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Mussel-Inspired Polydopamine Modification of Bamboo
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A bio-inspired approach to coating polydopamine (PDA) onto bamboo fiber
(BF) was developed to enhance the poor interfacial bonding of
BF/polybutylene succinate (PBS) biocomposites. The macroscopic
features, functional groups, nanoscale topography, and crystallinity of the
PDA-coated BF (D-BF) were investigated with digital photography, Fourier
transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM),
and X-ray diffraction (XRD), respectively. The effects of the PDA loading
rate on the performance of the D-BF/PBS biocomposites were also
evaluated through the mechanical properties tests, differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), dynamic
mechanical analysis (DMA), and scanning electron microscopy (SEM).
Treating BF with an optimum concentration of dopamine (DOPA)
decreased the polarity of the bamboo fiber, while maintaining the crystal
structure of the cellulose. The thermal stability, mechanical properties, and
storage modulus of the D-BF/PBS biocomposites were noticeably
enhanced because of the good interfacial compatibility. Moreover, the
glass transition temperature (Tg) and crystallinity of the biocomposites
increased with higher DOPA loading rates. The best properties were
observed with a DOPA concentration of 1.0 mg/mL. These findings
exhibited the feasibility for the application of PDA in the biomass fiberreinforced biodegradable polymer composites industry.
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INTRODUCTION
Recently, energy shortages and environmental pollution have become a common
human concern. For conventional plastics, such as PP, PE, PVC, etc., decomposing the
ever-increasing amount of waste not only consumes a lot of energy, but also produces huge
amounts of greenhouse gases (Matkó et al. 2005; Koronis et al. 2013). To combat these
serious problems, a large number of biodegradable polymers, including polylactic acid
(PLA), polybutylene succinate (PBS), polybutyleneadipate-co-terephthalate (PBAT), and
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polyhydroxybutyrate (PHB), have been exploited. However, their high prices limit their
marketability (Thakur et al. 2014; Moustafa et al. 2017). Fortunately, natural fibers derived
from biomass resources have advantages, such as high strength, low cost, and being
environmentally friendly, which makes them capable fillers to reinforce plastics, as well as
reduce costs (Chen et al. 2017a; Gao et al. 2017; Guo 2017; Yao et al. 2017). Therefore,
developing a biodegradable biocomposite that is polymerized by biodegradable polymers
and natural fibers has attracted increasing attention. Polybutylene succinate (PBS) is a
biodegradable polymer used in industrial applications. It can be obtained by the
polycondensation of succinic acid and butanediol under certain conditions (Lee et al. 2005;
Kim et al. 2006; Li et al. 2015). However, pure PBS has a poor mechanical strength and
other inadequate properties, which restrict its applications. Many studies have focused on
the use of organic and inorganic fibers including jute (Liu et al. 2009), basalt (Zhang et al.
2012), and carbon fibers (Liang et al. 2015) to enhance the properties of PBS. Considering
the full biodegradation performance, biomass fibers excel in this application (Koronis et al.
2013; Hassaini et al. 2017). Among the diverse biomass fibers, bamboo fiber has been
widely used to reinforce various plastics because of its high mechanical strength with a
small microfibrillar angle (approximately 2° to 10°) (Tang et al. 2015; Liu et al. 2016).
Moreover, the fast growth of raw bamboo makes it easy to obtain (Haddou et al. 2016).
However, to date, studies on using bamboo fiber to prepare PBS-based composites have
rarely been conducted.
Because hydroxyl groups exist in cellulose and hemicellulose, bamboo fiber
possesses a strong polar and hydrophilic surface, which is in opposition to the nonpolar
and hydrophobic PBS matrix (Lee et al. 2016). Hence, a frail adhesion is formed because
of the incompatibility of these two components. This poor interfacial interaction between
bamboo fiber and PBS leads to overall inferior performances of the composites, which
hinders the use of its products in engineering fields. In order to obtain high-performance
biodegradable biocomposites, enhancing the interfacial compatibility between bamboo
fiber and PBS was the primary expectation of the present research. Because of the low
prices, a large number of modifiers, such as silane (Haddou et al. 2016), alkaline (Zhang
et al. 2015), acetylation (Xu et al. 2016), and maleated coupling agents (Ren et al. 2017),
are used to decrease the polarity of bamboo fiber through surface modification. These
modifiers improve the interfacial bonding of bamboo fiber and polymer matrix to some
extent, but it is at the expense of decreasing the original mechanical properties of the raw
bamboo fiber. This is because the modifiers ruin the bamboo fiber structure itself.
Additionally, the treatment processes always react in the solvents, which leaves plenty of
spent liquors containing acidic, alkaline, or toxic organic compounds that could ultimately
contaminate the environment. Therefore, finding an effective, nonhazardous,
biodegradable, and environmentally friendly surface modification of bamboo fiber is
urgent.
Fortunately, the tissues and organs of animals and plants provide inspiration for the
preparation of functional materials. The adhesive system of marine mussels, which have
super strong adhesion, has received great interest in recent years. It was found that 3,4dihydroxyphenyl-1-alanine (DOPA), the primary functional element of mussel adhesive
proteins (MAPs), could adhere to the surfaces of various materials via polydopamine (PDA)
formed by oxidative self-polymerization (Deming 1999; Lin et al. 2007; Waite 2008). The
chemical versatility and protein diversity of catechol groups in PDA can establish
sophisticated bond formations through hydrogen bonds, quinhydrone charge-transfer
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complexes, and chelation, which gives PDA its strong adhesive ability so that it can adhere
to almost any solid material surface (Yang et al. 2011; Matos-Pérez et al. 2012; Gu et al.
2013). Inspired by the structure of DOPA, researchers have synthesized PDA-modified
materials with the same functional unit that is in MAPs. As for fiber-reinforced polymer
composites, the catechol groups in DOPA form hydrogen bonds with fibers, while the CH chains are wrapped with polymer matrix, which can improve the fiber-matrix adhesion
of composites (Ji et al. 2016). Luo et al. (2016) used PDA to improve the dispersion and
interfacial interaction between halloysite nanotubes (HNTs) and PLLA matrix, and the
mechanical properties and compatibility of the HNTs/PLLA composites were improved.
Yuan et al. (2017) introduced bio-inspired PDA to hybrid Nomex/PTFE fabric and
demonstrated that the tensile and bonding strengths of the amino-functionalized fabric
composites were noticeably superior to that of the non-treated composites. Additionally,
the surface compatibility between the polymer matrix and carbon nanotube (Wan et al.
2015), silica fiber (Wang et al. 2011), and other fillers was also promoted by treatment
with DOPA. Although some researchers have focused on the interfacial crystallization of
PDA-coated continuous ramie fibers and hemp fiber/polymer composites, using PDA to
coat short-staple natural fibers in order to enhance plastic composites has rarely been
studied, especially for bamboo fiber (Bourmaud et al. 2009; Zhou et al. 2014a,b).
Furthermore, PDA can be obtained in a way that is mild, green, and harmless. According
to previous studies, PDA can be easily obtained by self-polymerization in an aqueous
dopamine solution at a pH of 8.5 without the use of extra toxic reagents (Lee et al. 2007).
The objective of this study was to use a bio-based modifier, PDA, to improve the
interfacial compatibility between the surface of bamboo fiber and PBS. In this work,
bamboo fiber was first treated in aqueous dopamine hydrochloride according to the typical
method given in Lee et al. (2007). PDA-coated bamboo fiber (D-BF)/PBS biocomposites
were fabricated via compression molding. The macroscopic features, functional groups,
nanoscale topography, and crystallinity of the D-BF were investigated through digital
photography, Fourier transform infrared (FTIR) spectroscopy, atomic force microscopy
(AFM), and X-ray diffraction (XRD), respectively. Meanwhile, the effects of the dopamine
concentration on the dispersion of D-BF in the PBS matrix, crystallinity of the resin matrix,
and the mechanical properties, thermal stability, and dynamic mechanical analysis of the
ultimate PBS-based biocomposites were comprehensively evaluated. The bio-inspired
approach in this study showed promising potential for compatibilizer applications in
biomass fiber-reinforced biodegradable plastic composites as an alternative to traditional
modifiers.

EXPERIMENTAL
Materials
Bamboo fiber with a mixed particle size of 40-to 60-mesh and fiber length below
380 μm was supplied by Anhui Sentai WPC New Material Co. Ltd (Huzhou, China). The
PBS (flow index = 2.0 g/10 min, crystallinity = 32%, and density = 1.24 g/cm 3), from
Showa Highpolymer Co. Ltd (Tokyo, Japan), was used in this study as the polymer matrix.
Dopamine hydrochloride (98.5%) and tris(hydroxymethyl) methyl aminomethane (trisHCl) (99.9%) were purchased from Solarbo Life Sciences Co. Ltd. (Beijing, China). Other
chemicals, including hydrochloric acid, solid paraffin, and deionized water, were
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purchased from Beijing Chemical Reagents (Beijing, China). All of the materials were used
without further purification.
Treatment of the Bamboo Fiber with Polydopamine (PDA)
Bamboo fiber was first dried in an air-dry oven at 80 °C for 48 h, and then it was
treated in a dopamine hydrochloride solution with different dopamine concentrations (0.5,
1.0, 1.5, 2.0, and 2.5 mg/mL). The tris-HCl buffer solution was added to the mixed
solutions to adjust the pH to approximately 8.5. Next, the mixed solutions were stirred at
300 r/min and room temperature for 48 h. It was observed that, after self-polymerization
of the dopamine, the color of the mixed solutions changed from colorless to dark brown.
After the last process, the treated bamboo fiber was obtained by filtering, and then the PDA,
which was not yet coated onto the fiber, was washed several times with distilled water until
the solutions became clear. Finally, PDA-coated bamboo fiber was obtained by drying it
in a vacuum oven at 80 °C for 48 h. The labels of the control and experimental groups with
bamboo fiber treated with different concentrations of dopamine are shown in Table 1.
Table 1. Labels of the Control and Experimental Groups
Label
Control
D-BF-1
D-BF-2
D-BF-3
D-BF-4
D-BF-5

DOPA Solution
Concentration (mg/mL)
0
0.5
1.0
1.5
2.0
2.5

BF/D-BF
(wt.%)
49
49
49
49
49
49

PBS
(wt.%)
49
49
49
49
49
49

Other Additives
(wt.%)
2
2
2
2
2
2

Vf
0.5
0.5
0.5
0.5
0.5
0.5

Fig. 1. Schematic of the preparation of PBS-based biocomposites reinforced with PDA surface
treated bamboo fiber

Hong et al. (2017). “Bamboo/PBS composites,”

BioResources 12(4), 8419-8442.

8422

PEER-REVIEWED ARTICLE

bioresources.com

Preparation of the Bamboo Fiber/PBS Composites
The process for the preparation of the bamboo fiber/PBS composites (Fig. 1) was
similar to that described previously (Song et al. 2015). The composites were prepared with
49 wt.% bamboo fiber and 49 wt.% PBS. These two components were first mixed in a
high-speed blender at approximately 2900 rpm for 5 min. The mixture was dried in an oven
at 103 °C for 2 h. Then, the mixture was extruded via a co-rotating twin-screw extruder
(KESUN KS-20, Kunshan, China) with a screw diameter of 20 mm and length-to-diameter
ratio of 36:1. The corresponding temperature profile along the extruder barrel was
135/140/145/145/135 °C, and the screw speed of the equipment was 180 rpm. The mixtures
were ground until the diameter of the particles was 2 mm. Next, the processed particles
were dried in an oven at 103 °C for another 2 h and taken out for hand matting. The
composites were produced with a hot press (SYSMEN-II, China Academy of Forestry,
Beijing, China) at 145 °C and a pressure of 4 MPa for 6 min. The density of the PBS
composites was 1.28 g/cm3, and the dimensions were 270 × 270 × 4 mm. The formed mat
was cooled down at 4 MPa and room temperature for 6 min before demolding. Finally,
according to the related standards for the tests, all of the mats were cut to the required
dimensions. The labels of the PBS-based biocomposites obtained from the untreated and
PDA-coated bamboo fibers are the same as the labels shown in Table 1.
Characterization of the Bamboo Fiber
Fourier transform infrared (FTIR) spectroscopy preparation and analysis
The variations in the functional groups of the untreated and PDA-coated bamboo
fibers were analyzed by FTIR analysis (Bruker Vertex 70v, Karlsruhe, Germany). Before
recording the spectra, the BF samples were mixed with potassium bromide (KBr) at a
weight ratio of 1:100. All of the spectra were displayed at a scanning range of 4000 to 500
cm-1 with 40x scans at a resolution of 4 cm-1. Each group was measured three times to
eliminate any error.
X-ray diffraction (XRD) procedure and analysis
The crystallization property of the PDA-coated and untreated bamboo fiber samples
was analyzed by XRD analysis. The bamboo fiber samples were analyzed on a D8 Advance
X-ray diffractometer (Bruker AXS). The X-ray beam was Cu Kα (λ = 1.542 Å) radiation.
The operation was carried out at 40 kV and 30 mA, and the scanning range (2θ) was from
0° to 40° with a step size of 5°/min. The crystallization index was calculated with Eq. 1,
(1)
where Ac is the peak area (a.u.•°), and Aa is the area above the baseline of the entire area
(a.u.•°). The peaks, which were calculated as Peaks (002), crystalline reflection, and total
diffractive part were determined with JADE software (MDI JADE 5.0, Material Data, Inc.,
Livermore, CA, USA) (Gao et al. 2016).
Nanoscale surface topography and roughness analysis
The nanostructures of the PDA, untreated bamboo fiber, and PDA-coated bamboo
fiber were investigated with a Multimode 8 AFM (Bruker) using the tapping mode under
atmospheric conditions. To obtain the two-dimensional (2D) and three-dimensional (3D)
topographies, roughness, and PDA nanoparticle sizes, the results were further analyzed
with NanoScope Analysis software (Bruker).
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Characterization of the Bamboo Fiber/PBS Composites
Mechanical property test
The flexural tests of the bamboo fiber/PBS composites that had been treated with
different concentrations of PDA were carried out according to ASTM D790-03 (2003). The
tests were operated in an electronic universal testing machine (Changchun Kexin
Instrument Equipment Co. Ltd., Changchun, China) at a testing speed of 2 mm/min, and
the span between the two fulcrums was 64 mm. The dimensions of each sample were 80 ×
13 × 4 mm.
The tensile tests were carried out according to ASTM D638-03 (2003) on an
electronic universal testing machine at a testing speed of 2 mm/min, same as for the flexural
tests. The sample dimensions were 160 × 20 × 4 mm. The samples were dumbbell-shaped
with a radius of arc of 76 mm, gauge length of 50 mm, and middle part width of 13 mm.
The impact tests were carried out according to ASTM D256-03 (2003) on a
cantilever beam impact tester (Chengde Precision Testing Machine Co. Ltd., Chengde,
China) with an impact energy of 2 J. The sample dimensions were 80 × 10 × 4 mm, and
the moment of force of the pendulum bob was 1.7717 Nm. Eight replicates were used in
the flexural, tensile, and impact tests, and the average values were calculated to reflect the
measurement results.
Thermal property test
The melting temperature and crystallization properties of the composites were
tested by differential scanning calorimetry (DSC) analysis (Netzsch DSC-204, Germany).
To eliminate the thermal history, the samples first underwent an up-down temperature
recycling from room temperature to 180 °C, and then these samples were heated to 180 °C
again at a constant heating rate of 10 °C/min with an argon flow rate of 50 mL/min. A
sample of approximately 6 ± 0.02 mg was placed in an aluminum pan.
The thermal stability properties of the composites were investigated with a TA
309F3 thermogravimetric analysis (TGA) device (TA Instruments, New Castle, DE, USA).
The test results were obtained by heating the samples from room temperature to 600 °C at
the same conditions used for the DSC analysis.
Dynamic mechanical analysis (DMA)
Samples were tested with a dynamic thermomechanical analyzer (TA Instruments)
in the single cantilever mode. The sample dimensions were 35 × 10 × 3 mm, the scanning
frequency was 1 Hz, and the heating rate was 3 °C/min. The test temperature ranged from
-80 to 100 °C. All of the samples were tested three times to avoid errors.
The adherence factor (A) was used to assess the interface bonding between the fiber
and plastic matrix, and was calculated with Eq. 2 (Kubát et al. 1990),
(2)
where the subscripts c and m represent the biocomposite and plastic matrix, respectively,
and Vf is the fiber volume fraction (a.u.). Lower A values are in accordance with a better
interface compatibility and vice versa (Li et al. 2017).
Water absorption test
The water absorption (WA) test was conducted in consistent with the research by
Liu et al. (2014). The oven-dry square samples with 50 × 50 × 4 mm3 were completely
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immersed in distilled water at 20 ± 2 °C for 12 days. At intervals of 24 h, samples were
weighed after removal of excessive water on the surface. Five specimens were tested and
the average values were recorded to represent the results. The water absorption at 24 h
intervals were calculated with Eq. 3,
WA  w2  w1  / w1  100 %

(3)
where w1 is the oven-dry weight of the initial samples and w2 is the average weight of
samples at predetermined intervals.
Scanning electron microscopy (SEM)
The impact fracture morphology of the biocomposites was analyzed by a FEI
scanning electron microscope (Quanta FEG, Thermo Fisher Scientific Inc., Waltham, MA,
USA) with an acceleration voltage of 15 kV. The samples were soaked and fractured in
liquid nitrogen to obtain an excellent interface. The samples were sputter-coated with gold
before observation.

RESULTS AND DISCUSSION
Chemical Composition and Surface Morphologies of the Untreated and
PDA-Coated Bamboo Fibers
Macroscopic features of the untreated and PDA-coated bamboo fibers
Figure 2 shows photographs of the untreated and PDA-coated bamboo fibers. The
untreated bamboo fiber exhibited a light-yellow color. The color of the PDA-coated
bamboo fiber became darker because of the oxidative self-polymerization of dopamine,
which displayed the same phenomenon that was seen for the coating of PDA onto ramie
fiber (Zhou et al. 2014a,b). With an increased dopamine concentration, more PDA particles
were loaded onto the surface of the bamboo fiber, and thus a black dopamine film was
formed. When the black film became thicker, the color of the bamboo fiber changed from
light brown to black.

Fig. 2. Photographs of the untreated and PDA-coated bamboo fibers; A: Control; B: D-BF-1; C:
D-BF-5

FTIR spectroscopy analysis
The FTIR spectra of the untreated bamboo fiber (control) and PDA-coated bamboo
fiber (D-BF-1, D-BF-5) are shown in Fig. 3. In order to demonstrate the impact of the PDA
loading rate on the bamboo fiber more accurately, the absorbance-FTIR spectra attribution
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results were used to analyze the chemical compositions at the same baseline level, which
can easily find variations in the contents of functional groups. The important positions and
potential structure assignments of the peaks correlating with the PDA and bamboo fiber
are listed in Table 2.

Fig. 3. FTIR spectra of the untreated and PDA-coated bamboo fibers; a: whole region spectra;
b: fingerprint region spectra; (1) Control; (2) D-BF-1; (3) D-BF-5

Table 2. Infrared Absorbance Peaks of the PDA and Bamboo Fiber Constituents
Wavenumber (cm-1)
3200 - 3500
3000 - 2842
1740
1610 - 1600
1425
1370
1240
1160
1030

Potential Functional Groups
Hydroxyl (-OH) stretching vibration (cellulose, hemicellulose, lignin,
and PDA); amino (-NH) stretching vibration (PDA)
Methyl (-CH3), methylene (-CH2-) stretching vibration
Carbonyl (C=O) stretching vibration (hemicellulose)
Carbon skeleton stretching of benzene ring (lignin and PDA);
amino (-NH) bending vibration (PDA)
Methylene (-CH2-) shear vibration (cellulose)
C-H bending vibration (cellulose and hemicellulose)
Acyl-oxygen (CO-OR) stretching vibration (hemicellulose);
benzene-oxygen bond stretching vibration (lignin);
C-O-C stretching vibration (cellulose and hemicellulose)
Aromatic ether (C–O) and secondary alcohols stretching vibration
(cellulose, hemicellulose, and lignin)

Figure 3 shows the comparison of the FTIR spectra obtained for the untreated
bamboo fiber and bamboo fiber subjected to different dopamine concentrations. Compared
with the untreated bamboo fiber in Fig. 3a, the absorbance intensity of the characteristic
peak near 3435 cm-1, which was designated as the stretching vibration of amino (-NH) and
hydroxyl (-OH) groups, showed a distinct difference (Gu et al. 2013; Tang et al. 2015).
During treatment with the dopamine solution, the benzene-OH group in the PDA molecules
formed hydrogen bonds with the free hydroxyl groups on the surface of the bamboo fiber,
which reduced the number of free hydroxyl groups both in the bamboo fiber and PDA
molecules (curve 2). When the bamboo fiber was treated with a high concentration of
dopamine, the overloading of PDA exposed numerous free hydroxyl groups because of a
lack of hydrogen bonds, and consequently, the strongest characteristic peak appeared
(curve 3). The characteristic peaks located at 1740, 1425, 1370, and 1160 cm-1 in Fig. 3b
were assigned to C=O stretching vibration, -CH2- shear vibration, C-H bending vibration,
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and C-O-C stretching vibration, respectively (Zhang et al. 2015). These four peaks are
characteristic of cellulose and hemicellulose. As the PDA loading rate increased, the
absorption intensity of these peaks showed a downward trend, but the relative content
remained unchanged. This result was probably because of the increased PDA film
thickness, which gave the bamboo fiber a “black coat” (Fig. 2). The “black coat” reduced
the intensity of light transmitted to the surface of the bamboo fiber, which caused the
characteristic peaks of cellulose and hemicellulose to simultaneously decrease. The peaks
near 2920 cm-1 were attributed to the stretching vibration of methyl (-CH3) and methylene
(-CH2-) in both the bamboo fiber and PDA molecules (Chen et al. 2017a; Zhou et al. 2014a).
For the untreated bamboo fiber, there existed a weak peak at 2970 cm -1, which was
attributed to the antisymmetric stretching vibration of -CH3. When the bamboo fiber was
treated with PDA, the weak peak of -CH3 was hidden because of the increased methylene
group (2970 cm-1) content, and at the same time, a weak new peak at 2850 cm-1 appeared,
which was assigned to the symmetrical stretching vibration of -CH2- in the PDA molecules.
Although the “black coat” decreased the FTIR spectra intensity of the bamboo fiber, the
absorbance intensity peaks of the methylene group at 2920 and 2850 cm-1 mainly produced
by the PDA molecules still increased with a high content of PDA. The peaks located near
1600 cm-1 that were assigned to the carbon skeleton vibration of lignin were disturbed
because of the similar molecular structure of dopamine (Haddou et al. 2016). Additionally,
the amino deformation vibration peak located at 1608 cm-1 was near the peak at 1600 cm-1
(Wang et al. 2017), and consequently, the two peaks merged into a new peak that shifted
to a higher wavenumber (curve 3). All together, these results demonstrated that the PDA
nanoparticles had been successfully coated onto the surface of the bamboo fiber, and the
proper loading rate of PDA can decrease the polarity of the surface of the bamboo fiber by
diminishing the number of free hydroxyl groups, which indicated that PDA can be used as
a coupling agent to improve the interface of bamboo fiber and plastic composites.
XRD analysis
The crystallinity of the cellulose in the bamboo fiber was one of the prominent
factors that determined the mechanical properties. Figure 4 exhibits the XRD patterns
obtained for the untreated bamboo fiber and bamboo fiber treated with different
concentrations of dopamine.

Fig. 4. XRD patterns of the untreated bamboo fiber and bamboo fiber treated with different
concentrations of dopamine
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As shown in Fig. 4, the XRD pattern for the untreated bamboo fiber demonstrated
the typical crystalline structure of native cellulose I, which possessed (101), (002), and
(040) diffraction peaks located at the 2θ angles of 17°, 22.5°, and 35°, respectively (Yao et
al. 2017). Compared with the untreated bamboo fiber, coating PDA onto the bamboo fiber
had little impact on the three typical crystal diffraction peaks of the cellulose with respect
to both the shapes and 2θ angles, which indicated that the treatment process can hardly
destroy the structure of the crystalline regions in the cellulose chain. Also, the high
crystallinity (approximately 55%) was preserved because of the stable hydrogen bonds
formed by the cellulose intramolecular hydroxyl groups (Chu et al. 2017). Additionally,
the loading rate of the PDA had no obvious effects on the crystallinity. The original fiber
structure remained unchanged even after the addition of PDA at the highest loading rate
(D-BF-5).
As stated above, it was concluded that the mechanism of PDA adhesion was
probably generated by the catechol groups in the PDA molecular structure that can form
hydrogen bonds with free hydroxyl groups in the bamboo fiber, which was in accordance
with the results of the FTIR spectroscopy.
Moreover, these results also illustrated that appropriate PDA can promote the
nonpolarity of the surface of the bamboo fiber while maintaining the original mechanical
strength. This was its unique advantage compared with other surface modifying methods,
such as the alkali, acetic acid, and maleic anhydride grafting treatments, which makes it a
promising interface modifier.
Microscopic morphology in atomic force microscopy (AFM)
The microscopic morphology of the PDA particles and the surface topography and
roughness of the untreated and PDA-coated bamboo fibers characterized by 2D and 3D
AFM images are shown in Fig. 5. As shown in Fig. 5a, the dopamine monomers formed
PDA via oxidative self-polymerization. The PDA particles were approximately 77 nm in
size, which showed that the PDA was a nanomaterial.
Figure 5b showed the surface morphology of the bamboo fiber was smooth and flat
with a root-mean-square roughness (Rq) value of 1.61 nm. At the lowest PDA loading rate
(D-BF-1), the PDA nanoparticles were easily recognized with a particle size of
approximately 81 nm, as can be seen in Fig. 5c, and a distinctly rough surface appeared in
the 3D image as the Rq value increased to 5.33 nm.
However, when the bamboo fiber was treated at the highest PDA loading rate (DBF-5), more PDA nanoparticles composed a thin film coating on the surface of the bamboo
fiber, which made the PDA nanoparticles difficult to identify in Fig. 5d. Moreover,
compared with the low loading rate, the Rq value decreased to 3.17 nm after the increased
addition of PDA nanoparticles, and the surface topography in Fig. 5d became compact and
smooth.
These results confirmed that the PDA nanoparticles were loaded onto the surface
of the bamboo fiber. Additionally, the PDA loading rate influenced the roughness of the
bamboo fiber, which may be a potential factor that affects the bamboo-plastic interface,
like the silane coupling agent (Xie et al. 2010).
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(a) PDA Nanoparticles

(b) Untreated Bamboo Fibers

(c) D-BF-1

(d) D-BF-5

Fig. 5. 2D and 3D AFM images of the microscopic morphologies of (a) PDA nanoparticles,
(b) untreated bamboo fiber (control), (c) D-BF-1, and (d) D-BF-5

Characterization of the Bamboo Fiber/PBS Composites
Mechanical properties
The mechanical properties test results of the untreated and PDA-coated bamboo
fiber/PBS composites are recorded in Table 3. Compared with the composites made with
the untreated bamboo fiber and irrespective of deviations, the flexural strength, flexural
modulus, tensile strength, tensile modulus, and impact strength of the groups treated with
PDA were wholly improved as the dopamine concentration increased from 0.5 to 2.5
mg/mL, which indicated that PDA can reduce the polarity of the bamboo fiber and promote
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the interface compatibility between the bamboo fiber and PBS matrix. The PDA
nanoparticles had both hydrophilic (-OH, -NH) and hydrophobic (Benzene ring, C-H chain)
groups. With the addition of PDA, the PBS matrix molecular chain was twisted together
with the benzene ring and C-H chains, while the hydrophilic (-OH, -NH) groups were
combined with the bamboo fiber via hydrogen bonds. Additionally, the PBS matrix was
polymerized by ester groups, which could interact with the -OH groups in the PDA
molecules through hydrogen bonds. Therefore, the PDA-coated bamboo fiber/PBS
composites demonstrated excellent mechanical properties.
For the PDA-treated composites, with an increasing PDA loading, the mechanical
properties of the bamboo fiber/PBS composites displayed the tendency to increase at first,
and then decline. The mechanical properties of the composites with a dopamine
concentration of 1.0 mg/mL (D-BF-2) reached their maximum values, and were better than
those of the other groups in the study, which indicated that the amount of PDA should be
moderate. The smallest PDA amount could hardly coat the whole fibers, which resulted in
a deficient reaction between the bamboo fiber and PBS matrix. In contrast, the highest PDA
amount could generate a thick film and exposed free hydroxyl groups because of the
uncoated PDA, which formed a disruptive interfacial sheet that wrapped the surface of the
fibers and bonded with the matrix. Additionally, the overloaded PDA nanoparticles also
acted as plasticizers, which negatively affected the mechanical properties, especially the
impact strength, because of the increasing toughness of the PBS matrix (Zhou et al. 2014a).
For these conditions, a fragile interface was formed between the matrix and fiber, and thus
the mechanical properties of the composites were partly reduced. Consequently, the best
dopamine concentration in this study was 1.0 mg/mL (D-BF-2), which caused increases in
the flexural strength, flexural modulus, tensile strength, tensile modulus, and impact
strength of 34.2%, 23.4%, 65.5%, 41.3%, and 63.4%, respectively, in comparison with the
untreated composites.
Table 3. Mechanical Properties of the Untreated and PDA-Coated Bamboo
Fiber/PBS Composites
Flexural
Flexural
Tensile
Tensile
Impact
strength
modulus
strength
modulus
strength
(MPa)
(GPa)
(MPa)
(GPa)
(kJ/m2)
Control
31.38(0.67)d
2.05(0.13)e
13.62(1.15)e
0.75(0.18)d
10.25(1.11)e
bc
b
c
c
D-BF-1
37.06(0.41)
2.41(0.55)
18.67(0.27)
0.85(0.11)
14.63(1.35)bc
D-BF-2
42.14(0.78)a
2.53(0.09)a
22.54(0.56)a
1.06(0.17)a
16.75(2.36)a
D-BF-3
38.88(1.57)b
2.38(0.14)bc
20.46(1.37)b
1.03(0.09)ab
15.33(1.60)b
D-BF-4
35.28(0.99)c
2.33(0.24)cd
19.32(0.64)bc
0.95(0.17)b
14.25(1.02)c
c
d
d
cd
D-BF-5
34.72(0.82)
2.26(0.13)
16.59(0.97)
0.82(0.15)
12.15(0.79)d
Note: The standard deviations of the test results are recorded in parentheses. The statistical
differences (P < 0.05) are labeled with letters following the parentheses.
Label

Differential scanning calorimetry (DSC) analysis
Figure 6 shows the DSC thermograms of the pure PBS and composites enhanced
with bamboo fiber treated with different concentrations of dopamine. Compared with the
pure PBS, the melting endothermic peak of the composites shifted to a higher temperature,
which indicated that the filling of bamboo fiber into the composites improved the melting
temperature (Tm) of the PBS matrix. Bamboo fiber consists of cellulose, hemicellulose, and
Hong et al. (2017). “Bamboo/PBS composites,”

BioResources 12(4), 8419-8442.

8430

PEER-REVIEWED ARTICLE

bioresources.com

lignin, which have higher Tm values than PBS (Xu et al. 2016). Additionally, the PBS
molecular chain became more stable after adding the bamboo fiber. Thus, the bamboo fiber
was a helpful factor in hindering the melting of the composites. For the PBS, which has
both non-polar and polar groups in the molecular chains, the untreated and PDA-coated
bamboo fibers exhibited the same influence on the melting temperature of the PBS, which
caused the slightly different Tm values for the experimental and control groups.
Furthermore, the addition of the bamboo fiber improved the crystallinity of the PBS, which
indicated that the bamboo fiber had a nucleation function because of the high aspect ratios
and appropriate particle sizes. Moreover, inducing the formation of transcrystalline
features (TC) can improve the crystallinity of the polymer (Zhou et al. 2014b). The coating
of PDA onto the surface of bamboo fiber can form TC with PBS, and thus the crystallinity
of the PDA-BF/PBS composites were significantly enhanced. With increased PDA loading
rates on the surface of the bamboo fiber, the concentration of hydrogen bonds between
C=O in the PBS chain and free -OH and -NH in the PDA increased, which further improved
the nucleation density of the TC in the PBS and increased the crystallinity from 48.12% to
55.67%. The higher crystallinity of the PBS promoted the brittleness of the matrix, which
demonstrated that PDA functioned as a plasticizer in accordance with the hypothesis
illustrated in the Mechanical properties section (pages 8429-8430). Generally, the
untreated BF/PBS composites should have had the highest impact strength because of the
lower crystallinity. However, the opposite trend was observed, as can be seen in Table 3.
This result was attributed to the excellent interface compatibility of the PDA-bamboo fiber
and PBS matrix. A compact interface was formed, which improved the continuous
transmission of the stress and increased the impact strength (D-BF-2).

Fig. 6. DSC curves of the pure PBS and bamboo fiber/PBS composites

Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis
Figure 7 shows the thermogravimetric (TG) and differential thermogravimetric
(DTG) curves obtained for the PBS matrix composites enhanced with untreated bamboo
fiber and bamboo fiber treated with different dopamine concentrations. The comprehensive
analysis of the thermal degradation variation, shown in Fig. 7, revealed that during the
complete thermal degradation regions from 30 to 600 °C, the pyrolysis of the BF/PBS
composites was dividable into three stages. The data of the thermal degradation
temperature is reported in Table 4. In stage I (30 to 225 °C), the 5% mass loss was attributed
to the evaporation of moisture and depolymerization of macromolecular compounds in the
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bamboo fiber. In stage II (225 to 382 °C) and stage III (382 to 600 °C), the main pyrolysis
of the BF/PBS composites took place with mass losses of approximately 45.80% and
32.13%, respectively. The weight loss of stage II was attributed to the decomposition of
cellulose and hemicellulose (Moustafa et al. 2017). In particular, the intramolecular
hydrogen bonds in the crystal region of the cellulose molecular chain engendered a higher
thermal ability, which caused a shift of the DTG curves from 315 to 375 °C. This was in
line with the pyrolysis region of pure cellulose (Liu et al. 2014). In stage III, the lignin and
PBS matrix were completely degraded. Because of the stable structure of the methoxy
functional groups in the lignin and the high polymerization degree of the PBS matrix, more
energy was required to destroy these two molecular structures, and the highest thermal
degradation rate of the whole pyrolysis process occurred during this stage (Li et al. 2015;
Chen et al. 2017a). Above 450 °C, the mass loss was unchanged, leaving residues that were
hardly pyrolyzed.

(a)
(b)
Fig. 7. TGA curves (a) and differential thermogravimetric (DTG) curves (b) of the pure PBS and
bamboo fiber/PBS composites

Table 4. Comparison of the Pyrolysis Characteristics of the Pure PBS and
Bamboo Fiber/PBS Composites
Labels

Stage I
Ti1 (°C)

Ti2 (°C)

Stage II
T1 (°C)

T2 (°C)

Ti3 (°C)

Stage III
T3 (°C)
T4 (°C)

Tm (°C)

Control
30.0
221.3
329.0
357.4
371.6
378.8
397.1
384.3
D-BF-1
30.0
224.5
323.3
361.3
382.3
382.8
400.5
390.4
D-BF-2
30.0
225.6
333.1
362.3
382.9
384.2
401.2
391.7
D-BF-3
30.0
225.1
332.7
362.0
382.5
383.3
400.5
391.1
D-BF-4
30.0
225.0
332.5
361.7
381.9
383.3
399.3
390.7
D-BF-5
30.0
224.7
331.9
360.1
381.8
383.0
399.0
390.1
Note: Ti1, Ti2, and Ti3 represent the initial degradation temperature of Stage I, II, and III,
respectively; Tm represents the temperature of the maximum peak in the DTG curve; T1, T2, T3,
and T4 represent the temperatures of the 20%, 40%, 60%, and 80% mass loss rates,
respectively.

The initial pyrolysis temperature of the PBS matrix-based composites prepared
from the PDA-coated bamboo fiber was higher than that of the control group during the
different stages presented in Fig. 7, as well as the 20%, 40%, 60%, and 80% mass loss
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stages recorded in Table 4. Because of the high thermal stability of PDA, which was
oxidative self-polymerized by the dopamine monomer, the PDA film can protect the
bamboo fiber from being degraded. This increased the degradation temperature of the
PDA-coated bamboo fiber. Furthermore, the addition of PDA improved the interfacial
compatibility between the bamboo fiber and PBS matrix, which made the heat transfer
more uniform in the composites, and thus thermal stability was promoted. Moreover, the
PDA nanoparticles also acted as plasticizers, as was discussed in the Differential scanning
calorimetry (DSC) analysis section (pages 8430-8431), which increased the crystallinity of
the PBS matrix with the catechol groups of the PDA-coated bamboo fiber via hydrogen
bonds. Therefore, a high depolymerization temperature occurred. The reasons stated above
could have explained the excellent thermal stability of the PDA-treated bamboo fiber/PBS
composites compared with the control group. However, with an increased dopamine
concentration, little difference in the pyrolysis temperature of the experimental groups was
exhibited, which suggested that the PDA loading rate mostly did not influence the thermal
stability of the PDA-treated bamboo fiber/PBS composites. Unexpectedly, the group
treated with a dopamine concentration of 1.0 mg/mL (D-BF-2) displayed a slightly higher
degradation temperature than that of the other groups, which was attributed to the better
interfacial compatibility, which was in accordance with the mechanical properties and DSC
analysis results. When pyrolysis ended, the amount of residue from the control group was
lower than that from the experimental groups. This was because the process of coating
PDA onto the bamboo fiber occurred in an aqueous solution, which dissolved some of the
water-soluble saccharides in the raw bamboo fiber.
DMA
Dynamic mechanical analysis (DMA) was an effective method for evaluating the
interfacial interaction between the bamboo fiber and PBS matrix. The temperature
dependence of the storage modulus, loss modulus, and loss factor (tan delta) subjected to
the PBS matrix composites were enhanced with untreated bamboo fiber and bamboo fiber
treated with different concentrations of dopamine are shown in Figs. 8 and 9. In particular,
the storage modulus was fairly sensitive to the bamboo fiber dispersion and interfacial
interaction, as can be seen from the three DMA results (Zhou et al. 2013). As is shown in
Fig. 8a, the storage modulus of the bamboo fiber/PBS composites exhibited a decreasing
trend with increasing temperature, which is typical of thermoplastic matrix composites.
Generally, the incorporation of a rigid filler (bamboo fiber) can improve the stiffness of the
PBS matrix, which is represented by higher moduli values than for pure PBS (Chen et al.
2017b). However, when the filler had constant mass fractions and particle sizes, good
interface bonding determined a high storage modulus value. Notably, the PDA treatment
of the bamboo fiber in the PBS matrix-based composites induced a prominent increase in
the storage modulus compared with the untreated group. For instance, at -60 °C, the storage
modulus of the PDA-coated bamboo fiber/composites increased from 2503 (D-BF-5) to
2760 MPa (D-BF-2) for the bamboo fiber treated with different dopamine concentrations.
Meanwhile, the untreated group only had a storage modulus value of 2262 MPa. These
results indicated that the PDA-coated bamboo fiber was well distributed and had a
compatible interface with the PBS matrix. Furthermore, the PDA loading rate was another
factor related to the storage modulus, and the moderate loading content had the best
properties, which was attributed to the strong interfacial adhesion between the fiber and
matrix, as was discussed in the Mechanical properties section (pages 8429-8430). When
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the fibers were treated with a dopamine concentration of 1.0 mg/mL, the storage modulus
of the composites reached its highest value (2760 MPa at -60 °C), which was 9.1% larger
than that of D-BF-5 (dopamine concentration of 2.5 mg/mL), as well as 22.0% larger than
that of the control.
Figure 8b depicts the loss modulus curves that were obtained for the composite
samples. Over the whole temperature range, the temperature that corresponded to the peak
of the loss modulus curve reflected the temperature of the polymer chains as they started
to move or freeze, which is the glass transition temperature (Tg) (Gao et al. 2017). In this
study, the increased Tg indicated there was a limitation to the growth of the PBS molecular
chains. With the addition of PDA, the Tg was higher compared with the untreated group,
which indicated that the PDA coating on the bamboo fiber delayed the segmentation of the
PBS matrix, which was attributed to the compatible interface between the bamboo fiber
and PBS matrix. Moreover, a single peak occurred in every loss modulus curve of the PBS
matrix-based composite prepared from the bamboo fiber treated with PDA, which
suggested that the incorporation of PDA may not have modified the original properties of
the PBS molecular chains. This led to a good compatibility between the bamboo fiber and
PBS. When the dopamine concentration was 1.0 mg/mL (D-BF-2), the storage modulus of
the composites achieved its maximum value.

(a)

(b)

Fig. 8. DMA curves of the bamboo fiber/PBS composites; (a) Storage modulus; (b) Loss modulus

Figure 9 shows the temperature dependence of the loss factor (tan delta) of the
untreated and PDA-coated bamboo fiber/PBS composites. It was seen that the trend of the
loss factor curve variation was the same as for the loss modulus, but the values of each
curves were the opposite. Compared with the control group, utilizing PDA-treated bamboo
fiber to prepare PBS matrix-based composites decreased the loss factor, and the minimum
value was obtained with D-BF-2 (dopamine concentration of 1.0 mg/mL). The lower loss
factor value generated a dissipation energy, which was attributed to the internal friction
and molecular motion (Li et al. 2017). Kubát et al. (1990) found that strong interactions
between the fiber and matrix at the interface tended to reduce the macromolecular mobility
in the vicinity of the fiber surface compared with that in the bulk matrix. Therefore, the
loss factor value had an important relationship with the interface compatibility. Herein, the
adhesion factor (A) was used to evaluate the interfacial bonding with Eq. 2 at -26 °C. For
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example, in the experimental groups, the highest A values (0.177) occurred in D-BF-1,
which represented the weakest interfacial interaction. The composite prepared from the
bamboo fiber treated with a dopamine concentration of 1.0 mg/mL (D-BF-2) exhibited the
strongest interactions with the lowest value of 0.042. The two values were both lower than
that of the control group (0.234). This result proved that the PDA treatment of bamboo
fiber improved the interfacial compatibility and that the best dopamine concentration was
1.0 mg/mL in this study.

Fig. 9. Loss factor (tan delta) curves of the
bamboo fiber/PBS composites

Fig. 10. Water absorption curves of the
bamboo fiber/PBS composites

Water absorption capability
Figure 10 exhibits the water absorption (WA) capability of the various bamboo
fiber/PBS composites. It was found that water uptake for all the samples increased
apparently within the first 100 h, and then it slowed down and ultimately reached
equilibrium. Due to the hydrophobic property of PBS that can absorb only the water of
about 1% (Lee et al. 2013), the filling of the hydrophilic natural fiber and the related
interfacial bonding performance will be the dominant factor influencing the WA of the
composites. As shown in Fig. 10, the control group for the composites reinforced with plain
bamboo fiber presented a higher WA capability with the final equilibrium moisture content
(EMC) of 8.09%. This can be explained that the free hydroxyl groups in the fillers (bamboo
fibers) can promote hydrogen bonding with water molecules, resulting in increasing the
WA of the composites. Compared with the control group, the water resistance of the
composites were slightly increased after incorporating the modified bamboo fiber with
lower PDA loadings, and the minimum EMC values of 7.74% was observed in D-BF-2.
This was probably due to the better interfacial bonding of bamboo fiber and PBS resin that
reduced the existing gaps between the fiber and the matrix, which could limited the
pathway for water within the composite (Najafi et al. 2007). However, with an increased
dopamine concentration, the WA capability were found in D-BF-3, D-BF-4, and D-BF-5
with the values of 8.21%，8.35%，and 8.64%, respectively, which were all higher than
the control one. This poor water resistance may be attributed to the accessible hydrophilic
groups provided by the excess PDA nanoparticles that promoted the WA capability of the
PDA coating substrate via hydrogen bonding, which was in accordance with the finding by
Wang et al. (2017). In addition, as the poor interfacial bonding of these composites, the
polar groups were more easily exposed to the water.
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To sum up, although the appropriate loading rate of PDA can improve the
interfacial bonding of the composite, the WA capability only decreased by 4.32% in D-BF2, because the hydrogen bonding present at the interface between the modified bamboo
fibers and PBS matrix was similar to PBS composites with plain fibers. Moreover, the
water resistance performance became worse with the overloading rate of PDA
nanoparticles. Hence, this mussel inspired modification method could not greatly reduced
water absorption of the resultant bamboo fiber/PBS composites compared with the
traditional compatibilizer such as silane (Haddou et al. 2016), and maleated coupling
agents (Ren et al. 2017).
Surface morphology in SEM
Figure 11 shows the SEM micrographs of the fractured cross-section for the PBS
matrix-based composites prepared from the untreated and PDA-treated bamboo fibers. The
control group for the untreated bamboo fiber exhibited the worst fractured cross-section
with a high roughness surface (Fig. 11a). There were many, regularly occurring holes with
diameters larger than a single fiber. This effect was generated by the pull-out of
agglomerated bamboo fibers. This result was attributed to the presence of free hydroxyl
groups from the bamboo fiber, which made these fillers agglomerate, and thereby led to
the inhibition of bamboo fiber dispersion in the PBS matrix and dramatically weakened the
interaction between the two parts. The number of voids and agglomerated bamboo fibers
on the impact fractured surface rapidly decreased, as shown in Figs. 11b to 11f, which
suggested that the interfacial compatibility between the fillers and matrix was improved by
the treatment of PDA nanoparticles, and different loading rates exhibited different
enhancements. As shown in Fig. 10b, the lowest PDA loading rate on the bamboo fiber (DBF-1) barely induced strong interactions between the fiber and PBS matrix. Consequently,
the interface was easily broken down and voids appeared between the two components.
With an increased dopamine concentration (D-BF-2, 1.0 mg/mL; D-BF-3, 1.5 mg/mL), the
interfacial bonding was dramatically enhanced in the composites, which was shown in Figs.
11c and 11d. Figure 11c shows that a tightly integrated interface around single fibers was
formed, and a good compatibility interface promoted uniform stress transmission, and thus
bamboo fiber breakage occurred. Figure 11d also shows that the bamboo fibers were well
wrapped in the PBS matrix because of the compatible interface and homogeneous filler
dispersion. However, when the dopamine concentration continued to increase (D-BF-4, 2.0
mg/mL), a separate interface and large number of small holes appeared again, as can be
seen in Fig. 11e. This phenomenon demonstrated that excess PDA increased the content of
free hydroxyl groups, which weakened the interface interaction between the bamboo fiber
and PBS matrix. Although agglomerated bamboo fibers were rarely spotted in the fractured
cross-section, single bamboo fibers were frequently pulled out because of the relatively
poor interfacial bonding, which left small voids irregularly distributed across the fractured
surface. Furthermore, when the dopamine concentration increased to the highest level used
in this study (D-BF-5, 2.5 mg/mL), the polarity of the bamboo fiber surface increased
because of the presence of a large number of hydrophilic groups (-OH, -NH) provided by
the excess PDA nanoparticles. The bamboo fibers agglomerated again, which was
attributed to the hydrogen bonds formed with the hydrophilic groups of the PDA molecular
chains. This induced the weakest interfacial bonding in the experimental groups, and a
rougher fractured surface was observed in Fig. 11f. These findings were consistent with
the mechanical test results, which indicated that an appropriate dopamine treatment
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solution concentration can remarkably improve the interfacial compatibility between the
bamboo fiber and PBS matrix.

Fig. 11. SEM micrographs of the fractured cross-section of the PBS matrix-based composites
prepared from the untreated and PDA-treated bamboo fibers; (a) Control; (b) D-BF-1; (C) D-BF-2;
(d) D-BF-3; (e) D-BF-4; (f) D-BF-5

In brief, the bionic modification, which had the advantages of high efficiency,
simple operation, and non-toxicity, made PDA a promising compatibilizer for biomass
fiber/biodegradable plastic composites that can be used in furniture production and
packaging applications.

CONCLUSIONS
1. Inspired by mussel adhesion proteins, an environmentally friendly and convenient
method to modify bamboo fiber with PDA was developed. The successful coating of
PDA onto the surface of the bamboo fiber was verified by the absorbance-FTIR
analysis and AFM. With the process of self-polymerization, PDA was formed that was
approximately 77 nm in size. At the optimum amount, these nanoparticles decreased
the number of free hydroxyl groups via hydrogen bonding, which reduced the polarity
of the bamboo fiber and led to a better compatibility between the filler and plastic
matrix. The XRD analysis indicated that there was almost no change to the crystalline
region in the cellulose chain.
2. To evaluate the effects of the bio-modification on the properties of the biomass fiberreinforced polymer composites, bamboo fiber/PBS biocomposites were prepared from
fiber treated with different concentrations of dopamine using compression molding.
The PDA-loaded nanoparticles improved the interfacial bonding between the bamboo
fiber and PBS matrix, which resulted in the dramatic enhancement of the mechanical
properties, thermal stability, and storage modulus. However, the PDA loading rate had
a significant influence on the enhancements. The lowest PDA loading rate hardly
induced strong interactions between the fiber and PBS matrix, while the highest PDA
loading rate made the bamboo fibers agglomerate because of the increased content of
hydrophilic groups (-OH, -NH). This was confirmed in the SEM micrographs of the
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fractured cross-sections. Furthermore, the DSC results showed that the nucleation
ability of the bamboo fiber was promoted as the PDA loading rate increased. In addition,
this novel modification method had little effect on the water resistance of the resultant
PBS composites. Consequently, the best dopamine concentration in this study was 1.0
mg/mL, for which the flexural strength, flexural modulus, tensile strength, tensile
modulus, and impact strength increased by 34.2%, 23.4%, 65.5%, 41.3%, and 63.4%,
respectively, compared with the untreated composites.
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