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ABSTRACT: The effect of aminosilane on the properties
of rice straw fiber (RSF) reinforced poly(butylene succi-
nate) (PBS) composites was studied. RSF was pretreated
with four different aminosilane coupling agents, 3-amino-
propyltriethoxysilane (APTES), 3-aminopropyltrimethoxy-
silane (APTMES), 3-(2-aminoethylaminopropyl)triethoxy-
silane (AEAPTES), and 3-(2-aminoethylaminopropyl)-tri-
methoxysilane (AEAPTMES). The results of Fourier trans-
form infrared spectroscopy (FTIR) and f potential
measurements confirmed that amino groups were intro-
duced to the silane-treated RSF (TRSF) for all four silane
coupling agents. The results also indicated a higher degree
of hydroxyl ion adsorption by the fiber surface, which was
chemically grafted by silane hydroxyl, was obtained with
ethoxy silane than with methoxy silane. This difference
might be because the relative rates of hydrolysis and ensu-
ing silanol self-condensation of methoxy silane were too
fast to reduce the number of silanol groups grafted on the

fiber surface. The TRSF composite produced clearly
enhanced tensile properties for the aminosilane coupling
agents having ethoxy groups. The AEAPTES-RSF-PBS
composite showed the highest tensile strength. It might be
because of the higher amino content of AEAPTES than
APTES; the amino groups on the surface of TRSF were
confirmed by FT-IR to react with the carbonyl groups of
PBS to form a blue-shifted hydrogen bond. The water
absorption process of composites was found to follow the
kinetics and mechanisms described by Fick’s theory. The
aminosilane treatment significantly reduced the moisture
diffusion coefficient but did not change the mechanism of
water adsorption. VC 2012 Wiley Periodicals, Inc. J Appl Polym
Sci 125: 3211–3220, 2012
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INTRODUCTION

Recently, natural fibers such as wood, bamboo, cot-
ton, jute, nut shells, and straw which are used to fill
and reinforce thermoplastic matrices have attracted
substantial attention because their composites are
claimed to offer advantages such as low cost, low
density, lower pollutant emissions, lower green-
house gas emissions, and reducing dependence on
nonrenewable energy and material source.1 Such de-
sirable environmental performance is an important
driver for the increased future use of natural fiber
composites. Development of commercially viable
‘‘natural plastic products’’ based on natural fiber

and biodegradable plastic for a wide range of appli-
cations is on the rise.2–8

However, the poor interfacial adhesion between
natural fibers and thermoplastic matrices prevents
widely use of natural fiber composites. The usual
hydrophilic fibers have inherently lower compatibil-
ity with hydrophobic polymer matrices, and this
incompatibility may cause problems in composite
processing and in composite material properties.
Hydrogen bonds may form between the hydrophilic
fibers, and the fibers tend to agglomerate into bun-
dles and unevenly distribute throughout the hydro-
phobic polymer matrix during processing.9,10 The
moisture absorption of the natural fibers may cause
dimensional changes of the resulting composites and
weaken the interfacial adhesion.11,12

Therefore, surface treatment of natural fibers is
beneficial in order to promote interfacial adhesion
and improve the water resistance. A coupling agent
functions at the interface to create a chemical bridge
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between the filler and matrix. It improves the inter-
facial adhesion when one end of the molecule is
tethered to the filler surface and the functionality at
the other end reacts with the polymer phase.

Interaction of silane coupling agents with natural
fibers likely proceeds through two steps.13 First, the
silane monomers are hydrolyzed liberating alcohol
and yielding reactive silanol groups. Second, the
silanol groups and natural fibers undergo self-con-
densation, adsorption, and chemical grafting as illus-
trated in Figure 1, chemical grafting is especially
beneficial for the cross-linking of the fiber cell walls.

Varieties of silanes (mostly trialkoxysilanes) have
been applied as coupling agents in natural fiber

composites to promote interfacial adhesion and
improve the properties of composites. The interac-
tion mechanism between the silane-treated fibers
and the polymer matrices is a crucial factor. Physical
blending of the silane-treated natural fibers and the
thermoplastic polymers enhances their mutual ad-
herence via inter-molecular entanglement or acid–
base interactions. In the case of aminosilanes, the
amino groups cannot react with the hydrocarbon
backbone of polypropylene or polyethylene, but the
natural fibers and thermoplastic polymers treated
with APS were reported to provide somewhat better
mechanical properties than untreated ones.14 Acid–
base interfacial adhesion was also reported for

Figure 1 Interaction of silane with natural fibers by hydrolysis process.
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composites composed of the aminosilane-treated
fibers and specific thermoplastic polymers with
acidic or basic characteristics, e.g., polystyrene and
polyvinyl chloride.15,16

This research studied the effect of the interaction
mechanism between aminosilane-treated rice straw
fiber (TRSF) and poly(butylenes succinate) PBS.
TRSF-PBS composites were prepared by TRSF
with four silane coupling agents: 3-aminopropyltrie-
thoxysilane (APTES), 3-aminopropyltrimethoxysilane
(APTMES), 3-(2-aminoethylaminopropyl)-triethoxysi-
lane (AEAPTES), and 3-(2-aminoethylaminopropyl)-
trimethoxysilane (AEAPTMES). In addition, the
effect of the alkoxy groups of the aminosilanes was
also studied.

EXPERIMENTAL SECTION

Materials

PBS is completely biodegradable polyester with
good mechanical properties and thermal stability; it
was chosen as the matrix (PBS 1020, Showa High
Polymer) and has a density of 1.26 g/cm3, a melting
point of 115�C.

RSF was obtained from a local farm. After crush-
ing the fibers, they were sieved and classified into
three groups: under 106 lm, 106–300 lm and 300–
1000 lm. Their average aspect ratios were about 1.2,
3.7, and 5.8, respectively.

The aminosilane coupling agents (APTES,
APTMES, AEAPTES, and AEAPTMES) were sup-

plied by Yong Guang Chemical (Nanjing, China).
The chemical structures and description were listed
in Table I.

Fiber treatment

Valadez-Gonzalez et al.17 studied the deposition of
silane on the surface of natural fiber in aqueous sil-
ane solution by a typical adsorption experiment, the
absorbed silane was measured from the change of
silane concentration in the solution before and after
the absorption, only low contents of silane are
observed in the final treated fibers. In contrast, dry
blending with silane is beneficial to get a higher
amount. In this study, the RSF was dry-blended
with each of the four aminosilane coupling agents in
a stirrer (T-626, Unicom) for 3 min. Then the fiber
mixture was dried at 80�C for 24 h.

Specimen preparation

The RSF-PBS and TRSF-PBS composites with the
desired fiber weight content (10, 20, 30 wt%) were
prepared by injection molding. These mixtures were
formed into specimens using an injection molding
machine (NP7-1F, Nissei Plastic Industrial, Nagano,
Japan); The temperature profile used was 50–160�C
from feed to die (50, 120, 130, 140, 150, 160�C), the
molding temperature was 40�C, cooling time was
30 s, injection pressure was 90 MPa, and injection
rate was 52.8 mm/s. The dumbbell-shaped speci-
mens (parallel body, length � width � thickness of

TABLE I
The Silane Coupling Agents and Their Chemical Structures

Silane Chemical names Chemical structures

AEAPTES 3-(2-Aminoethylaminopropyl)-triethoxysilane

AEAPTMES 3-(2-Aminoethylaminopropyl)-trimethoxysilane

APTES 3-Aminopropyltriethoxysilane

APTMES 3-Aminopropyltrimethoxysilane
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30 mm � 5 mm � 2 mm) were prepared to perform
the tensile test according to JIS K7113 1 (1/2); the
rectangular specimens (80 mm � 10 mm � 2 mm,
length � width � thickness) were prepared to per-
form the water absorption test. The results of tensile
and water absorption test were calculated as the
arithmetic mean of measurements from five and
three specimens, respectively.

Fourier transforms infrared spectroscopy

The infrared spectra were measured using a micro
sampling FTIR spectrometer (MFT-2000, Jasco, To-
kyo, Japan) with the KBr pellet method. Between
4000 and 600 cm�1 the resolution was 4 cm�1. Fifty
scans were averaged for each sample.

Surface electric charge of (T)RSF

The f potential was utilized for the surface charge
study of the untreated and treated RSF. The f poten-
tial was determined in a 0.001M KCl electrolyte solu-
tion using a f potential analyzer (Zetaplus, Broo-
khaven Instruments Corporation, NY, America).

X-ray diffraction

X-ray diffraction (XRD) patterns were recorded in
the range of 2y ¼ 5–90� by step scanning with a dif-
fractometer (XRD-6000, Shimadzu, Kyoto, Japan).
Nickel-filter Cu Ka radiation (k ¼ 0.15417 nm) was
used with a generator voltage of 40 kV and a current
of 30 mA. The crystallinity index (CrI) of the RSF
was calculated according to the Segal empirical
method as follows18–19:

CrIð%Þ ¼ ðI002 � IamÞ=I002 � 100 (1)

where I002 is the maximum intensity of the 002 lat-
tice reflection of the cellulose crystallographic at 2y
angles of 22� and 23� and Iam is the intensity of dif-
fraction of the amorphous material, which is taken
at a 2y angle between 18� and 19� when the intensity
is minimum.

Mechanical properties

Tensile testingwas carried out using dumbbell-shaped
specimens according to JIS K7113 on a universal testing
machine (Series 3360, Instron, Canton, America) at a
crosshead displacement rate of 10mm/min.

Morphological investigations

Morphology of the fractured specimens after tensile
testing was observed. Dispersion of RSF and interfa-
cial adhesion between RSF and PBS were examined
using a scanning electron microscope (S-4300, Hita-

chi, Tokyo, Japan). The fracture surface was sputter-
coated with gold to provide enhanced conductivity.

Water absorption test

The rectangular specimens were used to examine
water absorption behavior after vacuum drying at
60�C for 24 h. Three specimens of every sample
were immersed in distilled water (25�C) and periodi-
cally taken out of the water, the excess water on the
surface was removed by blotting with tissue paper
and specimens were weighed. The amount of water
absorbed (Mt) was calculated as follows:

Mtð%Þ ¼ ðWr �W0Þ=W0 (2)

where Wt and W0, are the weights of the specimen
before and after immersion in water, respectively.

RESULTS AND DISCUSSION

Surface electric charge determined by f potential

The surface treatment of natural fibers can be meas-
ured by the electrokinetic method. The f potentials of
RSF, AEAPTES-RSF, and AEAPTMES-RSF were
shown in Figure 2. RSF displayed an acidic character
because of the negative f potential: the negative f
potential increase with increasing pH was caused by
the enhanced adsorption of hydroxyl ions.20 After sil-
ane treatment, the aminosilane introduced amino
groups which shift the isoelectric point (where f ¼ 0)
of TRSF toward the alkaline range, at low pH the f
potential was positive due to the protonation of the
amino groups. It was noteworthy that the f potential
of AEAPTES-RSF was higher than AEAPTMES-RSF
although AEAPTMES had higher levels of amino
groups (13.94%) than AEAPTES (11.74%). This
implied more hydroxyl ions were grafted onto the

Figure 2 f potential versus pH of RSF, AEAPTES-RSF,
and AEAPTMES-RSF.
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fiber surface by silane hydroxyl with AEAPTES, and
the silanol formation of AEAPTMES was mostly due
to self-condensation, not chemical grafting. This
might be because the relative rates of hydrolysis and
ensuing silanol self-condensation of methoxy silane
were too fast to reduce the number of silanol groups
grafted on the fiber surface.

FTIR analysis

To investigate the effect of silane coupling agents on
RSF, FTIR spectra of RSF, and TRSF were measured
and the results were presented in Figure 3. The RSF
spectrum had a broad absorption band characteristic
of OH groups: the OAH stretching and intermolecu-
lar hydrogen bond of OH���O, from 3600 to 3200
cm�1. The strong band around 1100 cm�1 is attrib-
uted to the glycosidic bond vibration (CAOAC)
overlapped with stretching vibrations of CAOH in
cellulose, hemicelluloses, and lignin (CAOAC
stretching at 1000–1160 cm�1, CAO stretching of the

primary hydroxyl group at 1000–1060 cm�1, CAO
stretching of the secondary hydroxyl group at 1070–
1120 cm�1, and CAO stretching of the tertiary
hydroxyl group at 1050–1160 cm�1).21,22 After silane
treatment, there was an obvious peak split around
1100 cm�1 for AEAPTMES-RSF and APTMES-RSF,
the new peak which occurs at the lower wave num-
ber was attributed to the SiAOASi stretching23; inter-
estingly, the SiAOASi peak in APTES-RSF was very
weak and almost could not be seen in AEAPTES-
RSF. This might suggest more hydroxyl groups of
RSF were chemically grafted, thus SiAOAC over-
lapped the peak of CAOAC and SiAOASi which
accords with the f potentials analysis.

XRD examination of (T)RSF

Since the chemical treatment might influence the
crystallinity of natural fibers,3,24 the influence of sil-
ane treatment was examined from the X-ray diffrac-
tion patterns of RSF and TRSF which were given in
Figure 4. Their patterns exhibited distinct peaks at
2y ¼ 16�, 22�, and 34.5�. The 16� reflection corre-
sponds to crystallographic planes (110). The respec-
tive peaks at 2y ¼ 22 and 34.5 indicated respectively
the (002) and (023) crystallinity planes.24

The CrI of RSF and TRSF was calculated according
to the Segal empirical method described in the ex-
perimental section and the results were presented in
Table II. The CrI of TRSF was not significantly

TABLE II
Crystallinity Indices of Untreated and Treated RSF

Sample CrI (%)

RSF 45.65
AEAPTES-RSF 45.99
AEAPTMES-RSF 45.72
APTES-RSF 46.18
APTMES-RSF 46.25

Figure 4 X-ray diffraction patterns of RSF and TRSF.
Figure 5 Effect of RSF content and particle size on tensile
strength.

Figure 3 FTIR spectra of RSF and TRSF.
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affected by the silane treatment, this might be
because the spraying only results in a surface coat-
ing with silanes, the polysiloxane layer on the fiber
surface may hinder diffusion of the silane molecules
into the cell wall, or result in a concentration gradi-
ent in the cell walls. Thus the silanol could not dif-
fuse into the crystalline region of the cellulose.

Tensile properties

The effect of untreated RSF loading on tensile
properties and interfacial morphology

Figure 5 showed the effect of RSF content and parti-
cle size on the tensile properties of RSF-PBS compo-
sites without silane treatment, the tensile strength
gradually decreased with the increase of RSF content
for different particle size, this might be due to poor
interfacial adhesion between the polymer matrix and
RSF filler. This was a general phenomenon in incom-
patible composites with different characteristics.25,26

It should be pointed out that after 10% RSF was
added, the tensile strength of composites decreases
� 30% compared with pure PBS. When the amount
of RSF filler continues to increase, the decrease of the
tensile strength was only several percent till the RSF
content reaches 30 wt %. This means that significant
amount of RSF could be added to reduce the total
material costs. And at the same RSF content, with
larger particle size, the higher tensile strength was
gotten, because the relatively high aspect ratio of fill-
ing was favorable for reinforcement composites.27,28

Figure 6 showed the SEM micrographs of the frac-
ture surface of the RSF-PBS (30 g/70 g) composites
(particle size of RSF: <106 lm and 300–1000 lm),
two phases could be seen clearly; also large voids
between RSF and PBS matrix were visible. These
findings suggested that the interaction between RSF
and PBS was very weak, resulting in less interfacial

adhesion, which was a typical of incompatible poly-
mer composites. In Figure 6(a) many more fibers
were pulled out from the matrix in the fracture pro-
cess, compared to Figure 6(b), which confirmed that
larger particle size was beneficial.

The effect of silane treatment on tensile properties
and interfacial morphology

The effect of the four silane coupling agents on the
tensile properties of the RSF-PBS composites (30/70
w/w, 100–300 lm) was investigated and results
were indicated in Figure 7. The tensile strength of
composites which were treated with AEAPTES and
APTES increases sharply at first with increasing
amount of silane; when excess silane was added, the
tensile strength of the composite begins to decrease,

Figure 6 SEM micrographs of RSF-PBS (30/70 w/w) composites with particle size of (a) U <106 lm and (b) 300 < U
< 1000 lm.

Figure 7 Effect of silane content on the tensile properties
of (T)RSF-PBS composites (30/70 w/w, 100–300 lm):
(a) AEAPTES, (b) APTES, (c) AEAPTMES, and (d)
APTMES.
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and the silane amount at which the tensile strength
reached a plateau could be considered the critical
interfacial concentration, which was the minimum
value of interfacial saturation for a coupling agent in
the dispersed phase.29–31 The tensile strength of
composites obtained by using AEAPTMES and
APTMES almost did not change. It was noteworthy
that AEAPTMES and APTMES were methoxy
silanes, and the silane treatment might not work
because too many silanol groups underwent self-
condensation, rather than chemical grafting on the
RSF which according with conclusions drawn from
the FTIR and f potential measurements.

Tensile properties of composites will be affected
by their morphology. Figure 8 showed SEM micro-
graphs of the tensile fractured surface of TRSF-PBS
composite. From Figure 8(a,b), it was seen that a
more uniform interface between TRSF and PBS was
obtained which was considered to be the reason for
the tensile strength increased.32 From Figure 8(c,d),
voids could be seen between fibers and PBS matrix;
they indicated poor adhesion between TRSF and
PBS matrix.

Figure 9 showed the effect of RSF particle size on
AEAPTES treated RSF-PBS composites (30/70 w/w).
It could be seen that the tensile strength gradually

Figure 8 SEM micrographs of 5 wt % silane-treated RSF-PBS composites (30/70 w/w, 100–300 lm): (a) AEAPTES
(b) APTES (c) AEAPTMES, and (d) APTMES.

Figure 9 Effect of RSF particle size on the tensile proper-
ties of AEAPTES-RSF-PBS composites (30% w/w fiber
loading).
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increased with the increasing of AEAPTES content
for different particle sizes of RSF. The tensile
strength began to decrease when excess silane was
added. The critical content was not exactly the same.
And at the same RSF content, with larger particle
size, the higher tensile strength was higher. This was
because of the relatively high aspect ratio accords
with the results of Figure 5.

Study of the mechanism between
aminosilane-treated RSF and PBS

FTIR was preformed to investigate the mechanism
between TRSF and PBS. Figure 10 showed the
FTIR spectra of RSF-PBS, AEAPTES-RSF-PBS, and
AEAPTMES-RSF-PBS, the stretching band of RSF-PBS
at � 1715 cm�1 was assigned to the carbonyl groups
of PBS, while the bands at 1722 and 1731 cm�1 were
attributed to hydrogen-bonded carbonyl groups,33–38

the formation of which caused a blue-shift.39 The
peaks occurring at different locations were assigned
to hydrogen-bonds and double contract hydrogen-
bonds.40–41 Therefore the results indicated that the
surface amine of AEAPTES- and AEAPTMES-treated
RSF attack the PBS polymer through the hydrogen-
bonds and thus increased the interfacial adhesion.
The weak tensile strength between AEAPTMES-RSF
and PBS might be because the AEAPTMES undergoes
mostly self-condensation, not chemical grafting on
RSF which according with the findings from the FTIR
and f potential measurements.

Water absorption

Figure 11 showed the water absorption curves of
PBS and (T)RSF-PBS (30/70 w/w, 100–300 lm) com-
posites. Pure PBS showed low water absorption
because of its hydrophobicity. However, the water

absorption of RSF-PBS significantly increased; the
hydrophilic character of natural fibers was responsi-
ble for the water absorption in the composites, and
therefore a higher content on fibers leads to a higher
amount of water absorbed as shown in Table III.
The treatment of RSF by aminosilane decreased the
water uptake compared with untreated RSF-PBS
composites, and the decrease due to the ethoxy sil-
ane treatment was more than that for the methoxy
silane treatment which indicated the reactive hydro-
philic hydroxyl groups of the RSF were chemical
grafted by the silanol of the ethoxy silane.
Water penetration into composite materials might

occur by three different mechanisms. The main pro-
cess consisted of diffusion of water molecules inside
the micro gaps between polymer chains. The other
common mechanisms were capillary transport into
the gaps and flawed at the interfaces between the fill-
ers and polymer matrices, because of incomplete
wettability and impregnation; and transport through
matrix microcracks, which were formed during the
compounding process.42,43 In spite of the fact all three
mechanisms were jointly active in the composite
materials; the overall effect could be modeled con-
veniently considering only the diffusion mechanism.
In general, the diffusion behavior in polymers

could be classified according to the relative mobility
of the penetrant and of the polymer segments. With
this, there were three different categories of diffu-
sion behavior.43

Case I (Fickian diffusion), in which the rate of dif-
fusion is much less than that of the polymer seg-
ment mobility. The equilibrium inside the polymer
is rapidly reached and it is maintained independ-
ently time.
Case II, in which penetrant mobility is much

greater than other relaxation processes. This diffu-
sion is characterized by the development of a

Figure 10 FTIR spectra of: (a) RSF-PBS (b) AEAPTES-
RSF-PBS, and (c) AEAPTMES-RSF-PBS.

Figure 11 Water absorption curves of PBS and (T)RSF-
PBS composite (30/70 w/w, 100–300 lm): (a) PBS, (b)
RSF-PBS, (c) 3 wt % AEAPTES-RSF-PBS, and (d) 3 wt %
AEAPTMES-RSF-PBS.
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boundary between the swollen outer part and the
inner glassy core of the polymer. The boundary
advances at a constant velocity and the core dimin-
ishes in size until an equilibrium penetrant concen-
tration is reached in the whole polymer.

Case III (Non-Fickian or anomalous diffusion), in
which occurs when the penetrant mobility and the
polymer segment relaxation are comparable. It is then,
an intermediate behavior between Cases I and II.

These three cases of diffusion can be distinguished
theoretically by the following equation44:

lg
Mt

M1

� �
¼ lgðkÞ þ n lgðtÞ (3)

Where Mt is the water absorption at time t; M1 is
the water absorption at equilibrium; and k and n are
constants. The value of n differs between cases; for
Fickian diffusion n ¼ 1/2; while for Case II n ¼ 1.
For anomalous diffusion, n shows an intermediate
value (1/2 < n < 1).

Figure 12 showed an example fitting the experimen-
tal date to eq. (3). In Table III, the parameters n and k
resulting from the fitting were shown for absorption
specimens. The values of n were very similar for all
the specimens and close to n ¼ 0.5 which indicated
that water absorption of (T)RSF-PBS composites
approaches the Fickian diffusion case. Aminosilane
did not change the mechanism of water adsorption.

Next step is the performance of an analysis of the
parameters of this theoretical model. The diffusion
coefficient (D) is the most important parameter of
the Fick’s model, as this shows ability of solvent
molecules to penetrate inside the composite struc-

ture. For small times (Mt/M1 � 0 : 5), the following
equation can be used

Mt

M1
¼ 4

L

D

p

� �0:5

t0:5 (4)

where L is the thickness of the sample.
By eq. (4), the moisture diffusion coefficient could

be obtained from the slope of the linear part of the
plot of Mt/M1 vs. (time)0 : 5L�1; the moisture diffu-
sion coefficient obtained from the fitting of the linear
part was also presented in Table III.
From the results as shown in Table III, it was evi-

dent that the diffusion coefficients firstly decreased
with RSF content increase from 10 to 20 wt % and

Figure 12 Diffusion case fitting plots for RSF/PBS com-
posites (30/70 w/w, 100–300 lm).

TABLE III
Values of Water Absorption at Saturation, Diffusion Case Selection Parameters, and Diffusion Coefficient (D)

RSF (lm) Sample w/w Water absorption (%) n k D (cm2/s � 10�12)

U<106 RSF-PBS(10/90) 1.92 0.45397 0.09823 2.35
RSF-PBS(20/80) 2.42 0.47248 0.08742 2.04
RSF-PBS(30/70) 6.46 0.52952 0.06219 2.21

RSF-PBS(30/70) 3%AEAPTES 5.68 0.53386 0.06632 1.76
RSF-PBS(30/70) 3%AEAPTMES 5.66 0.54281 0.07823 1.82

RSF-PBS(30/70) 3%APTES 5.82 0.52188 0.08227 1.88
RSF-PBS(30/70) 3%APATMES 5.79 0.53169 0.08698 1.86

106<U<300 RSF-PBS(10/90) 2.41 0.47204 0.08942 2.24
RSF-PBS(20/80) 3.84 0.51667 0.06737 1.52
RSF-PBS(30/70) 7.13 0.55337 005944 1.96

RSF-PBS(30/70) 3%AEAPTES 6.54 0.52651 0.06516 1.41
RSF-PBS(30/70) 3%AEAPTMES 6.78 0.54233 0.0736 1.47

RSF-PBS(30/70) 3%APTES 6.82 0.53496 0.06382 1.51
RSF-PBS(30/70) 3%APATMES 6.87 0.55485 0.07884 1.54

300<U<1000 RSF-PBS(10/90) 3.19 0.47365 0.08661 2.11
RSF-PBS(20/80) 5.76 0.47296 0.0868 1.89
RSF-PBS(30/70) 7.62 0.48953 0.08106 2.11

RSF-PBS(30/70) 3%AEAPTES 7.02 0.56269 0.06559 1.25
RSF-PBS(30/70) 3%AEAPTMES 7.16 0.53728 0.07112 1.33

RSF-PBS(30/70) 3%APTES 7.52 0.54265 0.07968 1.48
RSF-PBS(30/70) 3%APATMES 7.48 0.55632 0.08223 1.54
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then increased with more RSF was blended. An ex-
planation of this behavior should be necessary
because the high hygroscopicity of RSF falsely leads
one to expect also high diffusion coefficient. How-
ever, RSF is a hygroscopic material; the dry RSF in
the composites therefore represents a potential
energy ‘‘sink’’ than can attract and bind water mole-
cules and thus limited the diffusion of water mole-
cules. When more RSF was added, the diffusion
coefficient would rapidly increase because the con-
nectivity of the RSF. Crank had discussed the diffu-
sion in laminate systems that have a ‘‘skin’’ of one
component on the surface.45 When the diffusion coef-
ficient of the inner component is greater than that of
the skin, the sorption curve has a parabolic shape.
Few authors had also reported this behavior.44,46

The aminosilane treatment significantly reduced the
moisture diffusion coefficient, this was might because
of the H-bonding between TRSF and polymer matrix
retards the diffusion of the water molecules and
increases the activation energy of diffusion.47

CONCLUSIONS

AEAPTES was observed to be a suitable adhesion
promoter for RSF-PBS composites, significantly
improving the tensile strength of the composites and
the interaction between RSF and PBS matrix. FTIR
spectroscopy results suggested that aminosilane
could form hydrogen-bonds with the ester carbonyl
of the PBS matrix, thus improving the tensile
strength. This might provide a new perspective for
investigating compose filling with polymer contain-
ing ester carbonyl. Ethoxy silane treatment of the TSF
was more effective than methoxy silane treatment
because ethoxy silane led to more efficient chemical
grafting on RSF. Water absorption of (T)RSF-PBS
composites was described by Fickian diffusion. The
aminosilane treatment significantly reduced the
moisture diffusion coefficient but did not change the
mechanism of water adsorption.

This research was supported by the Environment Research
and Technology Development Fund (K113018) of the Minis-
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