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Natural fiber-reinforced biocomposites displaying light weight, low thermal conductivity and reduced
environmental footprint are increasingly relevant in structural, packaging, cementitious and masonry
materials. However, the poor interfacial compatibility between fibers and typical polymers has limited
the development of mechanical strength and water resistance. Here, we report a green, facile and
effective method inspired by nature to promote interfacial adhesion in biocomposites based on a
biodegradable aliphatic polyester (polybutylene succinate, PBS). For this purpose, PBS was reinforced
with bamboo fibers modified with (3-aminopropyl) triethoxysilane and polydopamine (PDA). The PDA
deposition and covalent adhesion with the fibers were promoted by self-polymerization and Michael
addition and/or Schiff based secondary reactions. A distinct improvement in reinforcement was achieved
together with gains in performance, including tensile strength (70%), tensile modulus (25%), flexural
strength (37%), flexural modulus (24%) and impact strength (63%). The results far exceeded those
measured for other fiber-reinforced biocomposites while simultaneously introduced water resistance.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The expanding environmental pollution and need for energy
have stimulated the adoption of eco-friendly materials as an
alternative to petrochemical-based plastics and related products
(Khalil et al., 2012). In this regard, bio-based polymers derived from
natural resources have been frontrunners for their intrinsic
renewability and biodegradability (Iwata, 2015). Among others,
polybutylene succinate (PBS) is a promising bio-based polymer that
can be synthesized from bio-refined succinic acid (or dimethyl
succinate) and 1,4-butanediol. PBS has attracted increased attrac-
tion for its thermal properties (Gigli et al., 2016; Lee et al., 2005).
However, limited mechanical properties and cost are major barriers
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preventing the adoption of PBS in large-scale applications (Huang
et al., 2018).

Natural fibers are noteworthy for their abundance, low density,
biodegradability and eco-friendliness, and have emerged as
preferred options to reinforce bio-based polymer composites
(Faruk et al., 2014; Majeed et al., 2013). Natural fiber-reinforced
biocomposites can be produced to achieve a low thermal conduc-
tivity and density and to find uses in a number of applications
(Akubueze et al., 2019; Claramunt et al., 2016; Dahy, 2019; Fazita
et al., 2016; Ferreira et al., 2018; Gopinath et al., 2019). Among
the various natural fibers, those derived from bamboo are distinc-
tive for their small microfibrillar angle (~10�) and superior me-
chanical strength as well for their easy access from fast growing
, Vuorimiehentie 1, Espoo, P.O. Box 16300, FI-00076, Aalto, Finland.
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Table 1
Experimental details for bamboo fiber surface modification (BF refers to bamboo
fibers, unmodified or modified with P¼ polydopamine (PDA) and/or K¼(3-
aminopropyl) triethoxysilane).

Sample Bamboo fiber (g) Dopamine (mg/ml) APTES (mg/ml)

BF 5 e e
PDA-BF 5 2 e
KeBF 5 e 0.6
P/KeBF-1 5 2 0.1
P/KeBF-2 5 2 0.2
P/KeBF-3 5 2 0.4
P/KeBF-4 5 2 0.6
P/KeBF-5 5 2 0.8
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bamboo plants. Thus, they are promising candidates in natural
fiber-reinforced biocomposites (Liu et al., 2012; Tang et al., 2015; Xu
et al., 2010a). Nevertheless, similar to other lignocellulose fibers,
the inherent hydrophilicity of bamboo fibers presents a challenge
as far as compatibility, aggregation and water sorption, preventing
a more widespread use (Dahy, 2019; Vaisanen et al., 2017).

Responding to such drawbacks, several strategies have been
applied, such as fiber treatments (including alkali and heat treat-
ment, steam explosion and esterification modification) and chem-
ical coupling (silane and maleic anhydrideegrafted copolymers)
(Gao et al., 2016; Perez-Fonseca et al., 2015; Takatani et al., 2000;
Wei et al., 2013; Xu et al., 2010b; Zhang et al., 2015). This has
opened new opportunities in clothing, biomedical and pharma-
ceutical materials, sports, aerospace and electromagnetic applica-
tions (Kohan et al., 2019; Scarponi and Messano, 2015; Tavares
et al., 2020; Xia et al., 2017; Yusup et al., 2019). However, owing
to the reaction conditions, the surface modifications used to
improve the compatibility between the lignocellulose fibers and
the polymer matrix usually entail a reduction in strength. This
factor, together with the added capital costs and the release of toxic
gases, prevent or limit a wide adoption by industry. Therefore, there
is a pressing need to achieve clean, effective, and sustainable sur-
face modifications that are easy to implement toward superior
performance.

A possibility to reinforcing interfaces can be drawn from the
ability of mussel byssus as adhesive. Its superior performance is
produced by secreted proteins and the effect of 3,4-dihydroxy-
phenylalanine and lysine amino acids that are high chemically
reactive and facilitate strong interfacial interactions. Moreover,
substrates of organic or inorganic origins can be modified using
simple reaction conditions (Xiong et al., 2014). Inspired by the
adhesive proteins, dopamine, a small catechol molecule containing
terminal amino groups, has been used to oxidatively self-poly-
merize in mild alkaline pH, similar to the typical marine environ-
ment that leads to the formation of adhesive polydopamine (PDA)
(Lee et al., 2007; Levy et al., 2003; Zhang et al., 2014). PDA func-
tional coatings are some of the simplest and the most powerful
alternatives available for surface modification and to achieving
engineered materials in combination with nanoparticles, nano-
tubes, nanowires, microbeads, organic or inorganic components
(Gao et al., 2018; Huo et al., 2019; Meng et al., 2017; Palladino et al.,
2019; Song et al., 2018; Wu et al., 2017b, 2018; bF.C. Wu et al., 2017;
Zhao et al., 2018). Furthermore, catechol in PDA coatings is capable
of anchoring various functional groups for secondary reactions
through covalent or noncovalent binding interactions (Lee et al.,
2011; Lu et al., 2015; Tang et al., 2019). Mussel-inspired adhesives
offer a versatile surface chemistry to develop composites with
biological, chemical, energy, and environmental features
(Palanisamy et al., 2016; Peng et al., 2017; Shukla et al., 2018; Wang
et al., 2017; W.H. Wu et al., 2017).

In this work, amino silane grafting was selected to work syn-
ergistically with secondary reactions in PDA- functionalized
bamboo fibers. The abundant active sites (eNH2/eOH groups) of
the PDA coating on the bamboo fiber created a versatile platform
for reaction with the hydrolyzed amino silanol generated from (3-
aminopropyl) triethoxysilane (APTES), with the secondary grafting
of amino silane realized through Michael addition and/or Schiff
base reactions (Hao et al., 2016; Hwang et al., 2014; Lee et al., 2016).
The hybrid coating on the bamboo fiber surface was confirmed by
SEM, FT-IR, XPS and XRD. The effect of the modified bamboo fibers
on the mechanical properties, water resistance, hygroscopicity and
interfacial interactions of the reinforced PBS-based biocomposites
were investigated. The results indicate the successful synthesis of
high-performance, eco-friendly PBS-based biocompositesfollowing
mussel-inspired adhesives.
2

2. Materials and methods

2.1. Materials

Bamboo fibers were reduced in size by using a mechanical
crusher (uluS5C, GREAT, China) (40e60 mesh, fiber
length < 380 mm) and supplied by Anhui Sentai WPC New Material
Co. Ltd. (Anhui, China). Polybutylene succinate (PBS)
(density ¼ 1.24 g/cm3, flow index ¼ 2.0 g/10 min and
crystallinity ¼ 32%) was purchased from Anqing Hexing Chemical
Co., Ltd. (Anhui, China). Dopamine hydrochloride (DA) (assay
�98.5%), tris(hydroxymethyl aminomethane) (tris) and (3-
aminopropyl) triethoxysilane (APTES, KH550, 99%) were pur-
chased from Duly Biotech Co., Ltd. (Nanjing, China). Other reagents,
including deionized water, anhydrous ethanol, and paraffin wax,
were analytical grade and purchased from Beijing Chemical Works,
China.
2.2. Surface modi�cation of bamboo �bers with PDA and APTES

The bamboo fibers were firstly washed repeatedly with deion-
ized water and anhydrous ethanol to remove the impurities on the
surfaces, after drying at 80 ± 2 �C for 24 h, the obtained fibers were
denoted as BF. Surface modification with PDA was carried out by
adding 5 g BF and 2.0 mg/mL dopamine in 100 mL tris buffer so-
lution (pH 8.5). The suspension was subsequently stirred at room
temperature for 24 h; after washing and drying, the resulting
product was denoted as "PDA-BF". Amino silane secondary grafting
was then produced by adding 5 g BF and 2.0 mg/mL dopamine into
100 mL tris buffer solution (pH 8.5), stirred at room temperature for
24 h and followed by dropwise addition of APTES at five different
concentrations (0.1, 0.2, 0.4, 0.6, and 0.8 mg/mL). APTES-grafted
bamboo fibers (KeBF) were obtained by adding 5 g BF and
0.6 mg/mL APTES in 100 g hydrous ethanol solution and stirring at
room temperature for 24 h. More information about the experi-
mental procedures can be found in Note S1 of the Supporting
Information. The experimental details and material composition
is summarized in Table 1 and the modification process is illustrated
in Fig. 1.
2.3. Preparation of �ber-reinforced PBS biocomposites

The bamboo fiber-reinforced PBS biocomposites were fabricated
using a process that included mixing, extrusion and hot-pressing.
More details of the preparation process can be found in Note S2.
The labels used herein for the various PBS-based biocomposites
followed the nomenclature of the corresponding bamboo fibers,
see Table 1. The details of the preparation process and proposed
reactions and mechanism of fiber-reinforced PBS biocomposites are
illustrated in Fig. 1.



Fig. 1. Schematic illustration of the modification of bamboo fibers and preparation of PBS-based biocomposite.

G. Hong, H. Cheng, S. Zhang et al. Journal of Cleaner Production 296 (2021) 126587
2.4. Characterization

The surface morphology and structural features of bamboo fi-
bers were investigated with field emission scanning electron mi-
croscopy (FE-SEM, Hitachi SU8010) operated at an accelerating
voltage of 10 kV. Before observation, all samples were coated with
gold to prevent electron beam charging.

The chemical changes in bamboo fibers were investigated using
Fourier transform infrared spectroscopy (FTIR, Vertex 70v, Bruker,
Karlsruhe, Germany) using a wavelength range of 500e4000 cm�1.
3

The surface chemical/elemental states of the bamboo fiber were
examined by X-ray photoelectron spectroscopy (XPS, ESCALAB250)
using Al Ka radiation source (hn ¼ 1486.7 eV).

The crystallization behavior of the bamboo fibers was investi-
gated by X-ray diffraction (XRD, Bruker D8) with a Cu Ka
(l ¼ 1.542 Å) radiation source. The experiments were conducted at
40 kV and 40 mA, with a theta scan ranging from 0� to 40� at 5 min/
� intervals. The relative crystallization index was calculated
following Equation (1).
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Relative Cristallinity Index ð%Þ ¼ I002 � Iam

Iam
� 100% (1)

where I002 is the peak strength of the 002 crystalline plane, and Iam

correspond to the intensity of the non-crystalline plane.
The tensile and flexural properties of the PBS-based bio-

composites were measured using a universal testing machine
(Kexin Instrument Equipment Co. Ltd., Changchun, China). The
impact property of PBS-based biocomposites was measured by a
cantilever beam impact tester (Hebe Precision Testing Machine Co.
Ltd., Chengde, China). More details of the measurements of the
mechanical properties of biocomposites can be found in Note S3.
Six replicates were used in the measurements of tensile, flexural
and impact properties, the average values were calculated to reflect
the final results. To understand the possible interactions present in
the composites, we conducted molecular dynamics simulation
(Forcite Module under the COMPASS force field).

The dynamic mechanical analyses of the PBS-based bio-
composites were conducted by Dynamic Thermomechanical
Analyzer (DMA, NETZSCH, Selb, Germany) using samples with di-
mensions of 35 � 10 � 4 mm3. The measurements were conducted
at a temperature ranging from �60 to 40 �C (heating rate of 3 �C/
min), under a single cantilever bending mode at a scanning fre-
quency of 1 Hz.

The fracture surface morphology and structure of PBS-based
biocomposites were examined with a field emission scanning
electron microscopy (FE-SEM, Hitachi SU8010) at an accelerating
voltage of 10 kV. Before observation, all samples were coated with
gold adequately to prevent electron beam charging.

The hygroscopicity of the PBS-based biocomposites was exam-
ined via a Dynamic Vapor Sorption (DVS) measurements (ANALYX
CORP, America) under a relative humidity (RH) varying from 5% to
95% using 10% RH intervals. The measurements were conducted in
dry nitrogen (N2) atmosphere at 25 �C.

The water resistance of the PBS-based biocomposites was
evaluated based on the ASTM D5229-12 standard. Before mea-
surement, all samples (50 mm � 50 mm � 4 mm) were dried at
80 ± 2 �C until reaching constant weight. The dried samples were
subsequently dipped in distilled water at 25 ± 1 �C for 13 days and
weighed at intervals of 12 h. The experiment was performed at
40e50% RH. Each group consisted of six samples and the resultant %
water absorption was determined using Equation (2).

Water absorptionð%Þ ¼ ðWt � WdÞ
Wd

� 100% (2)

where Wd and Wt represent the average values of the weight of
dried sample, and the weight at the given intervals, respectively.
3. Results and discussion

3.1. Morphology of bamboo �bers

Unmodified bamboo fibers showed comparatively smooth sur-
faces (Fig. 2a), while a thin and rough PDA coating was clearly
observed upon surface modification with PDA (Fig. 2b). Following
APTES grafting, small crystals and particles were generated on the
surfaces of the rougher bamboo fibers (Fig. 2c), indicating the
generation of a hybrid PDA-silanol coating. The possible, respective
reactions are presented in Fig. 1. We speculate that PDA was
coupled with the surface of the bamboo fiber. Meanwhile, free PDA
was spontaneously bound with the hydrolyzed APTES via Michael
addition and/or Schiff-based reactions under alkaline conditions.
This resulted in the formation of crosslinked PDA-silanol network
4

on the bamboo fiber surface (Lee et al., 2007). An apparent increase
in surface roughness was observed with the addition of APTES
(Fig. 2d, e and 2f). Excess APTES did not increase the reaction sites
of PDA-coated bamboo fibers; instead, it caused self-reactions that
led to aggregated silanol crystals around fibers, as shown in Fig. 2f
and g. In the absence of PDA, only a small amount of APTES was
physically adsorbed on the fibers (Xie et al., 2010), with the
appearance of self-reacted silanol crystals (seen in Fig. 2h). Overall,
the SEM observations indicate the significant role of PDA coating to
increase surface activity and reactive sites on the bamboo fibers.

3.2. Chemical changes

For bamboo fibers, the IR absorption peaks were located at ca.
3435 cm�1, assigned to eOH stretching vibrations, and 2900 cm�1,
assigned to CeH stretching vibrations (Gu et al., 2013; Tang et al.,
2015). After modification with APTES, a slightly enhanced in-
tensity in the fingerprint region located near 1070 cm�1 and
1130 cm�1 in KeBF curve was observed, assigned to the SieOeC/
SieOeSi and SieO stretching vibrations. The results suggest suc-
cessful introduction of hydrolyzed amino silanol (Fang et al., 2014).
Compared with the unmodified bamboo fibers, the two enhanced
absorption peaks around 2900 cm�1 in PDA-treated bamboo fiber
corresponded to eCH3 and eCH2e stretching vibrations generated
by PDA molecules, respectively (Chen et al., 2017), which proved
the successful reaction of PDA on the surface of the fibers. Lignin
and polyphenolic extracts possess similar functional groups as
those of PDA, obscuring a clear elucidation of the changes, which
were further investigated by XPS. Additional experiments based on
molecular dynamics simulation (Forcite Module under the COM-
PASS force field) were carried out to clarify the formation of
hydrogen bonding between the PDA molecule and bamboo fibers
(Note S4 and Figure S3). After amino silane grafting, two clear
characteristic peaks (eCH3 and eCH2) were observed. Moreover,
new peaks in the fingerprint region at around 1630, 1130 and
1070 cm�1 were observed, assigned to C]N, SieO and SieOeC/
SieOeSi stretching vibrations, respectively (Salarizadeh et al.,
2016; Yuan et al., 2017; Zhan et al., 2018). They indicated the suc-
cessful formation of crosslinked PDA-silanol network on the
bamboo fiber surface. The four peaks near 1742, 1420, 1370 and
1165 cm�1 corresponded to C]O, eCH2e, CeH and CeOeC vibra-
tions, respectively, which were assigned to cellulose, hemicellulose
and lignin in unmodified bamboo fibers (Zhang et al., 2015). The
positions of these four characteristic peaks remained fairly un-
changed after the introduction of PDA or PDA-silanol treatments
(Fig. 3).

3.3. Surface chemical composition

The characteristic elements of all samples, determined by XPS,
mainly included C1s and O1s (Liu et al., 2016). A new N1s peak was
observed in the spectra obtained for PDA-BF and P/KeBF-4,
attributed to surface coupling with PDA (Fig. 4a). The C1s high
resolution spectrum of PDAeBF was curve-fitted for the five char-
acteristic binding energies (BE) of 283.6 eV for CeC and CeH spe-
cies, 285.8 eV for CeO, 286.8 eV for C]O and OeCeO, and 288.1 eV
for OeC]O (Fig. 4b and Table S1) (Xu et al., 2013). As expected, an
additional peak appeared in the C1s high resolution spectra of
PDAeBF, near 285.5 eV for CeN, suggesting the successful intro-
duction of PDA on the fiber surface. The N1s high resolution spectra
of PDAeBF was fitted to peaks with binding energies of 401.7 eV for
R1eNH2, 399.6 eV for R1eNHeR2 and 398.3 eV for C¼NR (Feng
et al., 2016) (Fig. 4c and Table S2). After amino silane grafting
onto the PDA-treated fibers, the concentration of R1eNHeR2 (sec-
ondary amine) and C¼NR (tertiary or aromatic amine) species



Fig. 2. SEM images of (a) BF; (b) PDA-BF; (c) P/KeBF-1; (d) P/KeBF-2; (e) P/KeBF-3; (f) P/KeBF-4; (g) P/KeBF-5; and (h) KeBF.

Fig. 3. (a) The FTIR spectra of the BF, PDA-BF, P/KeBF-4 and KeBF; and (b) the fingerprint region spectra from 2000 cm�1 to 900 cm�1 of the BF, PDA-BF, P/KeBF-4 and KeBF.
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increased from 82.7% to 85.6% and from 3.5% to 7.8%, respectively,
accounting for the grafting of amino silanol on the PDA-treated
fibers via Michael addition and/or Schiff-base reactions (Fig. 4d
and Table S3), as illustrated in Fig. 1. Also, a new Si2p peak was
observed in the wide spectrum scan of PDA/KeBF-4. The changes
demonstrated the successful secondary grafting of amino silane
onto the PDA-coated bamboo fibers. Combined with the FTIR
spectra, the results confirm the successful introduction of PDA and
PDA-silanol on the surface of the bamboo fibers.
3.4. Bamboo �bers crystallinity

For unmodified bamboo fibers, the XRD peaks at 2q of 17�, 22.5�

and 35� were assigned to (101), (002), and (040) planes, respec-
tively, fitting the characteristic diffraction peaks typical of the
5

cellulose I crystal structure (Yao et al., 2017). Upon grafting amino
silane, no distinct changes in peak position or shape were observed
in the XRD profiles, suggesting negligible changes in the crystal-
linity of amino silane-grafted fibers. These results are partly
ascribed to the formation of intermolecular hydrogen bonds in the
hydrolyzed silane and fiber interfaces, which did not produce any
significant effect on the crystal structure of the fibers (Chen et al.,
2012). Upon introduction of PDA and PDA-silanol treatments, no
changes were observed in the characteristic diffraction peaks,
diffraction profiles and 2q angles compared to those unmodified
counterparts (Fig. 5).
3.5. Mechanical properties of the biocomposites

The static mechanical properties of the biocomposites, including
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