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ABSTRACT: To improve the interfacial adhesion of bam-
boo powder/plastic composites by using natural coupling
agents, bamboo fibers (BFs) coated with urushiol-ferric
(BCFeU) were obtained via in situ polymerization and
BCFeU/ polypropylene (PP) composites were prepared.
Direct correlations were found between coating ratio of
BCFeU and activation time, concentration of urushiol,
reaction time and concentration of ferric chloride. Five
methods consisting of polarizing microscope, scanning
electron microscope, X-ray photoelectron spectroscope,
thermo gravimetric analysis, and differential scanning cal-
orimetry were used to characterize the BCFeU. The results
show that BCFeU was obtained successfully. Urushiol-fer-

ric compounds were coated on the BFs by hydrogen bond-
ing. Tensile test results and scanning electron microscope
analysis of tensile fracture surfaces showed that urushiol-
ferric acted as a coupling agent in BCFeU/PP composite.
This results in 56% increase in elongation at break and
46% increase in maximum deflection of BCFeU/PP com-
posite (compared with that of BF/PP composite) while
there was no evident of variation in tensile strength and
bending strength. © 2011 Wiley Periodicals, Inc. ] Appl Polym
Sci 125: 439447, 2012
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INTRODUCTION

Recently, the incorporation of cellulosic materials as
a reinforcing component in polymer composites has
received increasing attention, particularly for price
driven and high volume applications.' The poten-
tial advantages of bamboo fibers (BFs), apart from
their environmental benefits, are the abundant avail-
ability of the raw materials from renewable resour-
ces and low cost, meanwhile, they have high specific
strength due to their low density.‘l_6 However, the
main drawback of BFs is its hydrophilic nature that
results in incompatibility with hydrophobic poly-
meric matrices, which leaded to poor mechanical
properties of composites.” !

Previous studies concerned with the improvement
of interfacial adhesion of bamboo powder/plastic
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composites (BPCs) were using petrochemicals addi-
tives (such as silane coupling agent and maleic an-
hydride)."> To the best of our knowledge, there is
little literature to report the use of natural coupling
agents to improve the interfacial adhesion of BPCs.

Chinese lacquer is the emulsion-like outflow of
natural rhus. Urushiol is the main component of
Chinese lacquer, which is a series of derivatives of
pyrocatechol containing an unsaturated long side
chain'”*® (Fig. 1). In this article, urushiol-ferric
compounds were coated onto BFs via in situ poly-
merization. Since its weak polarity of hydroxyl on
the benzene ring and compatibility of long carbon
chain, urushiol-ferric compound is expected to play
a role of compatibilizer in BPCs, which could
improve the interfacial compatibility between hydro-
philic BPs and hydrophobic plastic.

EXPERIMENTAL
Materials

BPs were purchased from local market, 80 mesh
comminuted (the dimension of BPs was range from
5 to 15 pm and the aspect ratio was 10 : 1-20 : 1).
Urushiol was purchased from Xi'an Lacquer
Research Institute. It was extracted and 94 (wt %)
urushiol was obtained. Isotactic polypropylene (PP)
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Figure 1 The chemical structure of urushiol.

homopolymer powder (PPH-XD-045, MFI = 2.1-6.0
g/10 min) was purchased from Shandong Kairi
Chemical Industry Ltd. Co., China.

Preparation of BFs

The BFs are prepared as follow: 100 g of BPs were
dispersed under vigorous stirring in 1000 mL of 9.5
wt % sodium hydroxide/4.5 wt % urea aqueous sys-
tems. The suspension liquid of BP was ultrasonic
activated for 15 min (the frequency of ultrasonic was
40 KHZ). Then filtered and rinsed with 9.9 wt % sul-
furic acid/10 wt % sodium sulfate mixed solution
and 5 wt % sulfuric acid sequentially. Finally, the
precipitation was filtered and rinsed with distilled
water and dried at 100°C for 4 h.

Preparation of BCFeU

2.0 g of BFs were dispersed in 20.0 mL of ferric chlo-
ride aqueous solutions for 16 h (obtained BF-FeCls).
After filtered, 20.0 mL of urushiol ethanol solution
was added into BF-FeCl;. After a period of reaction
time, the product was filtered and rinsed with etha-
nol to remove the unreacted urushiol or ferric
chloride. The final product (BFs coated with urush-
iol-ferric, BCFeU) was obtained after drying at 100°C
for 2 h.

The weight gain rate (WPG %) of BCFeU relative
to BF was calculated according to the following
formula:

WPG% = (Wscreu — War)/Wgr x 100%

In the formula, the Wgcreu is the weight of BCFeU
and Wgr is the weight of BFs. The coating ratio of
BCFeU was expressed at weight gain rate.

Preparation of BF/PP composite and
BCFeU/PP composite

According to the directions listed on Table I, precal-
culated amount of PP with BF and BCFeU were
premixed by a high-speed disintegrating machine
(JEW-A, China, the mixing speed was 2600 r/min).
Then, the mixtures were extruded by a twin screw
extruder (Polylab Rheomix PTW24/28, Germany) at
170-190°C with a screw rotational rate of 50 r/min.
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Finally, the extrusion materials were calendered into
sheets (0.5 mm thick).

CHARACTERIZATION
Polarizing microscope

A Germanic Leica DM LP polarizing microscope
was used to show the process of preparation of
BCFeU. The magnification of polarizing microscope
was 200.

Scanning electron microscopy

The micro-morphology of BP, BF, BF-FeCl3, and
BCFeU and tensile fracture samples of BF/PP com-
posite, BCFeU /PP composite were examined using a
JEOL 7500 scanning electron microscope (SEM),
operated at 15 kV. Samples were mounted with con-
ductive adhesive on copper stubs and then sputter
coated with aurum.

X-ray photoelectron spectroscopy

For X-ray photoelectron spectroscopy (XPS) charac-
terization, Cls, N1ls, Ols, and Fe 2p core level
spectra of BF and BF-FeCl; was recorded by an
ESCALAB 250 X-ray photoelectron spectrometer
with Mg K, radiation (1253.6 eV).

Thermo gravimetric analysis

Thermo gravimetric analysis (TGA) was carried out
using a METTLER TGA/SDTAS851 under nitrogen
atmosphere with a heating rate of 10°C/min. The
temperature range was from 30 to 500°C. The
weights of all specimens were ~ 3-5 mg.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) testing was
carried out on a METTLER DSC822° differential
scanning calorimeter under nitrogen atmosphere
with a heating rate of 10°C/min. The temperature
range was from 30 to 500°C. The weights of all
specimens were ~ 3-5 mg.

TABLE I
Directions for BP/PP and BCFeU/PP Composites

BF BCFeU PP Olefin Stearic

(8) (8) (8 (8) Acid (g)
BE/PP 70 0 30 1 1
BCFeU/PP 0 70 30 1 1

Note: Olefin and stearic acid were used as lubricants.
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Figure 2 Effect of activation time on coating ratio of
BCFeU (reaction conditions: concentration of urushiol,
10%; concentration of ferric chloride, 0.3 mol/L; reaction
time, 30 min).

Mechanical properties

The tensile properties and bending properties of
BCFeU/PP composites were tested on an universal
testing machine, model LR5K (LLOYD, the United
Kingdom), at a crosshead speed of 5 cm/min. Each
value obtained represented the average of nine
samples.

RESULTS AND DISCUSSION
Effect of activation time on coating ratio of BCFeU

There are special pores on the surfaces of hollow
BFs which make it excellent in water absorbency
and dyeing property. However, for bamboo powders
(BPs), the hollow vascular bundles were blocked by
oligosaccharides, ash, etc., which hindered the deliv-
ery of chemical reagents. Hence, pretreatment of BPs
by wultrasonic activation is essential. Ultrasonic
activation is one of the modern ways of chemical
reactions accelerating and it also could be used for
pretreatment of BPs. The major mechanism of the
ultrasonic treatment of reagents is dispersion of sedi-
ments and flocculant particles by cavitation.'

Activation time played a dominant role in BPs’
pretreatment as showed in Figure 2. With the pro-
longing of activation time, the coating ratio
increased. It is obviously due to the fact that
obstructions in hollow vascular bundles were tran-
spired by cavitation of ultrasonic activation. It was
the diffusion coefficient of ferric chloride which
enlarged by the exclusion of vascular bundle
obstruction that ultimately improved the weight
gain rate of BCFeU. The effect of ultrasonic activa-
tion got max during activation time reached from 10
to 40 min so that little change on coating ratio was
found for BCFeU.*
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Effect of concentration of urushiol on coating
ratio of BCFeU

The coating ratio of BCFeU was found to be
increased drastically by the addition of urushiol con-
centration (Fig. 3). This result indicated that the
addition of wurushiol concentration increased the
amount of monomer. It is the increased monomer
amount which increases the extent of reaction. How-
ever, the mutual entanglement of urushiol side
chains leaded to the reduction of diffusion coeffi-
cient of urushiol, reflecting in the WPG% decreased
slightly in the urushiol conc. % range of 10-90%.

Effect of concentration of ferric chloride on
coating ratio of BCFeU

Figure 4 illustrated the effect of concentration of ferric
chloride on coating ratio of BCFeU. It could be seen
from the figure that coating ratio of BCFeU increased
with the accretion of ferric chloride. The coating ratio
displayed this behavior maybe depending on the con-
centration gradient between internal and external of
vascular bundles. The concentration gradient enlarged
the diffusion coefficient of ferric chloride, which lead
to the increase of adsorption amount of ferric chloride.
It is the increased adsorption amount of ferric chloride
that increased the coating ratio of BCFeU.

Effect of reaction time on coating ratio of BCFeU

The effect of reaction time on coating ratio of BCFeU
is showed on Figure 5. The coating ratio of BCFeU
progressively increased as the reaction time pro-
longed. This result was pronounced for the increase
of reaction degree. Subsequently, the coating ratio of
BCFeU decreased after the reaction time reached 40

|
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Figure 3 Effect of concentration of urushiol on coating
ratio of BCFeU (reaction conditions: activation time, 15
min; concentration of ferric chloride, 0.3 mol/L; reaction
time, 30 min).
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Figure 4 Effect of concentration of ferric chloride on
coating ratio of BCFeU (reaction conditions: activation
time, 15 min; concentration Of Urushiol, 10%; Reaction
time, 30 min).

min. This reduction was owing to the fact that the
unreacted ferric ions diffused to the solution outside
of vascular bundles of BFs.

Hence, the optimum preparation condition was
obtained as follows: the activation time was 10 min;
appropriate amount of BPs soaked in 0.5 mol/L ferric
chloride aqueous solution then reacted with 10% urush-
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Figure 5 Effect of reaction time on coating ratio of
BCFeU (reaction conditions: activation time, 15 min; con-
centration of urushiol, 10%; concentration of ferric chlo-
ride, 0.3 mol/L).

iol ethanol solution for 30 min. And BCFeU for process-
ing was prepared under the optimum condition.

Polarizing microscope analysis

A polarizing microscope was used to show the pro-
cess of preparation of BCFeU. It was observed from
Figure 6(a) that vascular bundles of BPs were

Figure 6 Polarizing microscope photomicrographs: BP (a), BF (b), BF-FeCl; (c), BCFeU (d) and the magnification of

polarizing microscope was 200.
wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at
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Figure 7 XPS spectra obtained for the surfaces [(a) BF,
(b) BCFeU]. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

blocked by oligosaccharides, ash, etc. After pretreat-
ment, the obstructions in hollow vascular bundles
were dissolved into lye transpired by ultrasonic acti-
vation [Fig. 6(b)]. Figure 6(c) shows that the vascular
bundles of BPs presented henna after soaked in ferric
chloride aqueous solution. This proves that the vascu-
lar bundles of BFs were filled with ferric chloride by
capillarity. Finally, urushiol was added. In situ coordi-
nation reaction occurred between iron(Ill) and urush-
iol along the holes and vascular bundles. Hence, the
appearance of BCFeU showed the characteristic black
of urushiol-ferric complexes'”'® [Fig. 6(d)].

Surface chemical interaction analysis

To confirm the interaction between the hydroxyl
groups on the surface of BFs and iron(IlI), the XPS sur-
face analysis was used. The results of XPS surface
analysis were showed on Figure 7. The Fe2p peak at
710.99 eV on X-ray pattern of BF-FeCl; [Fig. 7(b)] is
not observed on X-ray pattern of BF [Fig. 7(a)]. The
content of iron(Ill) was 0.093%. This low iron content
can be explained by the low detection depth of XPS
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TABLE II
Binding Energy Data from XPS of a- Ferric Oxide, Ferric
Chloride, BF, and BF-FeCl;

Binding energy (eV)

Compound Ols Fe2p
o- Ferric oxide - 710.8
Ferric chloride - 711.5
BF 532.74 -
BF-FeCl, 531.99 710.99

which are only a few nanometers, while most of iron
(IIT) remain in the internal of BF vascular bundles.

XPS data listed in Table II showed the changes on
binding energy of Ols and Fe2p. In water, ferric iron
forms compounds that are often insoluble, at least
near neutral pH. A salt of ferric iron hydrolyzes
water and produces iron(IlI) oxide-hydroxides while
contributing hydrogen ions to the solution. For BF-
FeCl;, the binding energy of Fe2p was lower than
ferric chloride but significant close to that of o- ferric
oxide.”! This suggested the formation of iron hydrox-
ide gel during the hydrolysis of iron.?’* Meanwhile,
the binding energy of Ols for BF-FeCl; is 531.99 eV
which is 0.75 eV lower than BF. The reduction of
binding energy in Ols could be ascribed to that
hydrogen bond interaction formed between hydroxyl
groups on the surface of BP and iron hydroxide gel.
Thus, the mechanism of iron hydroxide gel was
adsorbed on BF could be inferred that the hydrolysis
of iron(Ill) leads to the formation of iron hydroxide
gel, then the iron hydroxide gel adsorbed onto the
surface of BF by hydrogen-bonding (Fig. 8).

SEM analysis of BCFeU

An in depth analysis into microstructure of BCFeU
was carried out by SEM. The results are shown in
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Figure 8 Mechanism of iron hydroxide gel adsorbed
onto bamboo fiber.
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Figure 9 SEM photomicrographs of BP (a), surface of BF (b), Cross section of BF (c), surface of BCFeU (d), and cross sec-

tion of BCFeU (e)

Figure 9(a—e). There are two basic types of vascular
tissue, xylem and phloem [Fig. 9(a)]. The “phloem”
part is formed by celluloses and hemicelluloses,
while the lignins, the “xylem” part, assist and
strengthen the attachment of hemicelluloses to cellu-
loses, which present in the primary wall of the
fibers.?* After pretreatment, the “primary wall” was
not observed from BF [Fig. 9(b)] and obstructions in
hollow vascular bundles were transpired [Fig. 9(c)].

Journal of Applied Polymer Science DOI 10.1002/app

Figure 9(d,e) shows the surface and the cross section
of BCFeU. We could get the conclusion from the
comparison between Figures 9(b) and 3(d) that
urushiol reacted with iron(Ill) Figure 10 along the
holes on the surface of BP. Subsequently, urushiol-
ferric complexes polymerized (urushiol have an un-
saturated side chain) under the catalysis of iron ions
and heat. The granular polymers of poly-urushiol-
ferric coated onto the surface of BP [Fig. 9(d)]. It is
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Figure 10 Mechanism of urushiol-ferric coated onto bam-
boo fiber.

the vascular bundles that the main reaction site for in
situ polymerization, so more granular polymers were
observed in the cross section of BCFeU [Fig. 9(e)].

Thermal decomposition process of BP and BCFeU

Thermal decompositions of BP and BCFeU were car-
ried out by TGA and DSC analysis at a heating rate
of 10°C/min. Typical TGA traces for BP and BCFeU
are shown in Figure 11a. Three stages of decomposi-
tion were observed for both of them. Starting with
dehydration and decomposition of volatile compo-
nents at low temperatures (about 90°C), followed by
rapid weight loss for thermal decomposition of hem-
icelluloses and lignin in an inert atmosphere (from
250 to 350°C), and finally decomposition correspond-
ing to thermal decomposition of celluloses as the
temperature increased. These stages also could be
observed on DSC curves for BP and BCFeU [Fig.
11(b)]. For BP, there are two obvious endothermic
peaks, one at 250°C which could be due to the ther-
mal decomposition of hemicelluloses and the other
at 370°C is the thermal decomposition of celluloses.
However, it indicated that the endothermic peaks
for BCFeU shifted to the lower temperature. The rea-
son to explain this phenomenon maybe related to
the crystallinity decreased after pretreatment as
described previously.*** Meanwhile, this phenom-
enon could also be attributed to the polymerization
of urushiol-ferric which released thermal energy (an
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exothermic peak near 250°C on BCFeU DSC trace)
accelerated the thermal decomposition.

Mechanical properties of composite

The pretreatment of BP removed not only the oligo-
saccharides and ash in the vascular bundles but also
the hemicelluloses and lignins. However, the hemi-
celluloses and lignins assist and strengthen the
machine properties of celluloses.” Hence, although
the pretreatment played an ideal role in the obstruc-
tions emptying, it reduces the machine properties
of BFs.

In Figure 12, the basic tensile properties of the
composites including tensile strength and elongation
at break are depicted. It can be seen from the histo-
grams that the elongation at break of BCFeU/PP
composite reaches 56% which is higher than that of
BF/PP composite, while no evident variation in ten-
sile strength between the two composites is
observed. The increase in elongation at break sug-
gested that there was an enhanced adhesion between

100 : =
80 |
S60F
&)
=
40 |
a-BP M
\ b
20l b-BCFeU ""'-l--n............ a
0 T T
100 200 300 400 500
Temperature(deg.C)
b
2
E
4]
g a
Q
=]
=
m
a-BP
b-BCFeU
0 100 200 300 400 500

Temperature(deg.C)
Figure 11 Thermal decomposition of BF and BCFeU
were carried out by TG (a) and DSC (b) analysis at a heat-
ing rate of 10°C/min.
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Figure 12 Tensile strength and elongation at break of
BP/PP and BCFeU/PP.

BCFeU and PP matrix, which lead to a more efficient
transfer of stress along the modified interface under
loading.*° Therefore, it is the PP matrix that dis-
torted to improved the elongation at break of
BCFeU/PP composite. This result is verified by SEM
analysis of BF/PP composite’ fractured surface in
the next section. The tensile strength which is sup-
posed to be reduced did not changed also confirms
this conclusion.

Table III shows the bending properties of compo-
sites. Comparable with BP/PP composite, the maxi-
mum deflection of BCFeU composite increases 46%.
The increasing of maximum deflection suggests a
synergistic behavior between PP matrix and BCFeU,
which is able to divert the crack growth path and
induce the formation of micro-cracking.?**’

SEM analysis of BCFeU/PP composites

To elucidate the enhanced adhesion between BCFeU
and PP matrix, the tensile fracture surfaces of com-
posites were examined by SEM. Figure 13 shows the
microphotographs of the tensile fracture surfaces of
BP/PP composite and BCFeU/PP composite. A
number of voids and unbroken BP were visible on
the fractured surface of BP/PP composite [Fig. 13(a)]
that could be due to the poor adhesion between BPs
and PP matrix, which resulted in no effective rein-
forcement during tensile test. However, in Figure
13(b), obvious improvement was observed on the

TABLE III
The Bending Properties of BP/PP and
BCFeU/PP Composites

Bending Maximum

Samples strength (MPa) deflection (mm)
BP/PP 40.6 = 2.07 412 * 0.42
BCFeU/PP 423 = 2.85 6.04 = 0.89

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 13 SEM photomicrographs of tensile fracture
samples of BP/PP composite (a) and BCFeU/PP composite
(b).

fractured surface of BCFeU/PP composite: extensive
fibers fracture, less BPs pullout, and PP matrix
deform significantly. A major reason for these
improvements especially for the uniform stretched
PP matrix could be that urushiol-ferric acted as a
coupling agent in BCFeU/PP composite. As the
BCFeU accounts for the vast majority of composite,
applied tensile stress transferred from BFs to PP ma-
trix through the improved interface bonding. Since
PP matrix could distorted more effective, the elonga-
tion at break of BCFeU /PP composite improved.

CONCLUSION

A novel nature material BCFeU was obtained suc-
cessfully by in situ polymerization. The in situ chem-
ical reaction between urushiol and iron(Ill) sup-
ported on the surface of the BFs resulted in the
formation of urushiol-ferric which coated on the sur-
face of BFs by hydrogen-bonding. The urushiol-ferric
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acted as a coupling agent in BCFeU/PP composite,
which result in 56% increase in elongation at break
and 46% increase in maximum deflection of BCFeU/
PP composite when compared with that of BF/PP
composite, while no evident variation in tensile
strength and bending strength. Although the BCFeU
can not effectively improve the mechanical proper-
ties of BPCs, it still provide a new way (using of
natural coupling agents) to improve the interfacial
adhesion of BPCs.
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