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ABSTRACT: Composites of linear low-density poly(ethyl-
ene-co-butene) (PE) or maleated linear low-density poly
(ethylene-co-butene) (M-PE) and cellulose (CEL), cellulose
acetate (CA), cellulose acetate propionate (CAP), or cellulose
acetate butyrate (CAB) were prepared in an internal labora-
tory mixer with 20 wt % polysaccharide. The structure and
properties of the composites were studied with tensile test-
ing, dynamic mechanical thermal analysis, differential scan-
ning calorimetry, extraction with a selective solvent, Raman
spectroscopy, and X-ray diffraction. Composites prepared
with M-PE presented yield stress and elongation values
higher than those of composites prepared with PE, showing
the compatibilizer effect of maleic anhydride. Dynamic me-
chanical thermal analysis performed for M-PE–CEL, M-PE–

CA, M-PE–CAP, and M-PE–CAB composites showed one
glass-transition temperature (Tg) close to that observed for
pure M-PE, and for M-PE–CAP, another Tg lower than that
measured for the polysaccharide was observed, indicating
partial mutual solubility. These findings were confirmed by
the extraction of one phase with a selective solvent, gravime-
try, and Raman spectroscopy. X-ray diffraction showed that
the addition of CEL, CA, CAP, or CAB had no influence on
the lattice constants of PE or M-PE, but the introduction of
the reinforcing material increased the amorphous region.
� 2006Wiley Periodicals, Inc. J Appl Polym Sci 103: 402–411, 2007
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INTRODUCTION

Recent studies on natural-filler/thermoplastic com-
posites have described the use of natural fibers as
low-cost reinforcing fillers in several thermoplastics.
A good number of automotive components previ-
ously made with glass-fiber composites are now
being manufactured with environmentally friendly
composites.1 These composites have received atten-
tion from industry because of the thermoplastic
nature of natural-fiber/thermoplastic composites,
which allows the processing of the composites with
traditional processing techniques and the recycling
of the resultant products at the end of their useful
life or waste.2 When natural fibers are incorporated
into polymer composites, they are of particular inter-
est because they are abundant, renewable, and bio-

degradable and therefore contribute to the sustain-
ability of world resources.3–6

The basic condition for the application of fiber-
reinforced composites is perfect adhesion between the
components. Without adhesion, the principle of fiber-
reinforced systems would not work; that is, the strong
fiber carries the load, whereas the matrix distributes
and transfers it from one fiber to another.7 Excessively
strong adhesion leads to a rigid composite, whereas in
the case of weak adhesion, the aforementioned princi-
ple does not work, so the strength at adhesion must
be set to an optimum value. Because of the inherently
poor compatibility between hydrophilic natural fibers
and hydrophobic thermoplastics, functional groups
must be incorporated onto the fiber surface8–10 or into
the polymeric matrix.10–12 One of the most common
matrix modifications is the grafting of maleic anhy-
dride (MA) to polyolefins, which increases the com-
patibility through the esterification between the MA
groups and the hydroxyl groups of cellulose (CEL).11–18

The compatibilization is expected to take place in the
polyolefin amorphous phase.11–13

Cellulose esters such as cellulose acetate (CA),
cellulose acetate propionate (CAP), and cellulose
acetate butyrate (CAB) are thermoplastic materials
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produced through the esterification of CEL.18 CAB
and CAP are less hydrophilic than CEL or CA. In
this work, systematic studies have been performed
to determine the effect of the polysaccharide type
on the structure and properties of composites with
linear low-density poly(ethylene-co-butene) (PE) or
maleated linear low-density poly(ethylene-co-butene)
(M-PE). The experimental strategy involved mechan-
ical tests, scanning electron microscopy (SEM), dif-
ferential scanning calorimetry (DSC), dynamic mechan-
ical thermal analysis (DMTA), extraction with a
selective solvent, Raman spectroscopy, and X-ray
diffraction (XRD).

EXPERIMENTAL

Materials

PE with a melt flow index of 1.80 g/10 min was
kindly supplied by Politeno (São Paulo, Brazil). Ben-
zoyl peroxide (BPO; molecular weight ¼ 242.23 g/
mol) and MA (molecular weight ¼ 98.06 g/mol)
were purchased from Vetec (Rio de Janiero, Brazil)
and used without further purification. CA (CA-398-
3), CAP (CAP-482-0.5), and CAB (CAB-381-0.5) were
kindly supplied by Eastman Chemical Co. (São
Paulo, Brazil). Table I shows the cellulose ester char-
acteristics with the corresponding codes. Short CEL
fibers (mean diameter ¼ 0.030 6 0.008 mm, length ¼
0.13 6 0.07 mm) were purchased from Fluka (Buchs
SG, Switzerland; 9004-34-6). The mean diameters
and lengths of all polysaccharides were measured
with a Carl Zeiss Axioplan 2 optical microscope
(Montpelier, Vermont) equipped with Leica Q550 IW
image analyzer software (Montpelier, Vermont).

Methods

Reactive processing and compounding

PE (40 g) was melted in a Haake Polylab R600 inter-
nal laboratory mixer (Thermo Electron GmbH,
Karlsruhe, Germany) at 1508C and 80 rpm. After
5 min, MA (4 g) and BPO (0.04 g) were added to the
melt and mixed for 4 min. Finally, 8 g of CEL, CA,
CAP, or CAB (dried in a vacuum oven at 708C for

10 days) was added and mixed for an additional
26 min. After compounding, the samples were taken
out and shaped into small pellets. All processes were
carried out without mixer degassing or N2 purging.
Table II shows the codes used for each type of
composite.

Sheet preparation

Sheets of composites were prepared by a compres-
sion-molding method. The pellets were pressed at
1608C and 150 kgf/cm2 for 10 min with a Marconi
pneumatic press (Piracicaba, Brazil). The sheet thick-
ness was adjusted with a metal frame 1.6 mm thick.

XRD

XRD experiments were performed in a Rigaku dif-
fractometer (Tokyo, Japan) Bragg–Brentano geometry
with monochromatized Cu Ka radiation (wavelength
¼ 0.154 nm) at 40 kV and 20 mA. X-ray data were
collected from the 2y range of 10–408 with a step
scanning mode of 0.058 and time intervals of 10 s for
1.6-mm-thick sheets of each sample.

DSC

DSC curves were obtained in a THASS XP-10 appa-
ratus (Friedberg, Germany). Two runs were per-
formed for each sample in closed Al crucibles with
about 7.5 mg of the samples under a dynamic N2

atmosphere (100 mL/min) with a heating and cool-
ing rate of 108C/min from 25 to 1508C. After heat-
ing, the samples were let to cool up to 258C, and
soon after, the samples were reheated under the
same conditions. The second heating was considered
for the determination of the melting temperature
(Tm), which was determined at the peak. The DSC
cell was calibrated with In (Tm ¼ 156.68C, heat of
fusion ¼ 28.59 J/g) and Zn (Tm ¼ 419.68C, heat of
fusion ¼ 111.40 J/g).

DMTA

DMTA was performed in a Triton DMA-2000 appa-
ratus (Friedberg, Germany) at a frequency of 1 Hz

TABLE I
Polysaccharide Characteristics

Sample
Mean length

(mm)
Mean diameter

(mm)
Weight-average molecular

weight (g/mol)a

Degree of substitutiona,b

Acetate Propionate Butyrate Hydroxyl

CA 0.06 6 0.02 0.02 6 0.01 100,000 2.8 — — 0.2
CAP 0.06 6 0.03 0.02 6 0.01 25,000 0.2 2.3 — 0.5
CAB 0.06 6 0.01 0.010 6 0.005 20,000 0.95 — 1.65 0.4

a Data supplied by Eastman Chemical Co.
b Defined as the average number of hydroxyl groups substituted per anhydroglucose unit.
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over a temperature range of �100 to 2508C at a scan-
ning rate of 38C/min. The three-point-bending
method was used. The samples were 7.7 mm wide,
1.8 mm thick, and 15.0 mm long.

Tensile tests

Tensile tests were performed for the composite, M-PE,
and PE samples according to a standard testing
method (ASTM D 638-95). The tensile properties
were determined for five samples of the same com-
position in an Instron 4400R apparatus (Norwood,
MA) at room temperature operating at a strain rate
of 30 mm/min.

SEM

SEM analyses on the composite cryofractured surfaces
were obtained with a Phillips XL30 apparatus. To
avoid artifacts due to plastic deformation, the samples
were fractured under liquid N2 before the analysis.

Extraction with a selective solvent followed
by Raman spectroscopy

Samples of each composite were weighed in a preci-
sion balance (60.0001 g) and trapped in inert nets,
which were introduced into a Soxhlet extractor. PE–
CEL and M-PE–CEL composites were treated with xy-

lene at 1108C for 8 h, which was a selective solvent for
the polyolefin. The composites prepared with cellulose
esters were treated with acetone, which was a selective
solvent for the cellulose esters, at 558C for 8 h. After
selective extraction, all samples were dried in vacuo at
1008C for 24 h andweighed again.

Raman spectra were obtained with a Renishaw
Raman System 3000 (Gloucestershire, UK) with a re-
solution of 4 cm�1 and 64 scans per spectrum. The
composites were analyzed before and after the extrac-
tion with the selective solvent. The characteristic
bands of CH2 at 1440 cm�1 present in the polyolefins,
C��O��C bonds belonging to the anhydroglucose
ring at 1373 cm�1 for CEL, and the carbonyl group
at 1740 cm�1 for cellulose esters were chosen for
analysis. The ratio between the intensity (peak
height) corresponding to the polysaccharide charac-
teristic band, I1373 or I1740, and the intensity corre-
sponding to the characteristic band of CH2 at 1440
cm�1, I1440, was considered to complement the gravi-
metric measurements.

RESULTS AND DISCUSSION

The Tm and glass-transition temperature (Tg) values
obtained for pure PE, M-PE, CA, CAP, and CAB
(Table II) are in agreement with those reported in the
literature19 or given by the producers.20 On the basis
of these data, the initial temperature for the mixing

TABLE II
Material and Composite Codes

Sample Code Tm (8C)a Tg (8C)
b

Linear low-density poly(ethylene-co-butene) PE 120 �20c

Linear low-density poly(ethylene-co-butene)
grafted with maleic anhydride

M-PE 120 �20c

Cellulose CEL — —
Cellulose acetate CA 229 184
Cellulose acetate propionate CAP 184 142
Cellulose acetate butyrate CAB 160 125
Linear low-density poly(ethylene-co-butene)/cellulose PE–CEL 121 —
Linear low-density poly(ethylene-co-butene)
grafted with maleic anhydride/cellulose

M-PE–CEL 121 45d

Linear low-density poly(ethylene-co-butene)/cellulose acetate PE–CA 121 —
Linear low-density poly(ethylene-co-butene)
grafted with maleic anhydride/cellulose acetate

M-PE–CA 121 —

Linear low-density poly(ethylene-co-butene)/cellulose
acetate propionate

PE–CAP 120 —

Linear low-density poly(ethylene-co-butene)
grafted with maleic anhydride/cellulose
acetate propionate

M-PE–CAP 122 43d

Linear low-density poly(ethylene-co-butene)/cellulose
acetate butyrate

PE–CAB 121 —

Linear low-density poly(ethylene-co-butene)
grafted with maleic anhydride/cellulose acetate butyrate

M-PE–CAB 122 —

a Determined by DSC.
b Determined by DMTA.
c The b relaxation was assigned to the Tg value obtained by DMTA measurements for PE or M-PE.
d The bmix relaxation was assigned to the Tg value obtained by DMTA measurements for the composites.
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process was set at 1508C, but because of molecular
friction, the temperature rose up to 1756 28C. Figure 1
shows the torque as a function of time for M-PE, M-
PE–CEL, M-PE–CA, M-PE–CAP, and M-PE–CAB.
The final torque (tf) values of the process found for
M-PE, M-PE–CEL, M-PE–CA, M-PE–CAP, and M-
PE–CAB are 10 6 1, 15 6 1, 23 6 2, 18 6 2, and 13
6 1 Nm. Comparing the tf values of the process
found for M-PE with those observed for the compo-
sites, we have found that the addition of CEL, CA,
or CAP leads to a significant increase in the tf val-
ues, whereas the addition of CAB produces a small
increase in the tf values. Such behavior is expected
because at the processing temperature, CAB and the
polyolefin are in the molten state, and the viscosity
inside the mixing chamber is influenced by the poly-
saccharide melt viscosity, which is higher than the
melt viscosity of the polyolefin. In the case of M-PE–
CEL, M-PE–CA, and M-PE–CAP, the presence of the
solid filler increases the flow resistance inside the
mixing chamber, increasing the tf values.

It is well known that the interfacial adhesion be-
tween the phases has enormous influence on the me-
chanical properties of mixtures (blends or compo-
sites). The tensile properties obtained for all the sam-
ples are presented in Figure 2(a–c). In comparison
with PE or M-PE, the addition of polysaccharide
leads to an increase in Young’s modulus [E; Fig. 2(a)],
which overcomes the corresponding standard devia-
tions. Such behavior is expected because it is well
known that the modulus of a filled system depends
on the properties of the two components, the filler
and the matrix.16,21–23 Thus, the modulus of the rein-
forcing material (CEL, CA, CAP, or CAB) being
higher than the modulus of M-PE or PE, the moduli

of the composites are higher than that of the neat
polymer. Grafting MA to PE exerts no influence on
E obtained for the composites. However, the yield
stress (sy) values obtained for M-PE–CEL, M-PE–CA,
and M-PE–CAP are higher than those sy values de-
termined for PE–CEL, PE–CA, and PE–CAP [Fig. 2(b)].
sy generally shows a stronger dependence on inter-
facial adhesion than E; for instance, the tensile yield
stress can be well correlated to the interfacial interac-
tions in heterogeneous polymer systems.16 During
the mixing process, an esterification reaction between
the ��COOH and ��C¼¼O groups grafted onto M-PE
and the hydroxyl functionality on the polysaccharides
can take place, forming a graft copolymer.8,11,12,24 The

Figure 1 Torque as a function of time for (*) M-PE, (^)
M-PE–CEL, (þ) M-PE–CA, (*) M-PE–CAP, and (&) M-
PE–CAB. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 2 Mechanical properties measured for (A) PE and
M-PE, (B) PE–CEL, (C) M-PE–CEL, (D) PE–CA, (E) M-PE–
CA, (F) PE–CAP, (G) M-PE–CAP, (H) PE–CAB, and (I) M-
PE–CAB: (a) E, (b) sy, and (c) eb.
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chemical bonding between the two phases promotes
better stress transfer from the matrix to the reinforc-
ing phase, leading to a higher tensile strength. This
trend can be observed in Figure 2(b), where the
highest sy values can be found for composites pre-
pared with CEL and CAP, which has the highest
number of hydroxyl groups per monomer (degree of
substitution for hydroxyl ¼ 0.5). However, in the ab-
sence of MA, the sy values are low, indicating that
the dispersive forces between the hydrophobic poly-
olefin and the cellulose ester alkyl residues play a
marginal role in interfacial adhesion. Another inter-
esting observation is that PE–CEL presents higher
tensile strength than the control. This result reflects
the contribution of a reinforcing material (CEL)
property. In other words, 20 wt % CEL increases the
tensile strength of composites prepared with PE
because CEL is much stiffer than PE.

In this work, the polysaccharide concentration
was set to 20 wt %, which is usual for composites.
Recently,25 we have shown that the addition of 5 or
10 wt % CAB to M-PE leads to materials with tensile
properties superior to those obtained for PE or M-PE.
However, mixtures with CAB concentrations be-
tween 20 and 40 wt % showed tensile behavior com-
parable to that observed for PE or M-PE. Such an
effect has been explained on the basis of the limiting
miscibility of up to 10 wt % CAB in the amorphous
PE phase, as evidenced by XRD and DSC measure-
ments. The mean sy values obtained for PE–CAB
and M-PE–CAB [Fig. 2(b)] are lower than those
obtained for PE and M-PE, corroborating previous
results.25

In comparison with pure PE, a dramatic loss
in elongation (eb) was observed for all samples
[Fig. 2(c)]. However, this effect is less pronounced in
the presence of M-PE, indicating that the interface
modification provides an increase in the toughness
and ductility. M-PE–CAP and M-PE–CAB compo-
sites present high eb values, which are the closest to
that obtained for pure PE. This effect might be ex-
plained by the CAP and CAB molecular weight
values, which are lower than the CA molecular
weight. Moreover, CAP and CAB are less crystalline
than CA, as shown by the XRD results.

Table II presents Tm and Tg values determined for
the composites by means of DSC and DMTA, respec-
tively. With respect to the Tm values, the addition
of the reinforcing phase to PE or M-PE leads to an
increase of 1 or 28C, which is negligible.26 Dynamic
mechanical spectra [storage modulus (E0), loss mod-
ulus (E00), and tan d as a function of temperature]
were obtained only for composites prepared with M-
PE and polysaccharides because they showed better
mechanical performance than those prepared with
PE. The tan d curves obtained for PE or M-PE pres-
ent similar features [Fig. 3(a)]. They exhibit three
relaxations, evidenced as peaks, located in the vicin-
ity of �120 (g), �20 (b), and 1228C (a). The g peak
can be attributed to the relaxing unit consisting of a
few chain segments in the amorphous region.27–31

The b relaxation corresponds to the glass–rubber
transition of the amorphous portions, and the tempera-
ture is assigned to Tg.

27–31 The a relaxation was first
described as vibrational and reorientational motion
within the crystals. Later, this relaxation was inter-

Figure 3 Curves of tan d as a function of temperature for (a) (*) M-PE and (*) M-PE–CAP and (b) (^) M-PE–CEL,
(þ) M-PE–CA, and (&) M-PE–CAB. The insert was added to make reading the bmix transitions easier. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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preted as the relaxation of constrained molecules
with reduced mobility located near the crystallites.29

Comparing the spectra obtained for M-PE with those
obtained for the composites, one notices that the
position of the g peak remains nearly unchanged.
Upon the addition of CEL, CA, CAP, or CAB to M-
PE, the position of the b relaxation observed at
�208C for pure M-PE appears at �25 6 58C [Fig.
3(a,b)], which might be negligible.31 However, an
additional relaxation, which is here coded bmix, can
be observed at a temperature lower than the Tg

measured for pure CAP. This relaxation has been
assigned to Tg of a miscible phase, indicating partial
mutual solubility between M-PE and CAP. The char-
acteristic relaxations also appear as peaks in curves
of E00 as a function of temperature (Fig. 4). A relaxa-
tion peak close to 808C has been observed for PE, M-

PE, and M-PE–CA. It seems to be characteristic of
PE. Upon the addition of polysaccharides to M-PE,
the a transition remains practically unchanged.

Figure 5(a,b) presents the curves of E0 as a function
of temperature obtained for neat M-PE, M-PE–CA,
M-PE–CAB, M-PE–CAP, and M-PE–CEL. The addi-
tion of CA exerts no effect on the stiffness of M-PE,
whereas composites prepared with CAB result in a
material softer than M-PE [Fig. 5(a)], corroborating
the eb behavior observed in Figure 2(c). The system
M-PE–CAP is the stiffest, as evidenced by the high
E0 value, suggesting that the interfacial adhesion be-
tween M-PE and CAP is the strongest. This finding
corroborates those obtained for sy in Figure 2(b).

To obtain materials with improved mechanical pro-
perties, the good dispersion of the one phase in the
other and strong interfacial adhesion are required.
An analysis of the cryofractured surfaces of compo-
sites by SEM might provide information about the
interfacial adhesion. In the case of PE–CEL, PE–CA,
PE–CAP, and PE–CAB composites, the polysaccha-
ride domains present few joint points with the PE
matrix and gaps between the polysaccharides do-
mains and the polymeric matrix at the interphase
region, indicating poor interfacial adhesion (SEM
images are available as supplementary material). On
the contrary, SEM micrographs of cryofractured
surfaces obtained for M-PE–CEL, M-PE–CA, M-PE–
CAP, and M-PE–CAB show multiple points of adhe-
sion between the polysaccharide domains and M-PE
matrix and domains better dispersed and smaller,
corroborating the superior mechanical behavior
observed for the composites containing M-PE (SEM
images are available in the supplementary material).

The adhesion between the matrix and filler has
been quantitatively evaluated by gravimetric mea-

Figure 4 E00 as a function of temperature for (*) M-PE,
(^) M-PE–CEL, (*) M-PE–CAP, (þ) M-PE–CA, and (&)
M-PE–CAB. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 5 E0 as a function of temperature for (a) (*) M-PE, (*) M-PE–CAP, and (^) M-PE–CEL and (b) (þ) M-PE–CA and
(&) M-PE–CAB. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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surements before and after extraction with a selec-
tive solvent, as shown in Table III. Initially, all com-
posites present 80 wt % polyolefin and 20 wt %
polysaccharide. In the case of the PE–CEL and M-
PE–CEL composites, the polyolefin chains are
extracted with xylene, which dissolves both PE and
M-PE but does not dissolve CEL chains. In the ab-
sence of MA, the polyolefin chains are fully
extracted. In contrast, in the case of M-PE–CEL, only
74 wt % is removed, whereas 6 wt % remains
attached to the CEL phase. This means that in the
interfacial region, where M-PE and CEL are inti-
mately bound, xylene is inert. Similar effects have
been observed for composites of crystalline CEL and
maleated polyethylene.32 As the composites pre-
pared with CA, CAP, and CAB, acetone is used to
extract the polysaccharide. Acetone does not dissolve
PE or M-PE; it dissolves only the cellulose ester.
In the absence of MA, the amounts extracted from
PE–CA, PE–CAP, and PE–CAB are 6.66, 4.55, and
5.58 wt %, respectively. However, in the case of
composites prepared with M-PE, the contents of the
extracted polysaccharide are reduced. Particularly in
the case of M-PE–CAP and M-PE–CAB, the extracted
amounts drop to 1.56 and 1.74 wt %, respectively,
indicating that the interfacial phase composed of M-
PE and cellulose ester cannot be dissolved by ace-
tone. These findings yield evidence affirming that
MA plays an important role in the interfacial adhe-
sion between the matrix and the polysaccharide.
Therefore, polysaccharides with a large number of
hydroxyl groups per monomer interact more
strongly with M-PE.

Raman spectra have been acquired for all compo-
sites before and after extraction with a selective sol-
vent. To exemplify this procedure, Figure 6 shows
typical Raman spectra obtained for M-PE, CAP, and
the M-PE–CAP composite before and after extraction
with acetone. In the case of the PE–CEL and M-PE–

CEL composites, for which the polyolefin chains
have been extracted, the intensity ratio I1373/I14406
increases after extraction, corroborating the gravi-
metric results. In the case of composites prepared
with M-PE and CAP or CAB, the intensity ratio
I1740/I1440 after extraction remains practically the same.
These findings come along with the small amounts
of material extracted with the selective solvents in
both cases. In the case of composites prepared with
PE, I1740/I1440 decreases after extraction, showing
that in the absence of MA, cellulose esters can be
more easily removed.

CEL, CA, CAP, and CAB are semicrystalline or
amorphous polymers, as evidenced by XRD meas-
urements in Figure 7(a–d), respectively. Zhang
et al.15 recently argued that fillers with low crystal-
linity favor compatibility in composites, and this can
explain the superior mechanical properties of the
systems with CAP and CAB, which are less crystal-

TABLE III
Mass Reduction Determined by Gravimetry after Extraction with a Selective Solvent

Sample
Mass reduction

after extraction (%)

I1373/I1440
b I1740/I1440

b

Before extraction After extraction Before extraction After extraction

PE 0 — — — —
M-PE 0 — — — —
PE–CEL 80 6 1a 0.021 6 0.001 0.13 6 0.06 — —
M-PE–CEL 74 6 1a 0.063 6 0.003 0.17 6 0.08 — —
PE–CA 6.66 6 0.03 — — 0.073 6 0.004 0.042 6 0.002
M-PE–CA 5.57 6 0.03 — — 0.0626 0.003 0.044 6 0.002
PE–CAP 4.55 6 0.02 — — 0.071 6 0.004 0.042 6 0.002
M-PE–CAP 1.56 6 0.01 — — 0.071 6 0.004 0.062 6 0.003
PE–CAB 5.58 6 0.03 — — 0.055 6 0.003 0.033 6 0.002
M-PE–CAB 1.74 6 0.02 — — 0.072 6 0.004 0.061 6 0.003

a Extraction of the polyolefin phase with xylene.
b Intensity ratio obtained before and after extraction by Raman spectroscopy (see the text for details).

Figure 6 Raman spectra obtained for (a) M-PE, (b) CAP,
(c) the M-PE–CAP composite before extraction with ace-
tone, and (d) the M-PE–CAP composite after extraction
with acetone.
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line materials. XRD studies have been carried out for
the PE–polysaccharide and M-PE–polysaccharide
composites in an effort to obtain additional informa-
tion on the miscibility. Diffraction peaks and amor-
phous halos are typical features of semicrystalline
polymers. Polyethylene crystallizes in the all-trans
conformation and belongs to the orthorhombic crys-
tal class. The corresponding lattice constants33 are
a ¼ 0.742 nm, b ¼ 0.495 nm, and c ¼ 0.254 nm. All
diffractograms have been decomposed according to
Lorentzian function fits to quantify the area corres-
ponding to the (110) and (200) diffraction peaks and
the amorphous halo, as exemplified in Figure 8(a)
for original PE. Figure 8(b) shows typical curves of

X-ray scattering as a function of the scattering angle
obtained for M-PE–CAP. The diffraction peaks at
21.5 and 23.88 (Table IV) correspond to the (110) and
(200) diffraction planes, respectively.11,12,25,33,34

The interplanar spacing (dhkl) has been determined
with Bragg’s equation:

dhkl ¼ l=ð2 sin yhklÞ (1)

where yhkl is half of the diffraction angle of the (hkl)
atomic plane and l is the wavelength of the X-ray.

The characteristic lattice constants a and b deter-
mined from dhkl and the Miller indices are 0.75 and
0.52 nm, respectively. These values are identical to

Figure 7 X-ray diffractograms obtained for (a) CEL, (b) CA, (c) CAP, and (d) CAB.

Figure 8 X-ray diffractograms obtained for (a) neat PE and (b) the M-PE–CAP composite with curve decompositions
following Lorentzian function fits.
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those reported for polyethylene,33 indicating that
the orthorhombic crystal class remains after process-
ing. The diffractograms in Figure 8 are characterized
by the presence of an amorphous halo and two
diffraction peaks. The degree of crystallinity (DC)
has been calculated as follows:

DC ð%Þ ¼ ½Ac=ðAc þ AaÞ� � 100 (2)

where Aa and Ac correspond to the areas calculated
for the amorphous and crystalline region.25,35 The
DC value found for PE and M-PE samples is 54%
(Table IV). After PE is mixed with CEL, CA, CAP,
and CAB, the DC values decrease to 46, 52, 51, and
51%, respectively. In the case of composites prepared
with M-PE, the decrease in DC is more pronounced
when CEL (46%) or CAP (49%) is used. One should
be aware that these calculations result from Lorent-
zian function fits and should be taken as indicative
of a tendency. The tendencies here show that regard-
less of the type of polysaccharide, a decrease in the
DC values has been observed. However, this effect is
stronger in M-PE–CEL and M-PE–CAP, for which
the highest sy and E0 values have been observed.
Nevertheless, the lattice constants have not been
affected by the processing because no change in the
(110) and (200) peak positions has been observed.

CONCLUSIONS

Composites have been prepared with PE or M-PE
and four different polysaccharides—CEL, CA, CAP,
and CAB. The structures and properties of the com-
posites and the compatibilizing effect of MA on the
interfacial adhesion have been studied with different
experimental techniques. The main results can be de-
scribed as follows:

• The highest sy values have been observed for
composites prepared with M-PE and CEL or

CAP, which carries the highest hydroxyl content
per chain.

• M-PE–CAP and M-PE–CAB composites present
the highest eb values.

• DMTA measurements obtained for composites
composed of M-PE and CAP reveal the appear-
ance of a relaxation, which can be attributed to a
miscible phase. The high E0 value obtained for
M-PE–CAP suggests strong interfacial adhesion
between M-PE and CAP.

• The decrease in DC, as determined by XRD, is
more pronounced in the case of M-PE–CEL and
M-PE–CAP. The addition of CEL, CA, CAP, or
CAB has no influence on the lattice constants or
on the Tm values determined for PE or M-PE by
XRD and DSC, respectively.

• The extraction of one component with a selective
solvent followed by gravimetry and Raman spec-
troscopy yields quantitative evidence confirming
the compatibilizing effect of MA on the compo-
sites, especially those prepared with CAP and
CAB.

An esterification reaction between the ��COOH and
��C¼¼O groups grafted onto M-PE and the hydroxyl
functionality on the polysaccharides takes place,
leading to composites with superior performance.
Therefore, composites prepared with CEL or CAP,
which has the highest number of hydroxyl groups
per monomer (degree of substitution for hydroxyl ¼
0.5), are potential composites for practical purposes.
However, in the absence of MA, the composites
present a poor performance, which indicates that the
dispersive forces between the hydrophobic polyole-
fin phase and the cellulose ester alkyl residues play
a marginal role in the interfacial adhesion.

The authors acknowledge Sérgio D. Almeida (Politeno, SP)
for supplying the polyolefin samples and Eastman Chemi-
cal Co. for supplying the cellulose ester samples.

TABLE IV
Areas Corresponding to the (110) and (200) Diffraction Peaks and the Amorphous

Halo, Peak Positions, and DC Values

Sample

Area (au)a Peak Position (8)

DC (61%)(110) (200) Amorphous halo (110) (200)

PE 17.5 5.2 19.0 21.5 23.8 54
M-PE 16.3 6.9 19.6 21.5 23.8 54
PE–CEL 13.0 5.6 21.4 21.5 23.8 47
PE–CA 12.8 4.8 16.5 21.5 23.8 52
PE–CAP 12.7 4.8 17.1 21.5 23.8 51
PE–CAB 12.2 5.2 16.4 21.4 23.7 51
M-PE–CEL 13.6 5.8 20.6 21.5 23.8 46
M-PE–CA 12.7 4.6 17.0 21.5 23.8 50
M-PE–CAP 12.2 4.5 17.0 21.5 23.8 49
M-PE–CAB 12.3 5.2 17.2 21.5 23.8 51

a From the decomposition following the Lorentzian fits.
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