

be clearly seen under POM. It is obvious that with the incor-

poration of mNCC, the size of P(3,4)HB spherulites reduces

and the number of P(3,4)HB spherulites increases significantly

[shown in Figure 9(b,c)], which reveals that the nanoscale fil-

ler dispersed in the polymer matrix can act as a nucleating

agent and promote P(3,4)HB crystallization. This is in

agreement with the DSC results. But with the content of nano-

filler increasing, the nucleation effect gradually decreases,

which may be caused by the aggregation of mNCC [seen in

Figure 9(d)].

Dynamic Mechanical Analysis of P(3,4)HB/mNCC

Nanocomposites

Dynamic mechanical analysis (DMA) was carried out to

characterize the reinforcing effect of mNCC in the nanocom-

posites at the frequency of 10 Hz. Figure 10 shows the

trends of the dynamic storage modulus (E0) and the loss

tangent (tan d), respectively, as a function of the tempera-

ture (ranging between 240�C and 80�C) for neat P(3,4)HB

and P(3,4)HB/mNCC nanocomposites. The obtained data for

storage modulus at different temperature and glass transition

temperature (Tg) are summarized in Table I.

For all the samples from Figure 10(a) and Table I, it can be

seen that as the temperature increases, especially nearby the

glass transition temperature (Tg), the storage modulus decreases

distinctly, which presents a typical behavior for a semicrystalline

polymer.33 The reinforcing effect of mNCC in P(3,4)HB matrix

is significant. With the addition of 1 and 3 wt % mNCC, the

storage modulus of nanocomposites at 220�C reaches 4906

MPa and 5293 MPa, respectively, with increment of about 4%

and 12% in comparison with neat P(3,4)HB. And the increment

rises up to 33% and 47% at 50�C, indicating that the reinforc-

ing effect is more significant at the temperatures above the glass

transition temperature (Tg). However, the reinforcement gradu-

ally decreases as the content of mNCC reaches 5 wt % or

higher. It suggests that small amount of mNCC can disperse

homogeneously in P(3,4)HB matrix and act as a efficient rein-

forcing agent, while at higher content level, mNCC in the ma-

trix would aggregate and lose their reinforcing effect.

The tan d, which is also called loss factor, reflects the damping

of the materials. The peak of tan d curve represents the a-relax-

ation and the corresponding temperature is referred to Tg. As

shown in Figure 10(b), it can be seen that except for the sample

with 7 wt % mNCC, Tg of the nanocomposites shift to higher

temperature with small addition of mNCC. This result suggests

that the segmental motion of the polymer chains along the two-

phase interface is greatly restricted by the stiff rod-like nanofil-

ler, which directly leading to the increment of Tg of P(3,4)HB.

Thermal Stability of P(3,4)HB/mNCC Nanocompoistes

The thermal stability and thermal decomposition of neat

P(3,4)HB and its nanocomposites were investigated using TGA.

Figure 11 shows the TGA and DTG curves for neat P(3,4)HB

and P(3,4)HB/mNCC nanocompoistes. Table II gives the results

of TGA and DTG for all samples. As shown in Figure 11(a) and

Table II, one major weight loss step is observed in all samples.

The addition of mNCC is found to slightly reduce the thermal

Table II. The Data of TGA and DTG for Neat P(3,4)HB and

P(3,4)HB/mNCC Nanocomposites

Samples
code

Onset
degradation
temperature

(Tonset/�C)

DTG
peak

temperature
(Tmax/�C)

Ash
content

(%)

P(3,4)HB 314 342 0.7

P(3,4)HB/1 wt % mNCC 298 324 1.0

P(3,4)HB/3 wt % mNCC 302 327 1.2

P(3,4)HB/5 wt % mNCC 303 327 2.3

Figure 11. TGA (a) and DTG (b) curves for neat P(3,4)HB and P(3,4)HB/mNCC nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39383 2021

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


stability of the matrix polymer. With the nanofiller content

increasing, the thermal decomposition onset temperature (Tonset,

3% mass loss) is decreased from 314�C for neat P(3,4)HB to

298, 302, and 303�C for P(3,4)HB/1 wt %, 3 wt %, 5 wt %

mNCC nanocomposites, respectively. This may be caused by the

heat conductivity effect of mNCC in the matrix.34 As shown in

the DTG curves [Figure 11(b)], the temperature at maximum

mass loss rate (Tmax) decreases with the weight percentage of

mNCC increases, which is in agreement with the results of

TGA. The minute peak occurring at 400�C in the composites is

attributed to the decomposition of the nanofiller.

CONCLUSION

NCC is successfully modified by in situ activated esterification

to prepare mNCC, which maintains similar morphology and

microstructure to NCC. The mNCC obtained can disperse in

chloroform and form stable colloidal suspension. P(3,4)HB/

mNCC nanocompoistes are successfully prepared by solution

casting method and well characterized. The results show that

the mNCC can distribute individually in nanoscale in the ma-

trix. With the addition of small amount of mNCC, the size of

P(3,4)HB spherulites is reduced while the number of P(3,4)HB

crystal particles increases significantly. The mechanical perform-

ances of P(3,4)HB/mNCC nanocompoistes are enhanced by

47% when 3 wt % mNCC is incorporated into P(3,4)HB com-

pared with neat matrix, which may be ascribed to the uniform

dispersion of mNCC in nanoscale in the matrix and the strong

interfacial adhesion between mNCC and the matrix.
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