
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tcoi20

Composite Interfaces

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tcoi20

Bio-based composites made from bamboo fibers
with high lignin contents: a multiscale analysis

Cécile Sillard, Eder Castro, Jerachard Kaima, Quentin Charlier, Jérémie
Viguié, Maxime Terrien, Ittichai Preechawuttipong, Robert Peyroux, Evelyne
Mauret & Alain Dufresne

To cite this article: Cécile Sillard, Eder Castro, Jerachard Kaima, Quentin Charlier, Jérémie
Viguié, Maxime Terrien, Ittichai Preechawuttipong, Robert Peyroux, Evelyne Mauret & Alain
Dufresne (2023): Bio-based composites made from bamboo fibers with high lignin contents: a
multiscale analysis, Composite Interfaces, DOI: 10.1080/09276440.2023.2253640

To link to this article:  https://doi.org/10.1080/09276440.2023.2253640

View supplementary material 

Published online: 05 Sep 2023.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tcoi20
https://www.tandfonline.com/loi/tcoi20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09276440.2023.2253640
https://doi.org/10.1080/09276440.2023.2253640
https://www.tandfonline.com/doi/suppl/10.1080/09276440.2023.2253640
https://www.tandfonline.com/doi/suppl/10.1080/09276440.2023.2253640
https://www.tandfonline.com/action/authorSubmission?journalCode=tcoi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tcoi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09276440.2023.2253640
https://www.tandfonline.com/doi/mlt/10.1080/09276440.2023.2253640
http://crossmark.crossref.org/dialog/?doi=10.1080/09276440.2023.2253640&domain=pdf&date_stamp=2023-09-05
http://crossmark.crossref.org/dialog/?doi=10.1080/09276440.2023.2253640&domain=pdf&date_stamp=2023-09-05


Bio-based composites made from bamboo fibers with high 
lignin contents: a multiscale analysis
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Maxime Terriena, Ittichai Preechawuttipongc, Robert Peyrouxb, Evelyne Maureta 

and Alain Dufresnea

aGrenoble INP, Université Grenoble Alpes, CNRS UMR 5518, Grenoble, France; bGrenoble INP, Université 
Grenoble Alpes, CNRS UMR, Grenoble, France; cDepartment of Mechanical Engineering, Faculty of 
Engineering, Chiang Mai University, Chiang Mai, Thailand

ABSTRACT
To meet societal and economic expectations, the bio-based com-
posite market is developing. However, some issues remain, espe-
cially for lignocellulosic fiber composites, due to their highly 
hydrophilic nature which impacts the composite performance. 
This study focuses on bamboo fiber-polypropylene composites 
manufactured by film stacking using fiber mats obtained through 
a wet laid process. To individualize fibers, raw bamboo was cooked 
using an alkaline treatment: the soda process, i.e., using NaOH in 
order to keep a certain amount of lignin on fiber surface. 
A maximum surface lignin content of 81.%, measured by XPS 
analysis, was obtained, from the 1 wt.% NaOH concentration. The 
corresponding bulk lignin content, measured by Klayson method, is 
21.%. The macroscopic properties of bamboo fiber-polypropylene 
composites were evaluated with regard to material microstructure 
through a multiscale analysis. The best mechanical properties were 
obtained for composites manufactured from bamboo fiber pre-
pared using a 1 wt.% NaOH, which corresponds to the highest 
lignin content (3.5 GPa and 53 MPa for modulus and strength in 
tensile tests, 3.8 GPa and 64 MPa in bending tests). The good 
mechanical performance of the composites was attributed to the 
improved compatibility between the fiber and the matrix, evi-
denced by multiscale studies.
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1. Introduction

Since the last decade, the interest in using bio-based composites as an alternative to 
petroleum-based materials has rapidly increased. This topic has already been actively 
investigated and reviewed in the scientific literature for the large panel of existing natural 
fibers as filler and/or reinforcement [1,2]. These materials can achieve a wide range of 
properties (from high stiffness to low density for high strength-to-weight ratio) while 
answering societal and economic expectations (it is possible to design low cost and 
partially or fully biodegradable solutions, and so on.) [3]. The global market for bio- 
composites was 16.46 USD billion in 2016 and is projected to reach 36.76 billion by 
2022 [4].

The main natural fibers used in composite applications are extracted from flax, hemp, 
kenaf, or sisal [5]. However, Gu et al. [6] proved that bamboo fibers (BFs) could replace 
flax for the development of bio-based composites. BF market has increased over the last 
decade due to the fast growth of bamboo (3 years to reach adult form), its low cost 
(around 0.5–0.6 €/kg, compared to 3.11 €/kg for flax and 2€/kg for glass fibers) and broad 
availability [7–9]. According to the Food and Agriculture Organization and the 
International Bamboo and Rattan Organization, bamboo covers over 37 million hectares 
worldwide, mainly in Asia and South America. Furthermore, bamboo has notable 
intrinsic properties such as a high stiffness due to high lignin contents (around 30.% 
for some species) which makes them interesting candidates for reinforcing components 
in bio-based composites [7,10–13]. Hassan et al. [14] reviewed the use of bamboo fibers 
for bio-based composites and showed all the opportunity of this, but they also high-
lighted the difficulties to use natural fibers of this kind of application. In fact, this use is 
still challenging, especially due to the lack of compatibility between hydrophilic fibers 
and polymer matrices that are generally hydrophobic. Different solutions have been 
proposed to improve this compatibility through physical, physico-chemical or mechan-
ical methods to modify the wettability or the roughness of fibers (such as ultrasonic or 
corona treatment) [9]. Bio-inspired strategies relying on the adsorption of nano-objects 
at the surface of fibers to increase their roughness and specific surface have also been used 
[15,16]. Another solution to improve compatibility is to create covalent bonding between 
matrix and fibers by adding reactive groups at the surface of the fiber or inside the 
polymer matrix. The most known methods for natural fiber modification consider 
grafting hydrophobic compounds such as isocyanates, acid anhydrides or silanes on 
the fiber surface [17–19]. The polymer matrix can also be modified, for example, through 
the addition of maleic anhydride. It has been shown that chemical grafting in general 
increases the stiffness of the composite but it is expensive and not eco-friendly.

Before being able to obtain composites, raw biomass must be converted to obtain 
natural fillers or fibers. A lot of methods exist, leading to a wide range of products, from 
macro-pellets to nano-fibrils. For instance, soda cooking is a simple process which 
produces individual fibers at micro-scale without damaging too much their structure. 
The best-known chemical cooking to prepare natural fibers is soda treatment, which 
produces individual fibers by removing hemicelluloses and a part of the lignin at low 
temperature while retaining the majority of cellulose [20]. Soda cooking to obtain BF has 
been well studied. The influence of NaOH concentration and reaction time on single 
fiber properties have been reported [21], showing the influence of the NaOH 
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concentration and the reaction time for three types of bamboo fibers. For severe soda 
treatment, natural fibers became more ductile [22–24] than without any treatment. It was 
also reported that interfacial adhesion between fiber and matrix and composite ultimate 
strength can be improved using alkali treatments [25]. Nevertheless, to our knowledge, 
the correlation between lignin content and mechanical properties of natural fiber com-
posites has not been investigated so far. Our hypothesis is that the lignin content and, in 
particular, the amount of lignin available at the surface of natural fibers could lead to 
a better compatibilization with non-polar matrices, and thus to bio-based composites 
with improved properties.

Furthermore, the preparation of the mat following fiber individualization, which is 
generally barely reported, should be better controlled or optimized, to increase the 
amount of fiber-specific surface available. This could explain in part why the literature 
is composed of a large amount of different results regarding the mechanical properties of 
bio-based composites prepared using close conditions.

In this context, the objectives of this study are to obtain homogenous BF-polypropylene 
(PP) composites while maintaining a certain amount of lignin at the surface of BF in order 
to improve the compatibility between both components. To reach such a goal, BF was 
individualized using soda treatment with various NaOH concentrations, and BF mats were 
obtained through a wet laid approach inspired from papermaking processes. BF-PP 
composites were then manufactured by hot-pressing film stacking.

BF bulk and surface lignin content were estimated using X-ray Photoelectron 
Spectroscopy (XPS) analysis and Klason method. Atomic force measurement (AFM) 
was used to measure the fiber surface roughness mean square (RMS) at nanoscale and the 
adhesion between BF and polyethylene (PE) beads. The mechanical behavior of BF-PP 
composites was analyzed in both static and dynamic modes using dynamic mechanical 
analysis (DMA) and tensile and flexural tests.

2. Experimental section

2.1. Materials

The middle internode part of a grand bamboo (Dendrocalamus elegans) older than 3 
years, from Mok Far Mont Ngo Resort, Chiang Mai, Thailand, was used as raw material. 
The bamboo was first cut into small strips of 1 mm × 5 mm × 60 mm, dried in ambient 
conditions for 7 days, and then stored in plastic bags.

30.% bio-based polypropylene pellets were supplied by Natureplast (reference NP BioPP 
202–48). Technical datasheets indicate a density of 0.9 g.cm−3, a tensile modulus of 1.25 
GPa, a Vicat temperature of 151.°C, and a heat distortion temperature (HDT) of 92.°C.

NaOH 99.% used for soda treatment was supplied by Roth Sochiel.

2.2. Fiber preparation by sodium hydroxide treatment

Bamboo strips were dried for 24 h in an oven at 105°C before cooking. To perform the 
soda treatment, strips are mixed in a soda solution and introduced in a multi-shell reactor 
ERTAM. The suspension is then heated at 120.°C for 120 min at 1–2 bars with a temperature 
ramp at 4.°C/min. The multi-shell reactor consists of six stainless steel autoclaves with 
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a capacity of 3.3 L placed in an oil bath. The device rotates during the cooking to ensure 
a good mixing. The alkaline treatment was performed at different concentrations of sodium 
hydroxide (1, 6, and 30 wt.%) for a bamboo/solution weight ratio of 1/12.

2.3. Fiber characterization

2.3.1. MorFi analysis
The morphology of BF was characterized using a MorFi device (Techpap, France) which 
consists in the image analysis of micrographs taken by optical microscopy of fiber 
suspensions. A total of 300 mg of BF was diluted in 2 L of water and kept under constant 
circulation during the image acquisition. The fiber/fine limit was set at 200 μm in length, 
and the analysis was carried out until 30,000 fibers were detected. The analysis was 
performed three times on each sample, and the average fiber length and width were 
determined (Fig S1).

2.3.2. Bulk lignin content
Soluble and insoluble lignin contents were measured by the Klason method following the 
Tappi T 222 om-11 and Tappi UM 250 standards. One gram of fibers previously dried 
overnight at 105.°C was added to 15 mL of sulfuric acid solution at 72.%. The mixture was 
then stirred for 2 h, diluted with water to get 575 mL of 3.% acid solution, and boiled for 
4 h. The mixture was finally filtered, and the mass of solid content was measured after 
having been dried for 24 h at 105.°C. The soluble lignin content was measured by 
ultraviolet spectroscopy at λ = 205 nm.

2.3.3. Crystallinity index
The crystallinity index was measured by X-ray diffraction (XRD) analysis using an X’Pert 
Pro MPD diffractometer PANALYTICAL (Netherlands) equipped with a Bragg- 
Brentano geometry and a copper Kα anode (λ = 0.1542 nm). Crystallinity indices were 
obtained by subtracting the amorphous contribution from the diffraction profile as 
shown in Figure 1 [26,27]. XRD was carried out on a zero-background Si substrate. An 
amorphous reference (in powder form) was produced by cryocrushing 1 g of raw 
eucalyptus fibers for 20 min at 30 Hz with two zirconium balls in a 20 mL chamber 
cooled with liquid nitrogen. The 2ϴ diffraction angle ranged from 6° to 60° with a 0.05° 
interval.

2.3.4. Scanning electron microscopy (SEM)
The SEM images were obtained using a FEI QUANTA 200 SEM (U.S.A.) at 10 keV. 
Samples were coated with gold using a rotary pumped coater Q150OR ES plus (Quorum) 
prior to observation.

2.3.5. Calculation of surface lignin content
Surface lignin content was evaluated by X-ray Photoelectron Spectroscopy (XPS) analysis 
using a K, ALPHA THERMOFISHER (U.S.A.). Measurements were performed using 
a Kα apparatus modulated with a monochromatic Al Kα X-ray source at 14,875 eV. Mat 
samples were positioned perpendicularly to the source under ultrahigh vacuum (below 
10−7 Pa). Spectra patterns were decomposed using Advantage software. The O/C ratio, 
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which represents the number of oxygen (O) atoms per carbon (C) atom at the surface, 
was calculated using (Eq 1). 

O=C ¼ Io=Soð Þ � Sc=Icð Þ (1) 

where IO and IC are the intensity of the oxygen and carbon peaks, respectively, and SC 

and SO are equal to 0.00170 and 0.00477 for carbon and oxygen, respectively. The 
theoretical surface lignin content can then be estimated form the O/C values for pulp 
sample, lignin free pulp, and lignin using (Eq 2) [28,29]:  

% lignin in surface ¼
0=C pulp sampleð Þ �

0=C lignin free pulpð Þ

0=C ligninð Þ �
0=C lignin free pulpð Þ

(2) 

where (O/C) pulp sample is the measured oxygen/carbon atom ratio of BF samples, (O/ 
C) lignin free pulp is the oxygen/carbon atom ratio without any contamination of 
a lignin-free (fully bleached) pulp and (O/C) lignin is the corresponding lignin is the 
corresponding value for an empirical bamboo lignin from [30]

O/C values were also corrected to take into account contamination of BF surface using 
(Eq 3) [31]:  

1
0=cð Þpulp corrected

¼
1þ 0=Cð Þcellulose measured

1; 833

� �

�
1

ð0=CÞpulp measured
þ 1

� �� �

(3) 

where (O/C) pulp corrected is the ratio for the BF sample which takes account of the 
carbon contamination, (O/C) cellulose measured corresponds to O/C from the lignin 

Figure 1. Crystallinity index measurement: amorphous fitting subtraction on bamboo fiber sample.
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free pulp with contamination, where (O/C) pulp measured is the ratio for the BF sample 
with contamination. Some assumptions were made to establish (Eq 3): volume chemical 
composition is assumed uniform, cellulose and hemicellulose are represented by C6O5 

and lignin bamboo by C13.07O4.01. The (O/C) cellulose measured value was determined by 
analyzing microcrystalline cellulose (Avicell) paper, in the same conditions as bamboo 
fibers.

2.3.6. Adhesive forces and roughness at the nanoscale
Adhesives force and nanoscale were measured by AFM using a DIMENSION ICON 
BRUKER (U.S.A.). The roughness was measured in tapping mode using OTESPA probes 
from Nanoandmore. A PE bead, stuck on a soft cantilever, provided by Novoscan, was 
used to measure the adhesive force between BF and PE (Fig. S1 in supporting informa-
tion). PE was used as a substitute for PP because the PE probe is commercially available. 
It is assumed that PE should behave as PP considering that their surface energy is very 
close. The spring constant (Kc) was determined by Sader’s method. It is equal to 1 N/ 
m [32].

Adhesive forces were determined with approach-retract curves from the cantilever 
deflection δc, the tip/sample distance D, the rest distance Z between the sample and the 
cantilever and the sample deformation δd (Figure 2(b)) [33,34]. The baseline was 
determined by removing the value of the deflection in a non-contact region 
(Figure 2(a), I). The zero separation was obtained from the constant compliance region 
(Figure 2(a), III). All AFM measurements were done in triplicate.

2.4. Preparation of fiber mats

Mats of 240 × 880 mm2, with a basis weight of 75 ± 5 g/m2, were produced using 
a Mecaform laboratory dynamic sheet former, EP MECA (France), with a jet speed/ 

Figure 2. Principle of the adhesion measurement by AFM. (a) the approach/retraction curves (b) the 
tip/surface distance calculation, (c) the adhesion force versus distance after calibrations.
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wire speed ratio equal to 0.6 (Figure 3). In these conditions, BF are preferentially oriented 
in the machine direction. Operating conditions were a flow rate of 1.5 L/min, a drum 
speed of 1000 rpm, and a pump speed of 600 rpm. Mats were pressed on the wire before 
removing using a cylindrical roll of 500 g and then dried at 90.°C for 10 min on a roller 
calender TECHPAP (France). The densities of the mats are estimated around 0.2 g/cm3.

2.5. Preparation of composites

BF-PP composites were manufactured by film stacking using a thermopress (SAINT 
ELOI, France) (Figure 4). The dimensions were set at 180 mm × 180 mm × 1 mm. Prior 
to composite manufacturing, PP films were obtained by hot-pressing 8 g of PP pellets at 
180.°C and 2 MPa for 60 s using the same thermopress. The BF mats were dried at 130°C 

Figure 3. Pictures and optical microscopy images (x10) of BF mats treated with (a) 30%, (b) 6% and 
(c) 1% NaOH concentration.

Figure 4. Composite manufacturing process.

COMPOSITE INTERFACES 7



for 4 h to remove moisture. An alternating ply sequence of three BF mats and four PP 
films was placed between two plates (280 mm × 280 mm) (Figure 4). Composite samples 
were then obtained by hot-pressing at 200.°C with a pre-load stress of 0.05 MPa and 
a pressure at 0.2 MPa for a compression time about 1 min.

After hot-pressing, the composites were removed from the press and stored at 23.°C, 
50°HR. Neat PP samples, obtained by hot-pressing PP films using the same operating 
conditions, were also manufactured to serve as a reference for mechanical 
characterization.

All BF-PP composites display close properties. Density is around 0.91 ± 0.02 (g/cm3). 
The PP film thickness is 0.56 mm, and composite thickness is 0.88 ± 0.02 mm. Fiber 
volume fraction is between 13.% and 14.% for a fiber mass fraction of 23 wt.%. Porosity, 
calculated by considering a density of 1.5 g/cm3 for BF and 0.9 g/cm3 for the PP, is 
between 8.% and 10.%.

2.6. Composite characterization

2.6.1. Static mechanical analysis
Tensile and flexural tests for neat PP and PP/BF composites were carried out following 
ASTM D3039 and ASTM D790 standards, respectively, using an Instron Series 5500 
universal apparatus (U.S.A.). Tensile tests were conducted on 80 mm × 15 mm specimens 
with a crosshead speed of 2 mm/min. For the three-point bending test, the crosshead 
speed was set at 5 mm/min, and the span between two supports was 25 mm. All speci-
mens were conditioned at 23 ± 2°C and 50 ± 5.% RH for 24 h prior to mechanical tests. 
Mean values and standard deviations were calculated from at least five samples for each 
material.

2.6.2. Dynamic mechanical analysis
Dynamic mechanical analysis was performed using a DMA50 manufactured by 
METRAVIB (France) on 60 mm × 15 mm samples. The frequency was set at 1 Hz with 
a static and dynamic force of 20 N and 10 N, respectively. Samples were heated from -60 
to 120.°C with a heating rate of 2.°C/min.

All mechanical tests were performed on samples in machine direction.

3. Results and discussion

3.1. Influence of NaOH treatment on fiber characteristics

3.1.1. Lignin content and morphology of the fibers
To improve the compatibility between fiber and matrix, our strategy consists in keeping 
a maximum of lignin on the fiber surface. Different experiments were carried out to 
quantify the residual lignin content and to evaluate the effect of the treatment on the 
fibers. Results are summarized in Table 1. The bulk lignin content decreases when 
increasing the sodium hydroxide concentration of the treatment. It decreases from 32 
to 21.% for 1.% NaOH concentration, and to 14.% with 30.% NaOH. However, the 
remaining lignin content between 6.% and 30.% NaOH is close. In fact, at this tempera-
ture, NaOH reaches a plateau for delignification due to its action on the α-O-4 linkage of 
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lignin. In fact, these bonds are present only in small proportion in the lignin molecule 
(4.1.%-4.8.% [35]), therefore alkaline treatment is not sufficient for complete delignifica-
tion [20,35]. The bulk lignin content (X) was used for labelling the samples (BF-X). This 
referencing will be used for now on in the article.

Fiber width remains the same regardless of the severity of the treatment, while the 
length slightly decreases with the 30.% NaOH treatment due to the partial depolymer-
ization of cellulose [36] (Fig S2 in supporting information). The BF crystallinity index 
(CI) increases slightly for the weakest NaOH concentrations, from 46 .% for untreated 
bamboo to 50.% and 47.% for the 1.% and 6.% NaOH treatments, respectively. This is due 
to the loss of hemicelluloses, lignin and other non-cellulosic materials, resulting of a less 
disorder of the organization of the fibers [37]. For the 30.% NaOH treatment, the CI 
value dramatically decreases to 21.% due to the transformation of cellulose I into cellulose 
II. Indeed, the cellulose chains have a parallel arrangement in cellulose I, while they have 
an antiparallel arrangement in cellulose II bringing disorder to the material [38].

The O/C ratio decreases with the severity of the NaOH treatment (Table 1). According 
to the literature, the main contributors to C-C and C-H bonds are lignin, extractive and 
contamination caused by the extraction process and by the XPS technique (Fig S3 in 
supporting information) [28–31]. Based on this assumption, it is possible to calculate the 
lignin content at the fiber surface using the corrected O/C ratio using (Eq 3) (see 
Experimental Section) [31]. Surface lignin content is higher than the bulk lignin content 
measured by the Klason method (Table 1). Hultén et al. found a surface lignin content 
between four and five times higher than the bulk lignin content [39]. It was attributed to 
the well-known heterogeneous distribution of cellulose, hemicelluloses and lignin in the 
fiber wall [39]. The surface lignin content follows the same trends than the bulk content, 
i.e., it decreases when increasing the severity of the alkaline treatment. However, 
a notable difference between the surface lignin content of BF-14 and BF-15 can be 
observed. Regarding the kinetics of the NaOH treatment, the lignin removed first is 
the one available at the surface of BF. Therefore, the difference between the lignin content 
for BF-15 and BF-14 is higher at the surface than in bulk. Reference measurements of 
untreated bamboo were performed on strips, whereas Gray et al. performed measure-
ments on hand-sheets, BF roughness seems to increase with the concentration of NaOH 
as can be observed in SEM micrographs (Figure 5). Microfibrils can be evidenced on the 
surface of treated fibers. BF-14 fibers seem to have swollen. This phenomenon is 
attributed to the partial mercerization triggered by the high NaOH concentration, as 
already discussed for XRD experiments. It is also confirmed by XRD experiments with 
the presence of the specific peak of the cellulose II à 2 θ = 12 and 20 (Fig S4 in supporting 
information).

Table 1. Composition and properties of bamboo fibers obtained by MorFi and XRD for 
different cooking conditions.

NaOH concentration (%) Untreated 1% 6% 30%

Sample BF BF-21 BF-15 BF-14
Bulk lignin content (%) 32 21 15 14
Length (µm) ND 1857 1831 1590
Width (µm) ND 19.3 18.8 19.4
CI (%) 46 50 47 21
O/C 0.34 0.40 0.48 0.54
Surface lignin content (%) 92 81 65 54
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The root mean square (RMS) value of the fiber surface roughness was measured by 
AFM. Images are shown in Figure 6. Surface roughness first increases with the severity of 
the alkaline treatment (72 nm for BF-21 and BF-15, compared to 21 nm for the untreated 
fiber) but it decreases for BF-14 (37 nm) (Table 2).

The increase in fiber roughness is mainly due to the removal of the small 
elements and delignification. It reveals microfibrils on the surface of the fibers 
(Figure 5(b,c)) which tends to increase the roughness. Then, the increase in 
roughness reaches a plateau because of mercerization: local fibrillation is reduced 
[40,41]

The adhesive force measured by AFM between a PE bead and BF decreases when 
increasing the severity of the soda treatment (Table 2). This result could be partly 
explained by the physical properties of bamboo fibers, and in particular by the 
nanoscale roughness which decreases for BF-14 compared to BF-15 and BF-21. 
Thus, the specific contact area between the PE bead and the BF-14 fiber is lower 
than that for BF-15 and BF-21 fibers. The chemical features of the fibers could also 
partly explain this observation. Since the lignin content on BF surface changes so 
does the polarity. This leads to a better compatibility between the less hydrophilic 
fiber surface and the hydrophobic PE beads. In conclusion, these results confirm 
that a larger lignin content on the surface increases the adhesion between PE and 
BF and that was obtained with a soft soda treatment, i.e., 1.% NaOH concentration. 
Furthermore, the increase of the nano roughness of the fiber seems sufficient to 
create anchoring of the matrix to the fiber surface. Rozman et al. showed by SEM 
observation that the interface between a PP matrix and coconut fibers was 
improved by the addition of lignin while noting the effect of fiber morphology 
and roughness [42]. SEM images showed fiber debonding and pull-out in the 
composites in the absence of lignin whereas with 30.% lignin, fiber breakage was 
observed. In our case, we obtained the same results by keeping the lignin naturally 
present in bamboo.

Figure 5. SEM images of fibers treated with different NaOH concentrations (a) BF (b) BF-21 (c) BF-15 
and (d) BF-14.
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3.2. Mechanical properties of BF-PP composites

The static bending and tensile mechanical properties of the composites are reported 
in Table 3 and the graphs are available in supporting information (Fig S5 and S6) 
Both the bending modulus and strength were improved by the addition of fibers 
compared to the neat matrix. The flexural modulus increases by 216, 183 and 116.% 
and the strength by 181, 145 and 115.% compared to neat PP for PP-BF-21, PP-BF-15, 
and PP-BF-14, respectively.

The elastic modulus and tensile strength of all PP-BF composites are also higher than for 
neat PP (Table 3). The stiffness and strength were found to be the highest for PP-BF-21 with 
a 250.% increase in elastic modulus compared to PP. Both PP-BF-21 and PP-BF-15 exhibit 
very similar elastic modulus values for the same fiber fraction (13–14.% v/v). However, 
a higher strength is obtained for PP-BF-21 (53.0 MPa).

Figure 6. AFM images of fibers treated with different NaOH concentrations (a) BF (b) BF-21 (c) BF-15 
and (d) BF-14.

Table 2. Surface roughness and adhesive force between PE bead and BF, measured by 
AFM.

Sample BF BF-21 BF-15 BF-14

Surface roughness (nm) 21 72 ± 4 72 ± 3 37 ± 3
Adhesive Force/2πR (mN/m) ND 7.3 ± 0.6 3.7 ± 0.7 1.8 ± 0.3
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The strain at break, on the other hand, decreases following the addition of fibers 
except for PP-BF-14 which strain at break is almost the same than the one of neat PP. 
This is probably due to the increase of BF ductility caused by the NaOH action [24].

These results are in contradiction with other reported works that showed that mechanical 
properties are better for higher NaOH concentrations (~6.%) [40]. However, the authors used 
different cooking conditions (larger times, lower temperature). Moreover, the PP-BF mechan-
ical properties corresponding to a 1.% NaOH treatment are equivalent or even better than 
those obtained by other authors for similar or higher fiber fractions, and with stronger 
chemical treatments. Gu et al. prepared composites by film stacking with a wet-prepared BF 
mat (40 vol.%) and PP composed of 5.% of maleic anhydride (MAPP). The authors observed 
a reinforcement of more than 57.% for MAPP-BF composites (2.53 GPa) compared to PP-BF 
composites (1.61 GPa) [6]. Lee et al. prepared BF reinforced PP composites by extrusion and 
achieved a reinforcement of 26.% with 30 wt.% of fibers chemically treated with silane to 
enhance the PP-BF compatibility [16]. Chen et al. manufactured MAPP-BF composites and 
obtained with 50 wt.% of BF and 15 wt.% maleic anhydride a tensile modulus between 5 and 6 
GPa [43]. The high mechanical properties of PP-BF composites obtained in this study are 
attributed in part to the NaOH reaction on the fiber chemical components that leads to 
elevated BF roughness and less polar surface energy. It, also due to the wet process approach 
which allows for better properties of the fiber mat by forming homogeneous network bonded 
by low-energy forces (hydrogen, van der Waals, Coulomb etc . . .) [44] as in papermaking 
processes. These results are very encouraging for the development of bio-based composites 
with high mechanical properties.

The evolution of the storage modulus for neat PP and PP-BF composites as a function of 
temperature is shown in Figure 7. As expected, the storage modulus for all composites is 
higher than the one of neat PP in the whole temperature range studied, especially above the 
glass transition temperature (Tg). Overall, DMA results are consistent with static mechanical 
experiments: the highest storage modulus corresponds to the less severe NaOH treatment 
(improvement of 43.% for PP-BF-14 and 245.% for PP-BF-21 at 25.°C, compared to neat PP). 
The addition of BF strongly decreases the magnitude of the relaxation process (Figure 8). This 
observation is directly linked to the decrease in matrix material amount, which is responsible 
for damping properties, but also to the reduced storage modulus drop in this temperature 
range. But the diminution is not the same for all composites. This diminution is supposed to 
be higher for matrix/fiber interphase and interface improved which is the case for PP-BF-21 
compared to PP-BF-14. Thus, confirmation is obtained that compatibility between matrix and 
fibers is improved for higher BF surface lignin content. A plateau is observed starting from 30. 
°C and onward due to the fiber web. Several relaxation processes of PP can also be observed 
(Figure 8). The tan δ peak around -20.°C corresponds to β relaxation associated to the Tg of 

Table 3. Mechanical properties of neat PP and PP-BF composites.
PP PP-BF-21 PP-BF-15 PP-BF-14

Bending test Elastic modulus (GPa) 1.2 ± 0.1 3.8 ± 0.3 3.4 ± 0.2 2.6 ± 0.1
Strength (MPa) 22.7 ± 0.8 63.9 ±1.1 55.6 ± 3.1 48.7 ± 1.1

Tensile test Elastic modulus 
(GPa)

1.0 ± 0.1 3.5 ± 0.1 3.3 ± 0,2 2.3 ± 0.1

Strength (MPa) 18.4 ± 1.0 53.0 ± 1.9 43.7 ± 2.6 32.7 ± 1.1
Strain at break (%) 5.5 ± 0.6 3.0 ± 0.1 3.0 ± 0.3 5.6 ± 0.5

DMA E’ at 25°C (GPa) 1.3 4.6 4.1 2.5
Tg (°C) -10.5 -14.8 -16.0 -15.0
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the polymer matrix. Tg decreases with the addition of BF due to a mechanical coupling effect, 
but it seems that this decrease is less noticeable for PP-BF-21 and PP-BF-14 than for PP-BF15 
(Table 3).

3.3. Link between macroscale and microscale analysis

The macroscale mechanical analysis of bamboo fiber reinforced PP laminates shows that the 
mechanical properties are strongly linked to the severity of the NaOH treatment applied to the 
fibers. Increasing the NaOH concentration of the treatment results in a decrease in the modulus 

Figure 7. Evolution of the storage modulus for PP-BF composites and neat PP as a function of 
temperature for PP (-), PP-BF-14 (●), PP-BF-15 (▲), and PP-BF-21 ().

Figure 8. Evolution of tan δ for PP-BF composites and neat PP as a function of temperature for PP (-), 
PP-BF-14 (●), PP-BF-15 (▲), and PP-BF-21 ().
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and strength of the composite in both tensile and bending modes. The storage modulus of the 
composite also decreases, but the material becomes more ductile with an increase in strain at 
break. Several microscale parameters could explain this behavior. A first hypothesis is that the 
decrease in composite performances is associated to BF damaging following the soda treatment. 
When increasing the NaOH concentration in the solution used for treating the fiber, mercer-
ization occurs, decreasing the crystallinity index, but also the length of the fibers. A severe NaOH 
treatment damages the fibers, decreases their mechanical properties and thus those of the PP-BF 
composites. A second hypothesis suggests that the mechanical performances of PP-BF compo-
sites are conditioned by firstly the fiber/matrix interactions that are maximized by an elevated BF 
roughness and secondly by less polar surface energy due to a less polar [45] component, i.e., the 
lignin. A larger roughness enables a stronger mechanical anchoring between matrix and fiber 
which could explain the better performance of PP-BF-21 and PP-BF-15 compared to PP-BF-14. 
However, mechanical anchoring can be established only through intimate contact between 
matrix and fiber, which is permitted by thermodynamics. The lignin surface content strongly 
changes with the severity of the NaOH treatment: it is higher for a lower NaOH concentration. 
Moreover, a high surface lignin content and the loss of hydrophilic components like hemi-
celluloses, which lead to a decrease of the water content within the fibers in case of the soft soda 
treatment, mean a less polar BF surface energy, thus a better compatibility with the fully 
dispersive PP matrix. In case of severe treatment, even if the content of hemicellulose decreases, 
the accessibility of hydroxyl groups of the cellulose increases and so the water content in BF too 
(data available in supporting information Fig S7). This could explain the better properties of PP- 
BF-21 compared PP-BF-15 and PP-BF-14. This explanation is consistent with AFM force 
measurement indicating higher adhesion forces between PE and BF-21 (Table 2). It is also 
consistent with the decrease in tan δ peak magnitude for PP-BF-21 (Figure 7). Overall, the best 

Figure 9. Evolution of the adhesion force, the young’s modulus of the composites and the roughness 
of the fibers against the bulk lignin content.
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mechanical performances were obtained for the highest measured adhesive forces between BF 
and PE, for the roughest BF, showing the highest bulk and surface lignin content, which 
corresponds to fibers prepared with a 1.% NaOH. This study also confirms the possibility of 
explaining the large-scale behavior of materials by small-scale analyses.

4. Conclusions

In this study, laminate composites composed of BF and PP were manufactured and 
characterized. Good mechanical performances were obtained. The best mechanical 
properties correspond to a 1.% NaOH chemical treatment for the preparation of BF. It 
leads to an increase in Young’s modulus of 250.% and an increase in strength of 188.% 
compared to neat PP. This analysis confirms previous studies that this sodium hydroxide 
concentration is sufficient to individualize fibers, to obtain good mat, and good compo-
sites. Furthermore, this treatment is quite safe and cheap compared to other chemical 
treatments. The wet laid process used for manufacturing the mat seems to be a good way 
to obtain reproducible and good quality materials. The multiscale study by AFM and XPS 
confirms the macroscale study by static and dynamic mechanical analysis. By increasing 
the roughness of the fibers and maintaining a large amount of lignin on their surface, the 
adhesion between matrix and fibers is improved, which enhances the compatibilization 
between matrix and fibers and thus the mechanical properties of the composites as 
shown in Figure 9. The link between the microscale and the macroscale phenomena 
was proven effective. This type of approach could be a solution for predicting the 
behavior of composites from microscale characterizations.
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