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The rheological behavior of composites made with high-density polyethylene (HDPE) and
chitosan was studied. Composites were prepared by melt processing in a laboratory internal
mixer. Maleic anhydride grafted HDPE (PE-g-MA) was used as compatibilizer to enhance the
dispersion of chitosan in the HDPE matrix. Different percentages of chitosan and compatibilizer
(up to a maximum of 25 phr) were added into HDPE to prepare composites. Characterization of
the composites with parallel plate rheometer and laboratory internal mixer revealed that the
presence of chitosan increases the complex viscosity, loss modulus, storage modulus and the
torque (i.e., melt viscosity), and the combination chitosan/compatibilizer has a similar, if
slighter, effect. At higher filler levels it is clear that the PE-g-MA affected the microstructure of
the compounds, possibly increasing matrix–filler interactions and acting as an effective
compatibilizer.

I. INTRODUCTION

High density polyethylene (HDPE) is a versatile
material that offers a high cost/benefit ratio compared
to other polymers and alternative materials such as glass,
metal or paper. It is widely used in high volume for short
term applications such as biaxially oriented films for
packaging, blown molded bottles for food, carrier bags,
food wrapping material and so on.1–3 Although HDPE
can offer a combination of characteristics that are ideally
suited to various applications, such as good flow, good
thermal stability, and excellent chemical resistance, this
polymer decompose after long periods of time in natural
environments; so, it is a source of pollution and social
concern when disposed as solid waste.4–9 Still, HDPE
packaging has poor antimicrobial and antifungal activi-
ties and little bivalent metal chelating ability.2,3,10–13

The incorporation of fillers from renewable resources
as functional additives (such as chitosan, starch, cellulose
and their derivatives) into synthetic polymers, has been
reported in many publications and has been considered

one of the best routes for preparing new materials with
useful properties, partially or totally biodegradable.14–24

Chitosan is a natural polyaminosaccharide, composed
by N-acetyl-D-glucosamine and D-glucosamine units
linked by b glycosidic bonds. It is obtained from the
deacetylation of chitin, one of the world’s most plentiful,
renewable organic resources (a major constituent of the
shells of crustaceans, the exoskeletons of insects and the
cell walls of fungi), and has a great potential as filler.
This is due to its biodegradability, biocompatibility,
antimicrobial activity, non-toxicity and versatile chemical
and physical properties.25–32 Moreover, chitosan is
obtained at a relatively low cost and it is eco-friendly,
safe for humans and for the environment.28,33,34

In view of the above mentioned considerations, the
development of research about polyethylene/chitosan
composites has received considerable attention, espe-
cially those prepared by melt processing, because of
their high yield, and greater control of the final material’s
characteristics without atmospheric pollution, in com-
parison with the solvent evaporation methods.12,14,15,35–49

However, there are only a few published reports
on polyethylene/chitosan composites rheological
characteristics.38,46

In this work, the rheological behavior of composites
made with HDPE and chitosan was studied. The com-
posites were prepared by using a melt compounding
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processing in a laboratory internal mixer. Maleic anhy-
dride grafted HDPE was used as compatibilizer to
enhance the dispersing effect of chitosan in the HDPE
matrix. Different percentages of chitosan and compati-
bilizer (up to a maximum of 25 phr) were added into
HDPE for preparing samples. The thermal and mechan-
ical properties of these composites were evaluated and
reported elsewhere.50

II. EXPERIMENTAL

A. Materials

The high density polyethylene (HDPE), injection
molding grade JV060U supplied by Braskem (São Paulo,
Brazil), is a 1-butene copolymer of narrow molecular
weight. It contains antioxidants and UV stabilizer
additives. It has a density of 0.957 g/cm3 (ASTM D
792) and a melt index of 7 dg/min (ASTM D1238,
190 °C/2.16 kg).51 Density of HDPE at processing tem-
perature (about 190 °C) was estimate in 0.76 g/cm3.52

The chitosan used in this work is powder supplied by
Polymar (Fortaleza, Brazil), has a 86.7% nominal degree
of deacetylation. True density of chitosan was estimated
as 1.48 g/cm3 at processing conditions.53–55 Maleated
polyethylene (PE-g-MA), Polybond 3009 from Chemtura
(São Paulo, Brazil), a grafted linear polyethylene with
1% maleic anhydride content and melt index of
6 dg/min, was used as compatibilizer in HDPE/chitosan
compounds.56

Chitosan particle size distribution was measured
(in triplicate) by light scattering in a Nanoparticle
Analyzer SZ-100 (Horiba Scientific, Stanmore, United
Kingdom), in a dispersion of chitosan powder (as
received) in dilute acetic acid. Typical results are shown

in Fig. 1. Weight-average particle diameter was 50 nm,
with 95% of the material under 150 nm.

B. Preparation of HDPE/chitosan compounds

HDPE/chitosan compounds were prepared in a Haake
Rheomix 3000 laboratory internal mixer (Thermo Fisher
Scientific, Frankfurt, Germany) fitted with high intensity
rotors (roller type) operated at 60 rpm with the chamber
wall maintained at 180 °C. Batch mass was selected to fill
90% of the processing chamber volume during the last
stage of the process (fully molten material). HDPE (as
received) with and without PE-g-MA compatibilizer
(dried under vacuum for 24 h at 80 °C) was loaded first.
After 6 min, chitosan (dried under the same conditions)
was added without interrupting the process. Mixing
continued for another 4 min. HDPE/chitosan compounds
were removed, dried at room temperature, ground, and
stored in sealed containers. Sample compositions pre-
pared are summarized in Table I. PE-g-MA and chitosan
were coded as C and Q, respectively.

C. Rheological characterization

A parallel plate rheometer Anton Parr Physica MCR
301 (Anton Parr GmbH, Graz, Austria), with a plate
diameter of 25 mm and a 1 mm gap was run in small
amplitude oscillatory mode to measure the rheological
properties of selected processed samples. Tests were
conducted at 180, 200 and 220 °C and frequencies
between 1 and 100 s�1. Results were used to estimate
the shear viscosity and elastic characteristics of the molten
materials as functions of shear rate and temperature.

Torque (Z) and internal temperature (T) as functions of
time (t), registered by the mixer at 1 s intervals were used
to estimate the dependence of the viscosity on filler

FIG. 1. Particle size distribution of chitosan.

TABLE I. Formulation of the prepared samples.

Code

Matrix (wt%)

Chitosan (phr)HDPE PE-g-MA

HDPE 100 0 0
HDPE/C5 95 5 0
HDPE/C10 90 10 0
HDPE/C15 85 15 0
HDPE/C20 80 20 0
HDPE/C25 75 25 0
HDPE/Q5 95 0 5
HDPE/Q10 90 0 10
HDPE/Q15 85 0 15
HDPE/Q20 80 0 20
HDPE/Q25 75 0 25
HDPE/C5/Q5 95 5 5
HDPE/C10/Q10 90 10 10
HDPE/C15/Q15 85 15 15
HDPE/C20/Q20 80 20 20
HDPE/C25/Q25 75 25 25
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content in samples with and without compatibilization.
Processability of the system at tested conditions was
discussed.

D. Thermogravimetry (TG)

Thermogravimetric analysis was performed in a Shimadzu
TGA S1HA instrument (Shimdazu Corp., Kyoto, Japan).
Samples of approximately 5 mg in open alumina crucibles
were heated from 30 °C to 800 °C at 10 °C/min in a flow
of 50 mL/min of nitrogen gas; sample mass and temper-
ature were recorded as function of time.

E. Scanning electron microscopy (SEM)

SEM images were captured in a Shimadzu SXX-550
instrument (Shimadzu Corp.) on film samples fractured in

liquid nitrogen. A fine layer of gold was deposited over
the fracture surfaces prior to test.

III. RESULTS AND DISCUSSION

A. Thermogravimetric analysis (TGA)

Figure 2 shows TGA plots of chitosan, HDPE/PE-g-MA
blends, and HDPE/chitosan compounds with and with-
out compatibilizer. After an initial stage at 26–150 °C,
probably associated with the loss of free water
(dehumidification), neat chitosan [Fig. 2(a)] losses 45%
weight in a second step at a mean temperature of 295 °C,
which may be attributed to deacetylation and early stages
of degradation of the polymer.38,57 HDPE and PE-g-MA
[Fig. 2(b)] show a sharp and complete degradation a mean

FIG. 2. Thermogravimetric results for chitosan (a), HDPE and PE-g-MA (b), and HDPE/chitosan compounds without (c) and with (d) PE-g-MA
compatibilizer.
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temperature of 470 °C. Compounds [Figs. 2(c) and 2(d)]
show both: deacetylation/degradation of the chitosan
(centered at 295 °C) in proportion to the load content,
and complete degradation of the matrix at 470 °C.
We conclude that under the rheological testing conditions
(up to 200 °C) chitosan is thermally stable.

B. Parallel plate rheometry

Samples of HDPE, the blend HDPE/25% PE-g-MA,
and HDPE/chitosan compounds with 25% filler, with and
without compatibilization, were tested in oscillatory
mode on a parallel plate rheometer, according to the
procedure described in the previous section. Tests were
conducted at 180 °C, 200 °C, and 220 °C at low

amplitude (4 miliradians for the polymers, between
0.4 e 0.08 miliradians for the compounds), within the
linear viscoelastic regime for frequencies studied.
Figure 3 shows the elastic moduli in shear, in phase
with the deformation (storage modulus G9) and out of
phase (loss modulus G0).

Moduli increase with frequency (x), with the loss
modulus greater than the storage modulus (G9 , G0) for
all frequencies and temperatures studied. However, they
converge at high frequencies, suggesting a crossover
point at x . 100 s�1. The presence of filler increases
the moduli, and the compatibilizer has a similar, if
slighter, effect.

The absolute value of the complex viscosity was
computed as:

FIG. 3. Storage (G9) and loss (G0) shear moduli as functions of frequency at several temperatures, for neat HDPE (a), HDPE/25% PE-g-MA
blend (b), and HDPE/chitosan compounds with 25% filler, without compatibilization (c) and with 25% PE-g-MA compatibilizer
(d). Logarithmic scales.
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g�j j ¼
G02 þ G002
	 
1=2

x
: ð1Þ

The empirical Cox–Merz rule58 allows the estimate of the
ordinary (shear) viscosity as a function of the shear rate:

gð _cÞ ¼ g�ðxÞj jx¼ _c : ð2Þ

Cox–Merz rule has been extensively discussed and
periodically reconsidered in the rheological literature.59,60

The rule appears to be applicable to concentrated sus-
pensions under the conditions tested in the present
work.61 Viscosities estimated according to Eqs. (1)–(2)
are shown in Fig. 4.

The molten materials behave as pseudoplastics in
the range tested. HDPE and the blend HDPE/PE-g-MA
are in intermediate zone between Newtonian and non-
Newtonian regimes; filled compounds are virtually in
the power-law zone. In the first case, viscosity as a
function of shear rate and temperature may be correlated
using the Cross model:62,63

gð _c; TÞ ¼ g0aT
1þ k0aT _cð Þ1�n ; ð3Þ

where g0 is the viscosity at low shear rates (i.e., in the
Newtonian plateau) measured at the (arbitrary) reference
temperature T0; k0 is a characteristic time, associated to
the transition between Newtonian and pseudoplastic

FIG. 4. Viscosity as function of shear rate at several temperatures, for neat HDPE (a), HDPE/25% PE-g-MA blend (b), and HDPE/chitosan
compounds with 25% filler, without compatibilization (c) and with 25% PE-g-MA compatibilizer (d). Logarithmic scales.
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behavior, measured at the same reference temperature
T0; n is the pseudoplasticity index (power law index);
and aT is a thermal shift factor that accounts for the
temperature dependence of the Newtonian viscosity and

the characteristic time. Among the models proposed for
the shift factor63,64 a simple exponential relationship
was chosen:

aT ¼ exp �b0 T � T0ð Þf g ; ð4Þ

where b0 is an empirical coefficient (the temperature
coefficient of the Newtonian viscosity) and T0 is pre-
viously selected reference temperature. Equation (4) is
an excellent approximation for temperatures not too far
from the reference. Viscosity parameters g0, k0, n, and
b0 may be obtained by linear regression of the exper-
imental data.

For the compounds, viscosity was correlated directly
using a power law expression:

TABLE II. Viscosity parameters (T0 5 180 °C).

Parameter

Cross Power Law

HDPE HDPE/C25 HDPE/Q25 HDPE/C25/Q25

m0 (kPa sn) (7.72) (4.95) 5.04 6.47
g0 (kPa s) 2.135 3.727 . . . . . .

k0 (s) 0.059 0.508 . . . . . .

n 0.546 0.592 0.73 0.68
b0 (°C

�1) 0.013 0.015 0.020 0.022

FIG. 5. Normal to shear stress ratio as function of shear rate at several temperatures, for neat HDPE (a), HDPE/25% PE-g-MA blend (b),
and HDPE/chitosan compounds with 25% filler, without compatibilization (c) and with 25% PE-g-MA compatibilizer (d).
Logarithmic scales.
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gð _c;TÞ ¼ m0aT _c
n�1 ; ð5Þ

where m0 is the so-called consistency of the material
measured at the reference temperature T0 and n is the
pseudoplasticity index. The shift factor aT is now:

aT ¼ exp �nb0 T � T0ð Þf g ; ð6Þ

where nb0 is the temperature coefficient of the Newtonian
viscosity in the power-law zone; the parameter b0 corre-
sponds to the (hypothetical) Newtonian plateau.

Estimated viscosity parameters for systems are col-
lected in Table II. Consistency for the unfilled samples
was computed from Cross parameters as m0 ¼ g0k

n�1
0 .

Molten polymers and polymeric compounds are
viscoelastic liquids. The elastic characteristics of the
melt may be estimated from shear moduli using a useful,
empirical correlation reported by Laun,60,65,66 the equiv-
alent of the Cox–Merz rule for the elastic components
of the viscoelastic response. The first normal stress
coefficient W1 is given, as a function of shear rate as:

W1ð _cÞ � 2G0ðxÞ
x2

1þ G0ðxÞ
G00ðxÞ
� �2

" #0:7
x¼ _c

: ð7Þ

A measure of the relative importance of elastic
characteristics of the melt—compared with its viscous
characteristics—is the ratio of normal to shear stresses64:

FIG. 6. Temperature (a) and torque (b) as functions of time during processing of HDPE and HDPE/PE-g-MA blends in the laboratory internal
mixer.

FIG. 7. Temperature (a) and torque (b) as functions of time during processing of HDPE and HDPE/chitosan compounds in the laboratory internal
mixer; filler added at (approximately) 6 min processing time.
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S ¼ N1

s
¼ W1 _c

g
; ð8Þ

where N1 is the first difference of normal stresses and s is
shear stress. From Eqs. (8) and (7) the stress ratio may be
estimated in terms of shear moduli ratio G9/G0:

S � 2
G0

G00 1þ G0

G00

� �2
" #0:2

: ð9Þ

The stress ratio is shown in Fig. 5 as a function of
shear rate for the systems studied.

Melts with S � 1 behave as purely viscous
(Newtonian) fluids. In the present case, for the
material, equipment, and processing conditions used
in the tests, with shear rates in the range 10–100 s�1,67

melts behave as typical viscoelastic fluids, and neither
viscous nor elastic characteristics could be neglected.
Flows in processing chamber of mixer and extruders
are mostly shear flows and under these conditions
viscoelasticity manifest itself as a pseudoplastic (non
Newtonian) viscosity. Approximate global flow models
in the processing chamber may be modeled without
considering the elastic response in itself.

However, mixing during processing in batch and con-
tinuous equipment takes place predominantly in the
gap between rotor wing tips and chamber walls, and in
the neighboring wedge-like regions,68 with high shear
stresses and significant extensional components in the
flow. The elastic characteristics of melt should be taken
into consideration to model the mixing process.

C. Torque rheometry

Plots of temperature and torque versus time during
processing of all systems tested are shown in Figs. 6–8.

Torque is directly proportional to the rate of mechanical
energy dissipation inside the processing chamber.
The initial torque peak corresponds to dissipation by
friction and plastic deformation in the particulate solids.
Mechanical energy, dissipated as heat, increases the
temperature and results in the melting of the polymer
matrix; torque drops as viscous energy dissipation
mechanisms (less efficient than dissipation mechanisms
in compact particulate solids) are engaged.67,69

Plots show that the polymer matrix is substantially
molten after 3–4 min processing time. For neat HDPE
and HDPE/PE-g-MA blends (Fig. 6) melt temperate
increases and torque decreases with time; for the
compounds (Figs. 7 and 8), after filler addition at
6 min processing time, the same effects—more
pronounced—are observed. Analysis of the torque–
temperature–time relationships during the last stage of

FIG. 8. Temperature (a) and torque (b) as functions of time during processing of HDPE and compatibilized HDPE/chitosan compounds in the
laboratory internal mixer; filler added at (approximately) 6 min processing time.

TABLE III. Average terminal melt temperature, raw torque, and
torque @ 180 °C.

Sistema �T (°C) �Z72 (N m) Z� (N m)

HDPE 189.9 6 0.3 20.9 6 0.1 23.11 6 0.07
HDPE/C5 190.2 6 0.4 22.3 6 0.2 24.68 6 0.13
HDPE/C10 189.7 6 0.4 21.7 6 0.1 23.95 6 0.08
HDPE/C15 189.0 6 0.2 21.0 6 0.1 22.99 6 0.06
HDPE/C20 189.0 6 0.3 19.5 6 0.1 21.36 6 0.06
HDPE/C25 189.3 6 0.3 18.0 6 0.1 19.80 6 0.08
HDPE/Q5 189.0 6 0.5 21.1 6 0.3 23.04 6 0.20
HDPE/Q10 188.2 6 0.6 25.9 6 0.1 28.08 6 0.11
HDPE/Q15 189.9 6 0.6 28.0 6 0.2 30.86 6 0.16
HDPE/Q20 192.0 6 1.1 31.3 6 0.4 35.30 6 0.09
HDPE/Q25 191.1 6 1.0 35.0 6 0.4 39.07 6 0.20
HDPE/C5/Q5 189.4 6 0.5 23.9 6 0.1 26.27 6 0.08
HDPE/C10/Q10 189.7 6 0.6 26.3 6 0.1 28.93 6 0.07
HDPE/C15/Q15 190.1 6 0.7 28.9 6 0.3 31.97 6 0.18
HDPE/C20/Q20 191.3 6 0.8 32.0 6 0.3 35.80 6 0.19
HDPE/C25/Q25 191.0 6 0.9 37.5 6 0.3 41.90 6 0.32
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processing in internal mixers (processing of molten
materials) follows the same methods discussed
elsewhere70,71 based on the proportionality of torque
(Z) and viscosity (g) in tests performed at constant
rotor speed:

Z � kg : ð10Þ
In the present case, melt viscosity depends on

shear rate, temperature, molar mass, and filler content.
However, in first approximation, mean shear rate depends
only on rotor speed, and since all tests were performed at
the same rpm, dependence on shear rate may be embed-
ded in the proportionality constant of Eq. (10). Moreover,
for a single test—at given filler concentration—the
torque depends only on temperature and molar mass
that may change with time due to degradation of the
matrix. To isolate the dependence of torque on molar
mass, and verify if there were in fact a significant
degradation of the polymers, a “corrected” torque Z� is
defined as the torque that would be observed at a
(constant in time) reference temperature T�. Taking
advantage of the known dependence of the viscosity
with temperature, Eq. (11):

Z� ¼ Z exp nb0 T � T�ð Þf g ; ð11Þ

where Z and T are the experimental values of torque and
temperature during the last stage of processing. The index
of pseudoplasticity n and temperature coefficient
b0 are taken from Table II, and assumed to be indepen-
dent of the filler and/or compatibilizer concentration.
Results (not shown here) reveal that the mild decrease of
torque with time could be accounted by the increase in
melt temperature. Consequently, polymer degradation at
the processing conditions tested may be disregarded.

Of particular interest are the terminal values of torque
and temperature, computed as the average between 9 and
10 min processing time with a reference temperature
T� 5 180 °C, collected in Table III.

Blends HDPE/PE-g-MA show a reduction of torque
with the increase of compatibilizer content, perhaps due
to its lower viscosity. HDPE/chitosan compounds show
a significant increase in torque with the increase of filler
content. The increase is even greater in compatibilized

compounds. Torque differences shown in Table IV
allow a quantitative appraisal of the effect of filler and
compatibilizer. The same results are presented graph-
ically in Fig. 9.

The first column of Table IV (Z�
PC � Z�

P) compares
the corrected terminal torque processing HDPE/PE-g-MA
blends with that obtained with neat HDPE. Torque
(i.e., melt viscosity) in the blend is higher for less than
15% compatibilizer and lower for more than 15%. The
second column (Z�

PQ � Z�
P) considers the effect of

chitosan addition to HDPE without compatibilizer.
Torque increases steadily with filler concentration, up
to a 69% increase for the compound with 25% filler.
The effect of chitosan content is greater in compatibilized
compounds with 15% or more filler, up to 113% for the
compound with 25% filler compared with its matrix
(the blend in this case), as shown in the third column
(Z�

PCQ � Z�
PC). At lower filler levels, the compatibilizer

may play an internal lubricating role, facilitating the
orientation and distribution of filler particles in flow, and
resulting in a decrease in the viscosity.73 At higher filler

TABLE IV. Corrected terminal torque differences.

C/Q Z�
PC � Z�

P Z�
PQ � Z�

P Z�
PCQ � Z�

PC Z�
PCQ � Z�

PQ

5 1.6 (7%) �0.1 . . . 1.6 (6%) 3.2 (14%)
10 0.8 (4%) 5.0 (22%) 5.0 (21%) 0.9 (3%)
15 �0.1 . . . 7.8 (36%) 9.0 (39%) 1.1 (4%)
20 �1.8 (�8%) 12.2 (53%) 14.4 (68%) 0.5 (1.4%)
25 �3.3 (�14%) 16.0 (69%) 22.1 (113%) 2.8 (7%)

(Torques in N m).

FIG. 9. Corrected terminal torque comparison, showing the effect
compatibilizer, (a) and torque (b) as functions of time during
processing of HDPE and compatibilizer (P ! PC), filler (P ! PQ),
and compatibilizer plus filler (PC ! PCQ).
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levels it is clear that the PE-g-MA affected the microstruc-
ture of the compounds, possibly increasing matrix–filler
interactions and acting as an effective compatibilizer.

The viscosity of polymer compounds is usually corre-
lated in terms of volumetric fraction of filler f estimated
at processing conditions as:

/ ¼ 1þ 1� w

w
� qQ
qP

� ��1

; ð12Þ

where w is the mass fraction of filler and qQ, qQ, are the
filler (Q) and matrix (P) densities, respectively, measured
at the processing temperature (around 190 °C in the
present case).

Several models were proposed for the dependence of
the viscosity of concentrated suspensions on the filler’s
concentration.63,74,75 The semi empirical model of
Ref. 76 is one of the most commonly used to correlate
experimental results in systems without specific particle–
particle and particle–matrix interactions. Considering
that—in the absence of degradation—corrected torque
is a function of the filler content only, the model could be
expressed as:

Z�
compound ¼ Z�

matrix 1� /filler

/m

� ��a/m

; ð13Þ

where the volumetric fraction of the filler is estimated
from Eq. (12), parameters fm and a are obtained by
fitting Eq. (13) to experimental data.

Parameter fm is associated to the maximum filler
concentration in a fluid system. Equation (13) predicts
Z�

compound ! ∞ for ffiller ! fm; for this reason, fm

corresponds to the percolation limit of the suspension.
Parameter a is often called the intrinsic viscosity of the

FIG. 10. Compatibilized compound (HDPE/PE-g-MA/chitosan) to
matrix (HDPE/PE-g-MA) terminal corrected torque ratio as a function
of the volumetric fraction of filler (chitosan). Line corresponds to
Krieger–Dougherty model, Eq. (13).

FIG. 11. SEM images for HDPE/chitosan compounds, (a) HDPE/Q5, (b) HDPE/C5/Q5, (c) HDPE/Q10 and (d) HDPE/C10/Q10. Scale bars
indicated.
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compound under processing conditions, where the molten
polymer matrix acts as a “solvent” of the particulate filler;
a is strongly affected by the shape of the suspended
particles.

The corrected terminal torque results for the compati-
bilized HDPE/chitosan compounds were fitted to the
Krieger–Dougherty equation, considering as the matrix
the HDPE/PE-g-MA blend with the same compatibilizer
content as the compound. Nonlinear regression gave the
following values for the parameters:

fm ¼ 0:156 0:01

a ¼ 3:506 0:15 :

For HDPE/chitosan compounds at 190 °C, the maxi-
mum volumetric fraction fm 5 0.15 corresponds to a
mass fraction of 26% approximately. The high intrinsic
viscosity observed (a . 2) is consistent with the
isometric morphology of the chitosan.74 Fig. 10 shows
the excellent fit obtained.

D. Scanning electron microscopy

Figure 11 presents SEM images for HDPE/Q and
HDPE/C/Q compounds, these images show the effects
of 5 and 10% of chitosan in HDPE matrix and the
influence of adding the PE-g-MA compatibilizer in the
HDPE/Q compounds.

Smooth surfaces are observable in HDPE/Q com-
pounds [Figs. 11(a) and 11(c)] suggesting brittle fracture
with low energy absorption, and possibly some plastic
deformation. Upon addition of PE-g-MA the images
show more homogeneous surfaces, with no segregation
[Figs. 11(b) and 11(d)]. The formation of rough surfaces
may be associated with higher energy absorption for
fracturing.

It is possible that PE-g-MA contributed to higher
interfacial adhesion between HDPE and chitosan and to
a better dispersion of chitosan particles into the HDPE
matrix.

IV. CONCLUSIONS

Chitosan can be mixed with high-density polyethylene
(HDPE) and maleated polyethylene (PE-g-MA) to obtain
composites prepared by melt compounding technique in
a laboratory internal mixer. The rheological behavior of
the prepared composites was investigated by a parallel
plate rheometer and laboratory internal mixer to un-
derstand the effects of both chitosan and PE-g-MA
(compatibilizer) on rheological behavior of the compo-
sites. The results indicated that the presence of chitosan
increases the complex viscosity, loss modulus, storage
modulus and the torque (i.e., melt viscosity), and the

combination chitosan/compatibilizer has a similar, if
slighter, effect. At higher filler levels (greater than 15%)
the PE-g-MA affected the rheological behavior of the
compounds, possibly increasing matrix–filler interac-
tions and acting as an effective compatibilizer.
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