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Abstract Bleached palm fiber without lignin, alka-

lized palm fiber without hemicelluloses and raw

windmill palm fiber were prepared. Then, the chem-

ical composition and the mechanical properties of the

windmill palm fiber were investigated. Scanning

electron microscopy, Fourier transform infrared spec-

troscopy and Raman microscopy were employed to

characterize the structure and chemical composition.

A universal material tester, nanoindentation and

dynamic mechanical analysis were used to study the

mechanical property of these samples. According to

the results, bleach treatment removed most of the

silica bodies as well as the lignin, smoothed the fiber

surfaces and increased the hollowness to 50%. Alkali

treatment removed most of the hemicelluloses,

increased the surface roughness, and reduced the

hollowness to 28%. Alkalized fibers have the highest

tensile strength, elongation at break and elastic

modulus, with values of 119.37 ± 27.21 MPa,

30.58 ± 5.87% and 10.75 ± 4.30 GPa, respectively.

The raw material without treatment has the highest

stiffness, while the alkalized samples are the most

flexible fibers and sensitive to temperature.

Keywords Windmill palm fiber � Chemical

structure � Dynamic mechanical analysis �Mechanical

properties � Nanoindentation

Introduction

In the last decade, natural fibers, such as pineapple leaf

fiber (Dos Santos et al. 2013), rice and einkorn wheat

husks (Tran et al. 2014), bamboo (Liu et al. 2012), and

kenaf (Dan-Mallam et al. 2013), have been studied for

use in reinforcing polymers. However, there are still

several potential fibers that have not yet been exam-

ined (Aldousiri et al. 2013). Windmill palms are

distributed throughout the temperate and tropical

zones in large numbers (Zhai et al. 2012), and their

fibers are available throughout East Asia. Windmill

palm fibers are obtained from the palm sheath, as the

fibers are originally wrapped along the base of the

palm leaf ribs (Ishak et al. 2012).Windmill palm fibers

do not require any secondary processes such as water
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retting or mechanical decorticating to yield the fibers,

meaning they can be used directly (Ishak et al. 2012),

reducing energy consumption during processing.

Due to the advantages of natural fibers as an

alternative option to synthetic fibers, such as low cost,

acceptable biodegradability and low density (Alajmi

and Shalwan 2015; Shanmugam and Thiruchitram-

balam 2013; Jawaid et al. 2013), palm trees have

attracted more and more attention in recent years. The

properties and commercial utilization potential of

different types of palm fibers are dependent on their

structural and mechanical characteristics (Zhai et al.

2012). Information on the mechanical properties of

windmill palm fiber is a requirement to its further use

in industrial manufacturing. An additional advantage

is a potential commercial use for an item that is

normally considered waste or only suitable for use in

low-value products (Dehghani et al. 2013). A lack of

understanding of the mechanical properties of wind-

mill palm fibers is the present motivation for this work

to determine the influence of the chemical treatment of

windmill palm fibers on its mechanical properties, as

few studies have investigated this issue.

This paper focuses on the mechanical properties of

untreated windmill palm fibers, as well as of fibers

subjected to different chemical treatments. The goal of

this study is to provide background information, which

will hopefully be useful in future fiber applications.

Materials

Untreated materials

The windmill palm sheath meshes used in this work

were obtained from the Yuanmu Company in Hubei

province, China. The windmill palm fibers (Fig. 1)

were drawn off the mesh, then cleaned in running

water several times and air-dried.

Bleaching treatment

The lignin from the fibers was removed by a bleaching

operation using a 0.67-g/L NaClO2 solution and

1.33 g/L CH3COOH for 8 h at 80 �C (Khan et al.

2013). The fiber-to-liquor ratio was maintained at

1:50. The reaction was repeated twice or more until the

fiber was completely white. Then, the fiber was

washed several times using cold distilled water and

dried in an oven at 60 �C for 12 h. The bleached palm

fiber samples are shown in Fig. 1a.

Alkali treatment

The hemicelluloses from the fibers were removed

using an alkali treatment (Wang et al. 2012, 2016).

The untreated windmill palm fibers were soaked in a

6% NaOH solution in a water bath with the temper-

ature maintained at 60 �C for 2 h and a fiber-to-liquor

ratio of 1:50. Next, the fiber was mercerized in an

8 wt% NaOH solution at 60 �C for 2 h, and treated

using a 10 wt%NaOH solution at 60 �C for 2 h. Then,

the fibers were washed several times using cold

distilled water, and dried in an oven at 60 �C for 12 h.

The alkalized windmill palm fiber samples are shown

in Fig. 1b.

Scanning electron microscopy (SEM) evaluation

Imaging was performed using a scanning electron

microscope (SEM; S-4800, HITACHI, Japan) under a

high vacuum. Dry samples were mounted on alu-

minum stubs and coated with gold to make the

surfaces conductive. Imaging was then performed at

beam accelerating voltages of 5 kV.

Diameter and hollowness test

Longitudinal optical micrographs of the treated and

untreated palm fiber samples at a magnification of

9100 were photographed using an Ultra depth micro-

scope (VHX-100; Keyence, Japan). The average

diameters of 300 fibers from each sample were

analyzed using the Image-ProPlus 6.0 software. The

SEM cross-sectional photographs of the fibers were

then studied using the Image-ProPlus 6.0 software to

study the hollowness. The areas of the lumen and the

entire single fiber were calculated. Then, the hollow-

ness of the fiber was determined from the area of the

lumen divided by the area of the entire single fiber

cross-section.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out using the KBr tableting

method with a Fourier transform infrared spectrometer

(Perki-Elmer; USA) run over a spectral range from

4000 to 400 cm-1.
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Raman microscopy

For Raman microscopy, the untreated, bleached and

alkalized samples were washed with distilled water

and dried naturally. The samples were then placed on a

glass slide with double-faced adhesive tape. The

spectra were acquired using a Micro-Raman Spec-

trometer (Labram Xplora, Horibajy, France) using a

linear-polarized 532-nm laser excitation power of 25

mW.

Tensile property test

Tensile testing for the windmill palm fibers was

performed according to the ASTM C1557 standard.

According to the standard guideline, three different

gauge lengths (20, 30, and 40 mm) for each series of

windmill palms were used to determine their tensile

properties and system compliance. A total of 45

samples were fabricated for each type; thus, 15

specimens were made for each gauge length. Tensile

tests were conducted in a universal material tester

(Instron 5967, USA) using a 500-N load cell with a

0.05-mm/s cross-head speed.

The tensile modulus was obtained during experi-

mentation and used to calculate the system compliance

from Eq. (1):

DL
F

¼ L0

AE
þ Cs ð1Þ

where DL is the total measured displacement, F is the

applied force, CS is the system compliance, L0 is the

gage length, A is the cross-sectional area of the fiber

and E is the tensile modulus. Thus, a linear represen-

tation ofDL/F as a function of L0/Awill yield a straight

line slope 1/E and intercept the system compliance CS

(Gowthaman et al. 2017; Mahjoub et al. 2014; Paiva

et al. 2007). To calculate the cross-sectional area and

the strength of the tested palm fibers, an image of the

cross-section was measured using a digital microscope

(VHX-100; Keyence). An image-processing software

(Image-ProPlus 5.0) was used to measure the cross-

sectional area.

Nanoindentation test

Each sample was embedded in epoxy resin for

nanoindentation testing. Embedded windmill palm

fiber samples were polished using a grinder to prepare

the surfaces. Nanoindentation was performed using an

instrumented micro/nanoindentation/scratch system

(NHT2/MCT; Switzerland) with a Vickers tip along

the depth of the cross-section. In total, 12 indentations

were conducted at different positions for each sample.

The indentation tests were performed in force-con-

trolled mode, where the indenter tip was loaded to a

peak force of 0.5 mN at a loading rate of 1 mN/s, held

at a constant load for 10 s, and unloaded at a rate of

1 mN/s. The hardness (H) and the elastic modulus (Er)

Fig. 1 a Bleached windmill palm fibers, b alkalized palm fibers and c untreated palm fibers
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were obtained from the curve using the method

developed by Oliver and Pharr (1992, 2004).

Dynamic mechanical thermal analysis (DMTA)

Scanning electron microscopy (TM3030; Japan) was

used to characterize the dimensions of the windmill

palm fibers. All the DMTA tests were performed on a

Q800-type tester (TA Instruments, USA) with the

following input parameters: dynamic force of 0.5 cN,

frequency of 1 Hz, heating ratio of 10 �C/min and

temperature range of 35–235 �C. Three specimens

were analyzed for each sample. The analysis enabled

the determination of the storage modulus (E’) from the

in-phase response, the loss modulus (E’’) from the out-

of-phase response, and the magnitude of tan d.

Results and discussion

Morphological properties of the windmill palm

fibers

Changes in the surface morphology of the windmill

palm fibers after different treatments were determined

from the SEM (Fig. 2). Silica-bodies attach them-

selves to circular craters, which are spread relatively

uniformly over the fiber surface. After the bleaching

treatment, most of these silica-bodies are removed. As

a result, a relatively smooth fiber surface and a thin

diameter (225.24 ± 97.77 lm) are observed. A lumen

clearly exists in the middle of the fiber after bleaching,

and the degree of hollowness is approximately 50%,

indicative of a slight increase.

Fig. 2 SEM images of a bleached windmill parm fiber, b alkalized palm fiber, and c untreated palm fiber
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As shown in Fig. 2b, the alkali treatment increases

the surface roughness and causes more separation in

the cellulose fibers exposed on the fiber surface. This

phenomenon has been observed in other studies of the

morphology of several alkalized natural fibers (Mah-

joub et al. 2014; Chowdhury et al. 2013; Khan et al.

2013;Akil et al. 2011).Amound of droplets containing

lignin were observed on the alkalized windmill palm

fiber surface. In an aqueous environment, hydrophobic

lignins minimize their surface area contacting water,

causing them to coalesce and form spheres (Ma et al.

2014; Donohoe et al. 2008). These lignin droplets are

observed on the cross-section. Alkali treatment causes

swelling in the fiber cell walls. As a result, the degree of

hollowness decreased greatly, from 46 to 28% for the

untreatedwindmill palmfiber. The alkalized palmfiber

has the smallest diameter, of approximately

138.38 ± 63.02 lm, whereas the average diameter

of the untreated windmill palm fiber is approximately

308.77 ± 101.79 lm.

Effect of treatment on chemical composition

of windmill palm fiber

Raman and infrared spectroscopy can provide ‘‘com-

plementary’’ information on the molecular vibrations

(Gierlinger et al. 2008). As a result, the spectrums

from Raman and infrared spectroscopy are shown in

Fig. 3.

The FTIR spectra of the windmill palm fiber are as

shown in Fig. 3a. Prominent peaks at 1731 and

1745 cm-1 are observed in the spectra of the raw

windmill palm fiber and the fiber after bleaching.

However, this peak vanishes in the alkalized samples.

The peak at approximately 1730–1750 cm-1 was

associated with the presence of the ester linkages of

the carboxylic groups of the ferulic and p-coumeric

acids of the hemicellulose (Goh et al. 2016; Sain and

Panthapulakkal 2006). Additionally, the peak formed

at 1636 cm-1 confirms the existence of the hemicel-

luloses (Binoj et al. 2016). All these results substan-

tiated that most of the hemicelluloses were effectively

removed after the alkali treatments.

The Raman spectra of the windmill palm fiber are

as shown in Fig. 2b. The peaks at 1080 and 1150 cm-1

correspond mainly to C–C ringbreathing and C–O–C

stretching vibrations from carbohydrates (Edwards

et al. 1997; Kacuráková et al. 1999; Gierlinger et al.

2008). There are no distinct absorption bands in this

region because the alkali treatment releases most of

the hemicellulose. The broad ‘‘band’’ between 1460

and 1700 cm-1 is assigned to the lignin and exhibits a

(a) (b)

Fig. 3 a FTIR and b Raman spectra of windmill palm fiber
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higher intensity in the spectrum from the rawmaterials

(Ma et al. 2014). The disappearance of the lignin peak

in the bleached samples indicates that it was removed

after the bleach treatment. The most prominent bands

are found in the region between 2800 and 3000 cm-1

and are assigned to the C–CH3, O–CH3 and CH2

stretching modes (Gierlinger et al. 2008) deriving

from the cellulose in the windmill palm fiber wall

(Gierlinger and Schwanninger 2007).

Tensile property of windmill palm fibers

The system compliance method, which is suitable for

the indirect measurement of elongation according to

ASTM C1557, was used to analyze the tensile test

results for the bleached, alkalized and untreated

windmill palm fibers. A graphical representation of

Eq. (1) for the bleached windmill palm fibers tested

using different gauge lengths is shown in Fig. 4. The

constant slope of the straight line is 1/Ek, whereas the

y intercept is the system compliance (Cs).

The tensile properties of the untreated and treated

windmill palm fibers are shown in Table 1. From this,

we can see that the tensile properties of the fibers were

affected by their chemical treatment. Hemicellulose is

a form of random, amorphous branched or nonlinear

structures with little strength (Summerscales et al.

2010). The release of the hemicellulose increases the

mechanical properties. The tensile strength and the Ek

of alkalized fibers almost free of hemicelluloses are

the highest, at 392.13 ± 101.36 and 7799.70 MPa,

respectively. The tensile strengths of the untreated and

bleached fibers are 302.62 ± 105.02 and

324.96 ± 84.33 MPa, respectively, whereas the Ek

values are 2724.58 and 3359.76 MPa, respectively.

After the bleach or alkali treatment, most of the lignin

or hemicellulose in the windmill palm fiber is released,

causing the elongation at break to decrease.

The elongation at break of different windmill palm

fibers is shown in Fig. 5. The untreated palm fiber has

the highest elongation of 35.788 ± 4.39%, at the test

length of 2 mm, while the elongation decreases to

26.58 ± 5.45% at the test length of 4 mm, while the

average elongation of untreated windmill palm fiber is

30.88 ± 5.77%. Untreated windmill palm fiber exhi-

bits an excellent strain property because of its high

microfibril angle, hierarchical composite structure and

delamination within and between hollow fiber cells

during the loading process (Zhang et al. 2015). The

fiber elongation decreases when the test length

increases, following the probability of breakage theory

(Tran et al. 2015), except for the bleached fiber at

4 mm. Therefore, the effect of test length on the

elongation of the bleached and alkalized fibers is

smaller. The average elongations of the bleached and

Fig. 4 System compliance method for bleached windmill palm

fibers

Table 1 Tensile properties of windmill palm fiber by using of system compliance method

Samples Line equation R2 System

compliance

(Cs) of

machine

(mm/N)

Ek

(tensile

modulus)

(MPa)

Tensile strength value

(MPa)

Elongation value

(%)

Mean SD CV Mean SD CV

Bleached DL
F
¼ 2:9764� 10�4 L0

A
þ 0:77042 0.84 0.77042 3359.76 324.96 84.33 25.95 24.15 6.55 27.13

Alkalized DL
F
¼ 1:2821� 10�4 L0

A
þ 0:76261 0.76 0.76261 7799.70 392.13 101.36 25.85 23.60 6.33 26.82

Untreated DL
F
¼ 3:67092� 10�4 L0

A
þ 0:47624 0.72 0.47624 2724.58 302.62 105.02 34.70 30.88 5.77 18.70
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alkalized fibers are nearly the same at 24.15 ± 6.55

and 23.60 ± 6.33%, respectively. The high elongation

at break percentage of windmill palm has the potential

advantage to rectify weaknesses possessed by brittle

composite materials. The unique mechanical proper-

ties make the material a good natural resource for

enhancing the composite materials (Zhai et al. 2012).

The strain is more dependent on, and increases

with, the micro-fibril angle (Yang et al. 2016). The

decrease in the elongation at break may indicate that

the chemical treatment increases the micro-fibril an-

gle. Overall, the tensile strength of the windmill palm

fibers is equal to that of surge palm fibers

(100–450 MPa) (Sahari et al. 2012) or coir fibers

(160–300 MPa) (Tran et al. 2015), but lower than

kenaf fibers (200–300 MPa) (Ochi 2008).

Nanoindentation measurement of the windmill

palm fiber

Nanoindentation, which is otherwise known as instru-

mented or depth-sensing indentation (Oliver and Pharr

1992, 2004; Eder et al. 2013; Gale and Achuthan 2014;

N’Jock et al. 2015), is a well-established technique to

characterize the mechanical properties of materials at

very small length scales. From the stress–strain curve

obtained by the nanoindentation test, two important

parameters, the hardness (H) and elastic modulus (Er),

which is also known as the indentation modulus, can

be determined. Figure 6 shows the values obtained for

the nanoindentation modulus and hardnesses of three

different samples. The hardness of the bleached

sample which has had its lignin removed

(335.26 ± 78.92 MPa) is similar to the alkalized

sample (311.37 ± 90.51 MPa) and harder than the

untreated sample (127.38 ± 22.10 MPa). The alka-

lized sample without hemicelluloses has the highest Er

of 10.75 ± 4.30 GPa.

To further understand the mechanical characteris-

tics of the windmill palm fibers, the results have been

compared to those for ten kinds of hardwoods (Wu

et al. 2009), two kinds of softwoods, five kinds of

crops, and lyocell fibers, especially bamboo (Wu et al.

2010), as shown in Table 2. The indentation modulus

and hardness of three different types of windmill palm

Fig. 5 Elongation at break of chemical-treated windmill palm

fibers at different test length

Fig. 6 Hardness (H) and indentation modulus (Er) of the

secondary cell wall of windmill palm fibers

Table 2 Comparison of mechanical properties of hardwoods,

softwoods, lyocell fibers and bamboo that measured by nano-

indentation

Species Hardness

(MPa)

Elastic

modulus

(GPa)

Hardwoods Poplar, Iroko, Alder

birch, Manchuria

ash, Asian white

birch, Red oak,

White oak,

Mongolian oak,

Kwila, Keranji

400–560 14.2–35.4

Softwoods Loblolly pine, Spruce 340–530 14.2–18

Crops Cotton stalk, Cassava

stalk,

Soybean stalk, Rice

straw, Wheat straw

480–850 16.3–20.8

Lyocell fiber 330–440 11.5–13.2

Bamboo 290–507 4.5–8.6
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fiber cell walls is slightly lower than that of the

hardwood, softwood, and crops and is similar to

bamboo and lyocell fibers. In general, they are within

the same order of magnitude.

Thermo-mechanical properties of windmill palm

fibers

DMTA, which is generally recognized as being

sensitive to molecular motion, is used to measure the

stiffness and damping of a structure (Kim et al. 2013;

Waldron and Harwood 2011). Figure 7 show the

dependence of the storage modulus (E0) and tan d on

temperature (T) for the windmill palm fibers.

The storage modulus represents the ability of any

material to store mechanical energy and resist defor-

mation, and is related to the elastic performance of a

material and is similar, though not identical, to the

Young’s modulus (Waldron and Harwood 2011;

Fabiyi and Ogunleye 2015). The storage modulus

value of the untreated windmill palm fibers was found

to be approximately 5500 MPa, which is higher than

the others. After the bleaching treatment, the storage

modulus decreases to 4700 MPa, whereas the storage

modulus of the alkalized fibers is approximately

3000 MPa. This indicates that the raw material

without being subjected to any treatment has the

highest stiffness, whereas the alkalized samples are the

most flexible (Waldron and Harwood 2011).

The tan d of the untreated windmill palm fibers

increases with temperature. The temperature corre-

sponding to the tan d peak for the bleached and

alkalized samples are approximately 153 and 146 �C,
respectively. The lower temperature at the tan d peak

suggests that it is easier to achieve maximum viscos-

ity. This may indicate that, after the alkali treatment,

the windmill palm fibers are most sensitive to the

temperature. In contrast, the tan d peak for the

untreated windmill palm fibers corresponds to the

highest heating temperature, indicating that the raw

materials are least sensitive to temperature and exhibit

excellent thermal stability (Xia et al. 2016).

Conclusion

In this work, a bleaching treatment was used to remove

most of the silica-bodies and provide relatively smooth

fiber surfaces. The degree of hollowness of the

bleached fibers almost without lignin is approximately

50%, which is slightly higher than the 46% observed in

the rawmaterials. The alkali treatment removed almost

all of the hemicelluloses, increased the surface rough-

ness and exposed more cellulose. The alkalized fibers

(a) (b)Fig. 7 aE0–T and b tan d–T
curves of different windmill

palm fibers
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with a degree of hollowness of 28%are surrounded by a

large number of lignin droplets.

The alkalized fibers have the highest tensile

strength and modulus of 392.13 ± 101.36 and

7799.70 MPa, respectively. The untreated palm fibers

have the highest average elongation at break of

30.88 ± 5.77%.

The hardness of the bleached fibers without lignin is

similar to that of the alkalized sample and harder than

the untreated sample. The alkalized sample without

hemicelluloses has the highest elastic modulus Er

(10.75 ± 4.30 GPa). The raw material without treat-

ment has the highest stiffness with a storage modulus

of approximately 5500 MPa, whereas the alkalized

samples are the most flexible fibers and are sensitive to

temperature.
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