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a b s t r a c t

As electrically conductive polymer composites, glycerol plasticized-starch (GPS)/carbon black (CB) mem-
branes are respectively prepared by melt extrusion and microwave radiation. Scanning electron micros-
copy shows that the electrical conductance network of CB is formed in GPS/CB membranes, prepared by
microwave radiation (GPS/CB-MR). However, the agglomerates of CB particles are isolated in GPS/CB
membranes, prepared by melt extrusion (GPS/CB-ME). Fourier Transform Infrared (FTIR) spectroscopy
reveals that CB and GPS matrix can form the interaction in GPS/CB membranes. According to Nicho-
lais–Narkis models, the reinforcing effect of CB is more obvious in GPS/CB-MR membranes than in
GPS/CB-ME membranes. GPS/CB-MR membranes exhibit a low electrical percolation threshold of 2.398
vol% CB loading and the conductivity of the membrane containing 4.236 vol% CB reaches 7.08 S/cm, while
GPS/CB-ME membranes shows a very low conductivity of 10�8 S/cm at the high CB content. In addition,
GPS/CB-MR membranes have better water vapor barrier than GPS/CB-ME membranes.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Conductive polymer composites (CPC) have attracted many
researches because they have potential applications such as elec-
tromagnetic shielding materials (Yang, Gupta, & Dudley, 2005)
(e.g. conductive plastic films as the packaging of integrated
circuit devices (Ou, Gupta, Parker, & Gerhardt, 2006)), positive
temperature coefficient materials (Xu & Dang, 2007),
super-capacitors for charge storage (He, Zhou, Zhou, Dong, &
Li, 2004), chemical vapor detection (Chen, Hu, Hu, & Zhang,
2006), pressure sensor (Flandin, Brechet, & Cavaille, 2001) and
electronic noses (Albert, Lewis, & Schauer, 2000). CPC is often
composed of polymer matrix and electrically conductive fillers.
Typically, the conductive fillers are metallic powders or carbona-
ceous fillers including carbon black, graphite, and carbon fibers
(Chen, Brokken-Zijp, & Michels, 2006). Carbon black (CB) is
widely used conductive filler of CPC (Yu et al., 2005). Many
petroleum-based polymers (e.g. polyolefin) are applied as the
matrices of CPC, because of good mechanical properties, chemi-
cal resistance and easy processing by melt extrusion. The in-
crease in electrical conductivity is mainly ascribed to the
formation of a conductive particle network in the matrix.

In recent years, natural polymers such as starch (Finkenstadt,
2005; Ma, Yu, & He, 2006, 2007), cellulose (Je & Kim, 2004),
ll rights reserved.

: +86 22 27403475.
chitosan (Kim, Kim, & Kim, 2006), pectin (Sugama, 1995), hyalu-
ronic acid (Collier, Camp, Hudson, & Schmidt, 2000), agarose and
carrageenan (Ueno, Endo, Kaburagi, & Kaneko, 2004), have been
used as the matrices of the solid ion-conducting composites.
However, there is a few investigation about electro-conducting
CPC based on natural polymer matrices. Polypyrrole is doped
into poly(DL-lactide)/chitosan matrix to prepare the conductive
complex membranes (Wan, Fang, & Hu, 2006). Bonnet et al.
(Bonnet, Albertini, & Bizot, 2007) fabricate the films of amy-
lose/single-walled carbon nanotubes composites, which are
deposited in aqueous solutions. Glycerol plasticized-starch
(GPS)/the multiwall carbon nanotube membranes are also pre-
pared by casting method (Ma, Yu, & Wang, 2008).

Starch is an abundant, renewable, low-cost and biodegrad-
able natural polymer. Starch-based materials can be processed
easily by melt extrusion and casting. The processing methods
can result in the different distribution of the filler in the ma-
trix. The distribution of CB particles, as well as the interaction
between CB and polymers has the significant effect on many
properties of the CPC (Dai, Xu, & Li, 2007). In this paper,
new conductive glycerol plasticized-starch (GPS)/CB membranes
are prepared by an ameliorated casting method-microwave
radiation (MR) and the traditional melt extrusion (ME) as
the contrast. The morphology, the interaction between CB
and GPS matrix, mechanical properties, electrical conductivity
and water vapor permeability of GPS/CB membranes are
studied.
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2. Experimental

2.1. Materials

Cornstarch (10% moisture) is supplied by Langfang Starch Com-
pany (Langfang, Heibei, China). The sizes of the starch granules are
about 20–40 lm. The plasticizer, glycerol is purchased from Tianjin
Chemical Reagent Factory (Tianjin, China). Corpren� CB3000 is pro-
vided by SPC, Sweden. This grade of CB has a DBP (di-n-butyl
phthalate) adsorption value of 380 cm3/100 g, an iodine adsorption
of 1000 mg/g and a mean particle size of 40 nm, as provided by the
manufacturer.

2.2. Preparation of the membranes

2.2.1. GPS-ME and GPS/CB-ME membranes
Cornstarch, glycerol and CB particles are blended (3000 rpm,

2 min) with by use of High Speed Mixer GH-100Y, and the mixtures
are stored overnight. The ratio of glycerol and cornstarch (wt./wt.) is
30:100. The mixtures are manually fed in to the single screw Plastic
Extruder SJ-25(s) (Screw Ratio L/D = 25:1). The screw speed is
20 rpm. The temperature profile along the extruder barrel is 130,
140, 140 and 120 �C (from feed zone to die). The die is a 10 mm-thick
metal plate with eight holes of 3 mm diameter. The extruded strips
are pressed with the Flat Sulfuration Machine in to the membranes
at 110 �C. GPS-ME and GPS/CB-ME membranes are obtained.

2.2.2. GPS-MR and GPS/CB-MR membranes
CB particles are dispersed into the mixture of water and glycerol

(1.5 g) as a suspension using ultrasonication for 1 h. Five grams of
starch is added with magnetic stirring for 1 min. The mixture is
cast into a membrane on a dish. Irradiation is carried out at a
2450 MHz microwave frequency and 600 W microwave energy
for 20 s in a Galanz microwave oven (Shun De, China). The formed
solid-like membrane is placed in an air-circulating oven at 35 �C
and 50% relative humidity (RH) until it is dry (about 4–8 h). GPS-
MR and GPS/CB-MR membranes are obtained.

2.3. Scanning electron microscope (SEM)

The fracture surfaces of GPS-ME, GPS/CB-ME, GPS-MR and GPS/
CB-MR membranes are performed with Scanning Electron Micro-
scope Philips XL-3, operating at an acceleration voltage of 20 kV.
These samples are frozen in liquid nitrogen, and the fracture sur-
faces are vacuum coated with gold for SEM.

2.4. FTIR

FTIR spectra are obtained at 2 cm�1 resolution with BIO-RAD
FTS3000 IR Spectrum Scanner. Typically, 64 scans are signal-aver-
aged to reduce spectral noise. The membranes are tested by atten-
uated total reflection measurements.

2.5. Mechanical testing

GPS/CB membranes are enveloped in a climate chamber at the
conditions of 25 �C and 50% RH for one week prior to mechanical test.
Testometric AX M350-10KN Materials Testing Machine is operated
at a crosshead speed of 50 mm/min for tensile testing (ISO 1184–
1983 standard). The data is averaged over five specimens.

2.6. Electrical conductivity

A Model ZC36 electrometer (SPSIC Huguang Instruments &
Power Supply Branch, China) is used for high resistivity samples
with 50 mm diameter and 0.5 mm thickness. For more conductive
samples (beyond 10�6 S/cm) the sheets with dimensions of 30 � 5
and 0.5 mm thickness are measured using a Model ZL7 electrome-
ter (SPSIC Huguang Instruments & Power Supply Branch, China)
using a four-point test fixture.

2.7. Water vapor permeability (WVP)

Water vapor permeability (WVP) tests are carried out by ASTM
method E96 (1996) with some modifications (Mali, Grossmann,
Garcia, Martino, & Zaritzky, 2006). The membranes (about
0.5 mm thickness) are cut into circle shapes and sealed over with
melted paraffin, stored in a desiccator at 25 �C. RH 0 is kept with
anhydrous calcium chloride in the cell. And each cell is placed in
a desiccator containing saturated sodium chloride to provide a
constant RH 75%. Water vapor transport is determined by the
weight of the permeation cell. Changes in the weight of the cell
are recorded as a function of time. Slopes are calculated by linear
regression (weight changes vs. time) and correlation coefficients
of all reported data are >0.99. The water vapor transmission rate
(WVTR) is defined as the slope (g/s) divided by the transfer area
(m2). WVP (g Pa�1 s�1 m�1) is calculated as

WVP ¼ WVTR
PðR1 � R2Þ

� D ð1Þ

where P is the saturation vapor pressure of water (Pa) at the test
temperature (25 �C), R1, the RH in the desiccator, R2, the RH in the
permeation cell and D is the membrane thickness (m). Under these
conditions, the driving force [P (R1–R2)] is 1753.55 Pa.

3. Results and discussion

3.1. Microscopy

The morphology structure ultimately has the effect on physical
properties of the polymer composites. SEM micrograph of the frac-
tured surface of GPS-ME, GPS-MR, GPS/CB-ME and GPS/CB-MR
membranes are shown in Fig. 1. Native cornstarch exists in the
form of granules, while a continuous phase is formed and only a
few residual small granules appear in GPS-ME and GPS-MR mem-
branes (Fig. 1a and c). In the processing of microwave heating, due
to the rapid heating rates and vibrational motion of the water mol-
ecules, the granules are subjected to a rapid increase in tempera-
ture and pressure, which results in the rapid expansion of
granules. However, granular hydration fails to keep pace with
granular expansion and generated resultant stress, which causes
the collapse and rupture of the granules (Palav & Seetharaman,
2007). Microwave radiation produces the resultant stress in the
granules, while the screw extruder provides the shear stress from
the outside of granules in the processing of melt extrusion. In these
two methods, because of the stress and high temperature, native
cornstarch granules are molten or physically broken up, and the
continuous phase (i.e. starch plasticization) is formed. As the plas-
ticizer, glycerol plays an important role, which is known to disrupt
intermolecular and intramolecular hydrogen bonds and turns
granular starch into GPS (Ma, Yu, & Wan, 2006). In views of plasti-
cization, as shown in Fig. 1a and c, microwave radiation is better
than melt extrusion, because the size of residual granules is smal-
ler in GPS-MR membranes.

In Fig. 1b and d, the distribution of CB is so different in GPS-ME
and GPS-MR matrices. The connected networks of CB aggregates
are basically formed in GPS/CB-MR membrane. A high-structure
CB composed of many primary nanoparticles fuses together in a
grape-like aggregate. And the forces from the ultrasonication can
break up the agglomerates and disperse them. In the casting, the



Fig. 1. SEM micrograph of GPS and GPS/CB membranes. (a) GPS-ME, (b) GPS/CB-ME membrane with 2.864 vol% CB, (c) GPS-MR, (d) GPS/CB-MR membrane with 2.864 vol%
CB.
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high surface tension of CB aggregates lead to flocculation in the
quiescent melt (Yu et al., 2005). Flocculation makes CB particles
connect with each other, and promotes the formation of a con-
nected network, i.e. the electrical conductance network. However,
melt extrusion cannot break up the agglomerates of CB particles,
which are dispersed in GPS/CB-ME membrane like the islands in
the sea without the connection.

3.2. FTIR

The analysis of FTIR spectra of the composites enables the inter-
actions to be identified. If there are appreciable band shifts in the
FTIR spectrum of the composites with respect to the coaddition
of each component, a distinct chemical interaction (hydrogen-
bonding or dipolar interaction) exists between the components
(Ma, Yu, & Zhao, 2006a). On the basis of the harmonic oscillator
model the reduction in force constant f can be represented by Eq.
(2). (Ma, Yu, & Zhao, 2006b; Pawlak & Mucha, 2003)

Df ¼ fb � fnb ¼
lðv2

b � v2
nbÞ

4p2 ð2Þ

where l = m1m2/(m1 + m2) corresponded to the reduced mass of the
oscillator, m1 and m2 the mass of two oscillators, t the oscillating
frequency and f the force constant. The subscripts b and nb denote
bonded and non-bonded oscillators, respectively. The reduction of
force constant brought about by some interaction is directly related
to the frequency (or wave number) shift of stretching vibrations. For
example, C and O are two oscillators in C–O group. When C–O group
forms the interaction with other group (e.g. C–O� � �H–), the interac-
tion between oxygen and hydrogen decreases the force constant be-
tween carbon and oxygen. As a result, the oscillating frequency of
C–O group shifts to the lower wave number. According to Eq. (2),
the lower the wave number corresponding to characteristic peak
is, the stronger the interaction between the matrix and the filler is.

Fig. 2a and b shows the FTIR spectra of GPS/CB-ME and GPS/CB-
MR membranes at room temperature in several specific stretching
regions. There are two FTIR spectra regions to identify the interac-
tion in GPS/CB membranes. The first region appears at about
3300 cm�1, ascribed to the stretching peak of hydroxyl groups.
The second one is composed of three characteristic peaks, ascribed
to –C–O– stretching. The characteristic peak at about 1149 cm�1 is
ascribed to C–O bond stretching of C–O–H group in GPS and two
peaks at 1078 and 1016 cm�1 are attributed to C–O bond stretch-
ing of C–O–C group in the anhydroglucose ring of starch (Ma, Yu,
& Wang, 2007).

These characteristic peaks vary with the contents of CB. As
shown in Fig. 2a, when CB contents of GPS/CB-ME membranes
increase from 0 to 1.928 vol%, the characteristic peaks of OH and
–C–O– groups all shift towards lower wave number at two
above-mentioned stretching regions. These shifts can be ascribed
to the interaction between GPS matrix and CB. There are many
functional polar groups like carboxylic, phenolic and lactonic on
the surface of CB (Huang, 2002), which can form the interaction
with OH and –C–O– groups of GPS matrix. When CB contents in-
crease from 1.928 to 2.864 vol%, the characteristic peak of OH shift
lower, but the ones of –C–O– groups shift higher wave number. It
can be related to the agglomerates of CB particles, which are shown
by SEM in Fig. 1b. The agglomerates actually decreases the effec-
tive contents of CB and the interaction between CB and –C–O–
groups of GPS matrix. As shown in Fig. 2b, with the increasing of
CB contents from 0 to 2.864 vol%, the characteristic peaks of GPS/
CB-MR membranes basically shift towards lower wave number.
This processing method can effectively break up the agglomerates
and disperse the CB aggregates well. It is consistent with the re-
sults of SEM in Fig. 1d. Therefore, the more the CB contents are,
the more the interaction of CB and GPS matrix are.

3.3. Mechanical properties

Fig. 3a and b reveal the effect of CB contents on mechanical
properties of GPS/CB-ME and GPS/CB-MR membranes. As the filler
of GPS matrix, CB has an obvious reinforcing effect, which increases
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with different CB contents.
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Fig. 3. The effect of CB contents on the tensile yield strength and elongation at
break of GPS/CB-ME membranes (a) and GPS/CB-MR membranes (b).
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the tensile yield strength in contrast with pure GPS matrix. How-
ever, with the increasing of CB contents, the elongation at break
decreases. The dispersion of CB particles in GPS matrix spatially re-
strains the slippage movement among starch molecules, so the
introduction of CB significantly decreases elongation at break of
the membranes. The tensile yield strength of GPS/CB-ME mem-
brane reaches the maximum 7.58 MPa at low filler loading of
0.973 vol%, while the tensile yield strength of GPS/CB-MR mem-
brane reaches the maximum 10.60 MPa at higher filler loading of
2.864 vol%.

Interfacial interaction between the fillers and matrix is an
important factor affecting the mechanical properties of the com-
posites. Thus, theoretical tensile yield strength of the composites
is modeled to estimate the adhesion between the filler particles
and matrix. In the case of no adhesion, the interfacial layer cannot
transfer stress. The tensile strengths of the composites can be pre-
dicted using Nicholais–Narkis models (Metin, Tihminlioglu, Balk-
ose, & Ulku, 2004).

rc ¼ rmð1� aubÞ ð3Þ

where /, rc and rm are volume fraction of filler, and tensile yield
strengths of the composite and matrix, respectively. In the Nicholais
and Narkis model, parameters a and b are the constants related to
filler-matrix interaction and geometry of the filler, respectively.
The value (a) of less than 1.21 represents good adhesion for com-
posites containing spherical fillers. In the absence of adhesion for
the composites, Eq. (3) becomes
rc=rm ¼ ð1� 1:21u2=3Þ ð4Þ

This model (Metin et al., 2004) is based on the assumption that
the decrease of tensile yield strength is due to the reduction in
effective cross-section area caused by the spherical filler particles.
If perfect adhesion is present between the matrix and CB particles,
the loading stresses will be transferred to CB, and no reduction in
effective surface area will result.

The experimental and theoretical curves are plotted in Fig. 4.
The experimental values of both GPS/CB-ME and GPS/CB-MR mem-
branes are much higher than the curve calculated by Eq. (4). It indi-
cates that there is the adhesion with some degree between the GPS
matrix and CB particles. The experimental curve of GPS/CB-MR
membranes is much higher than GPS/CB-ME membranes. The
interaction between GPS matrix and CB particles is stronger in
GPS/CB-MR membranes. CB particles act as physical cross-linking
points of starch molecules, which results in the increased tensile
strength. In GPS/CB-ME membranes, the agglomerates of CB parti-
cles actually decrease the effective cross-linking points and the
interaction between CB and GPS matrix. It is consistent with the re-
sult of SEM and FTIR.

3.4. Electrical conductivity

Fig. 5 shows the electrical conductivity of GPS/CB membranes as
a function of CB contents measured at room temperature. It is sim-
ilar to the characteristic of CPC for GPS/CB-MR membranes that the
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electrical conductivity increases with CB contents, raises sharply at
a critical CB concentration, and tends to level off above the critical
CB content. The critical concentration is usually interpreted as per-
colation threshold, which is required to form the interconnecting
conductive networks in the polymer matrix. The percolation
threshold of CB is 2.398 vol% for GPS/CB-MR membranes, at which
the conductivity is increased about 7 orders of magnitude. And the
conductivity of GPS/CB-MR membrane containing 4.236 vol% CB
reaches 7.08 S/cm. However, the conductivity of GPS/CB-ME mem-
branes changes a little. When CB contents increase from 0 to 4.684
vol%, the conductivity is only increased one order of magnitude. In
fact, the agglomerates of CB particles are isolated, and the intercon-
necting conductive networks cannot form in GPS matrix. It is con-
sistent with the morphology revealed by SEM.

According to universal percolation theory (Babinec, Mussell,
Lundgard, & Cieslinski, 2000), Eq. (5) relates the conductivity (r)
of CPC to the volume fraction (/) of the conductive filler in the
composites above the percolation threshold (/c).

r ¼ roðu�ucÞ
t ð5Þ

where ro is a constant that is typically assigned to the plateau con-
ductivity of the fully loaded composite, the exponent (t) fits the data
and is used to interpret the mechanism of network formation. Gen-
erally, the t is about 1.1–1.3 for a two-dimensional system, while a
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Fig. 5. The electrical conductivity of GPS/CB membranes with different CB contents.
higher value, in the range from 1.6 to 2.0 is for a three-dimensional
system (Babinec et al., 2000). The t value (1.68) is obtained from the
slope of the line in a logðu�ucÞ vs: log r plot in Fig. 6. The
logðu�ucÞ vs: log r plot of GPS/CB-MR membranes exhibits a good
linearity (R = 0.989). The t value of GPS/CB-MR membranes is in the
range from 1.6 to 2.0, indicating that the three-dimensional conduc-
tive networks are formed.

3.5. Water vapor permeability (WVP)

Hydrophilic starch-based materials are sensitive to water vapor.
Water vapor permeability (WVP) is often used to study the mois-
ture transport through the membrane. As shown in Fig. 7, with
the increasing of CB contents, WVP values of GPS/CB-MR mem-
branes obviously decrease, then change gradually. When CB
contents are more than the percolation thresholds, WVP values
changed less at about 2.84 � 10�1 g m�1 s�1 Pa�1. With
the increasing of CB contents, WVP values of GPS/CB-ME
membranes decrease gradually from 5.83 � 10�1 to 3.31 �
10�10 g m�1 s�1 Pa�1. The addition of CB introduces a tortuous path
for diffusing water vapor (Kristo & Biliaderis, 2007). The reduction
of WVP values arises from the longer diffusive path, through which
water vapor must travel in the presence of CB (Ray & Okamoto,
2003). When the CB connected networks are formed in GPS/CB-
MR membranes, superfluous agglomerates of CB actually decrease
the effective contents of CB and make WVP of GPS/CB-MR mem-
branes decrease less. GPS/CB-MR membranes have better water
vapor barrier than GPS/CB-ME membranes because the good dis-
persion of CB in GPS/CB-MR membranes lead to the reduction of
permeability.

4. Conclusion

In this paper, GPS/CB membranes are fabricated by microwave
radiation and melt extrusion. Microwave radiation is a more effec-
tive method to prepare GPS/CB membranes than melt extrusion.
Microwave radiation makes CB particles connect with each other,
and forms the electrical conductance network. However, melt
extrusion cannot break up the agglomerates of CB particles, which
are isolated in GPS matrix. The hydroxyl and –C–O– groups of GPS
matrix can form the interaction with CB. The interaction between
GPS matrix and CB particles is stronger for GPS/CB-MR membranes
than GPS/CB-ME membranes. The maximal tensile yield strength of
GPS/CB-MR membranes reaches 10.60 MPa, while the one of GPS/
CB-MR membranes is only 7.58 MPa. As predicated by universal
-2.4 -2.3 -2.2 -2.1 -2.0 -1.9 -1.8 -1.7 -1.6
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

)log( cϕϕ −

y=3.79+1.68x
R=0.989
t=1.68

lo
g 

(t
he

 c
on

du
ct

an
ce

) 
(s

/c
m)
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GPS/CB-MR membranes.
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percolation theory, GPS/CB-MR membranes forms the three-
dimensional conductive networks at a low electrical percolation
threshold of 2.398 vol% CB loading and the conductivity of the
membrane containing 4.236 vol% CB is 7.08 S/cm. In contrast,
GPS/CB-ME membranes have a very low electrical conductivity
(10�8 S/cm). And GPS/CB-MR membranes exhibit better water va-
por barrier than GPS/CB-ME membranes.
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