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Abstract: Natural fiber such as ramie is a type of reinforcement material derived from
natural sources. These reinforcement materials offer an environmentally sustainable so-
lution contributing to eco-friendly practices. However, natural fibers face challenges as
reinforcement materials due to the presence of non-cellulosic impurities and structural
irregularities, which reduce crystallinity. This study explores the impact of alkali using
sodium hydroxide (NaOH 5%) and silane using 3-(Aminopropyl) trimethoxy silane (APTES
1% and 3%) treatments on the chemical structure and crystallinity index of ramie yarn fiber
(Boehmeria nivea). Alkali treatment effectively removes non-cellulosic impurities, resulting
in an improved crystalline structure, while silane treatment modifies the fiber surface,
introducing functional groups that alter its chemical structure. The chemical modifica-
tions were analyzed by using Fourier transform infrared spectroscopy (FTIR), and the
crystallinity index was measured through X-ray diffraction (XRD). The findings revealed
that alkali treatment significantly increased the crystallinity index (Crl) of ramie fibers to
the highest value of 82.63%, and silane treatment primarily enhanced surface reactivity,
facilitating better adhesion and chemical bonding with the matrix. This research highlights
the potential of alkali and silane treatments for optimizing ramie fiber for use in advanced
polymer composite applications.

Keywords: alkali; silane; ramie yarn fiber

1. Introduction
The growing interest in sustainable materials has led to significant advancements in

the development and application of composite materials across various industries. In recent
years, many sectors have shifted from synthetic to eco-friendly materials, including in
structural applications. Composite materials, known for their versatile properties, consist
of two primary components: the reinforcement and the matrix. The reinforcement, which
provides strength and stiffness, can be classified into synthetic or natural fibers, available in
various forms such as long or short, and randomly or directionally aligned [1]. The matrix,
often a polymer that is either thermoplastic or thermosetting, binds the fibers together and
transfer the applied loads within the composite structure.

Natural fibers, such as those derived from plants, have gained increasing attention as
alternatives to traditional synthetic fibers like carbon, aramid, and E-glass. Their benefits
include low cost, ease of processing, high availability, and biodegradability [2,3]. Plant-
based fibers, such as ramie (Boehmeria nivea), also offer advantageous mechanical properties,
including higher stiffness and superior strength-to-weight ratios. When their fibrils are
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oriented uniaxially, these fibers exhibit enhanced mechanical performance [4]. Further-
more, the use of biodegradable matrices in combination with natural fibers enhances the
sustainability of composites and reduces production costs [5].

Ramie is one potential natural fiber that grows in tropical climate regions like Indone-
sia. These natural fibers are produced from harvest to degumming [6]. Ramie, a bast fiber
known for its high cellulose content and tensile strength, offers a high elastic modulus of
44–128 GPa, comparable to glass fiber’s 70 GPa, making it a strong and sustainable candi-
date for polymer composite reinforcement [7–9]. However, untreated natural fibers often
suffer from poor interfacial bonding with polymer matrices due to their hydrophilic nature,
limiting their application in high-performance composites [10]. Surface modifications, such
as alkali and silane treatments, are widely employed to improve fiber–matrix compatibility
by altering the fiber’s chemical structure and enhancing its mechanical and interfacial
properties. Alkali treatment removes non-cellulosic substances, including hemicellulose
and lignin, thereby increasing fiber crystallinity and exposing hydroxyl groups for better
bonding [11–13]. Silane treatment, on the other hand, introduces silanol groups, which
form covalent bonds with both the fiber surface and the polymer matrix, further improving
adhesion [14,15].

This study investigates the effects of alkali and silane treatments on the chemical struc-
ture and crystallinity properties of ramie yarn fiber. Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD) analyses are employed to evaluate the structural changes
and crystallinity index. The findings aim to provide insights into the potential of treated
ramie fibers as sustainable reinforcement in 3D printing filament composite materials,
contributing to the development of eco-friendly and high-performance materials.

2. Experimental
2.1. Material

Ramie yarn fiber was purchased from local corporate CV. Ramindo Berkah Persada
Sejahtera, Central Java, Indonesia. Reagent-grade sodium hydroxide (NaOH) pellets and
3-aminopropylethoxysilane (APTES) were acquired from Sigma Al-adrich.

2.2. Ramie Fiber Extrusion

Figure 1 illustrates the extraction process of ramie yarn fiber. The process begins with
the harvesting of ramie stems and continues with steaming to soften the fibers, making
decortication more efficient. The stems are manually decorticated to separate the fibers from
the stalks. The extracted fibers undergo a degumming process to remove impurities, such
as gum and pectin, resulting in cleaner and more refined fibers. Following degumming,
the fibers are straightened, cut, and rolled into manageable sizes.
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Ramie yarn fiber decorticated. (e) Extracted ramie yarn fiber. 
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water) for two hours at a controlled temperature of 50 °C, allowing for sufficient time for 
the alkali to react with non-cellulosic substances, including hemicellulose, lignin, and pec-
tin. After the soaking process, the fibers were thoroughly rinsed multiple times with dis-
tilled water to remove residual NaOH. The rinsing continued until the fibers reached a 
neutral pH, which was confirmed by using litmus paper to ensure the complete removal 
of alkali remnants. Following rinsing, the fibers were carefully spread out and placed in a 
laboratory dryer. They were dried at 100 °C for 50 min to achieve consistent moisture 
removal and prepare them for subsequent treatments. This controlled drying process en-
sured that the fibers retained their structural integrity while being fully dehydrated. 
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Figure 1. Process of ramie fiber yarn extraction: (a) Ramie. (b) Harvesting. (c) Steaming of ramie.
(d) Ramie yarn fiber decorticated. (e) Extracted ramie yarn fiber.

2.3. Surface Treatment on Ramie Yarn Fiber
2.3.1. Alkali Treatment

The alkali treatment process began with the preparation of a 5% sodium hydroxide
(NaOH) solution. A calculated amount of NaOH pellets was dissolved in distilled water
under constant stirring to ensure a homogenous solution. The ramie fibers were then fully
immersed for a duration of 2 h in the 5% NaOH solution following the procedure outlined
in Figure 2. The fibers were immersed in the solution of NaOH and aquades (distilled
water) for two hours at a controlled temperature of 50 ◦C, allowing for sufficient time for the
alkali to react with non-cellulosic substances, including hemicellulose, lignin, and pectin.
After the soaking process, the fibers were thoroughly rinsed multiple times with distilled
water to remove residual NaOH. The rinsing continued until the fibers reached a neutral
pH, which was confirmed by using litmus paper to ensure the complete removal of alkali
remnants. Following rinsing, the fibers were carefully spread out and placed in a laboratory
dryer. They were dried at 100 ◦C for 50 min to achieve consistent moisture removal and
prepare them for subsequent treatments. This controlled drying process ensured that the
fibers retained their structural integrity while being fully dehydrated.
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2.3.2. Silane Treatment

A solution of ethanol and distilled water in a 70:30 ratio was prepared by stirring it until
it became homogeneous outlined in Figure 3 [12]. Next, 3-(Aminopropyl) trimethoxysilane
(APTES) was added to the solution, which was stirred for 15 min to ensure proper mixing.
The pH of the mixture was adjusted to a range of 4–5 by using acetic acid. The ramie fibers
were then submerged in the solution and left to soak for 1 h at room temperature. After
the immersion, the fibers were thoroughly rinsed multiple times to eliminate any residual
silane from their surface. The treated fibers were dried in a dryer at 100 ◦C for 50 min to
remove all moisture and prepare them for further analysis.
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2.4. Characterization
2.4.1. Fourier Transmission Infrared Analysis (FTIR)

The Nicolet iS10 FTIR spectrometer (Thermo Scientific, Massachusetts, USA) was used
to analyze the chemical compositions and functional groups of the treated and untreated
ramie fibers. After being positioned on a KBr plate, dried fiber specimens were put into
the infrared chamber. To find the distinctive functional groups, the fiber samples’ infrared
spectra were captured over a wavelength range of 450 to 4000 cm−1.

2.4.2. X-Ray Diffraction Analysis (XRD)

The crystal structure and crystallinity index (CrI) of untreated and treated ramie
fibers were analyzed by using an X-Ray diffractometer (model Panalytical X’Pert ProMPD
diffractometer) with a Cu-Kα radiation source (λ = 0.154056 nm). The measurements were
performed over a 2θ range of 5◦ to 60◦ at a scan speed of 10◦/min. The relative crystallinity
index (CrI) was calculated by using Segal’s Formula (1):

% Crystallinity =
Icc

Icc + Ica
× 100 (1)
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The crystallinity index (CrI) is determined by the crystalline intensity lattice diffraction
(Icc) and the diffraction intensity of the amorphous region (Iam).

3. Result
3.1. Chemical Component Analysis

The FTIR result shown in Figure 4. As seen in the Figure 4, spectra reveal a peak at
3326 cm−1, corresponding to the stretching of primary hydroxyl (O–H) groups in cellulose
and hydrogen bonding due to absorbed moisture. The intensity of this peak decreases
after the NaOH and APTES treatments, indicating the reduction in hydroxyl groups due to
the removal of hemicellulose and lignin or substitution with organo-siloxy groups (-OSiR)
during APTES treatment. The peak at 2900 cm−1 represents the stretching of aliphatic
C–H groups, associated with the aliphatic moieties of hemicellulose and cellulose. For
untreated fibers, the peak at 1745 cm−1 is attributed to the C=O stretching of acetyl groups
in hemicellulose or ester linkages in lignin and hemicellulose. This peak disappears entirely
after NaOH treatment, confirming the removal of lignin and most of the hemicellulose.
Similarly, the peak at 1242 cm−1, representing the C–O stretching of the aryl group in lignin,
is reduced or disappears after treatment, indicating lignin removal during alkali treatment.
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Figure 4. FTIR spectra of ramie yarn fiber.

For fibers treated with APTES, the spectra show new peaks or changes in intensity
in the region of 750-1200 cm−1, which indicate the presence of -O-Si-O- and -Si-O-C–
stretching vibrations from organo-siloxy groups. The increased intensity of the peak
around 1029–1050 cm−1 suggests the overlap between C-O stretching from cellulose and
Si-O-Si stretching, supporting the successful grafting of silane onto the fiber surface.

The FTIR spectra of fibers treated with 1% and 3% APTES shown in Figure 5. Char-
acteristic peaks that confirm the successful silane modification of the fiber surfaces. A
prominent peak around 1100 cm−1 corresponds to the stretching vibrations of Si–O–Si
bonds, which result from the condensation of silanol (Si-OH) groups into siloxane linkages
during the silane treatment. This peak is more intense for fibers treated with 3% APTES,
indicating a higher degree of silane grafting due to the increased concentration of the silane
agent. Additionally, a peak at approximately 840 cm−1 represents the bending vibrations
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of Si-O-Si groups, further confirming the presence of siloxane bonds. The increased in-
tensity of these peaks for 3% APTES-treated fibers suggests enhanced silane interaction
and grafting compared with the 1% treatment. This indicates that higher concentrations of
APTES improve the extent of fiber modification. These chemical changes are significant
for improving the interfacial adhesion between fibers and the polymer matrix in compos-
ite materials. By introducing siloxane groups and enhancing surface compatibility, the
silane treatment helps to optimize the mechanical and thermal performance of composites.
This demonstrates the effectiveness of APTES treatment in modifying natural fibers for
advanced material applications.
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3.2. Crystallinity Index Analysis

The XRD spectrum intensity is shown in Figure 6 with two distinct peaks around
2θ = 15◦ (101) to 2θ = 16.4◦ (111) and 2θ = 22.7◦ (002). The lattice plane for the crystalline
structure of type I (Iβ) cellulose is indicated by these peaks [16]. The majority of cellulose
in nature is type I. On the other hand, the crystallinity index (CrI) increases after alkali
treatment, which releases hydrogen to create bonds with the hydroxyl (OH) ions in the
cellulose fibers. An additional peak at 2θ = 34.2◦ represents the lattice plane for cellulose
type I [17]. There is also a small peak around 2θ = 20.2◦, which marks the start of structural
changes in the cellulose caused by NaOH treatment. This peak suggests that cellulose type
I begins to transform into type II, indicating a breakdown in the crystalline region of the
cellulose chain.

After treatment with 5% NaOH, CrI increased to 82.63% shown in Table 1, indicating
enhanced crystallinity due to the removal of hemicellulose and other amorphous compo-
nents. The alkali treatment facilitates the reorganization and close packing of cellulose
chains, which contributes to a higher degree of crystallinity. This structural improvement
is desirable for applications requiring stronger and more thermally stable fiber composites.
Conversely, silane treatment resulted in a reduction in CrI. Fibers treated with 1% APTES
exhibited a CrI of 79.88%, while those treated with 3% APTES showed a lower CrI of 71.35%.
The results indicate that alkali treatment enhances the crystalline nature of the fibers by
removing non-cellulosic components, while silane treatment reduces crystallinity due to
the incorporation of silane groups. Silane treatment reduces crystallinity by introducing
silane groups to the fiber surface, which increases hydrophobicity. This modification makes
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the fiber surface more compatible with hydrophobic polymer matrices, enhancing inter-
facial bonding. By reducing the exposure of hydroxyl (OH) groups and creating a less
polar surface, silane-treated fibers achieve better adhesion with hydrophobic polymers,
improving the overall performance of the composite material. This dual approach allows
for tailored fiber properties depending on the specific application, balancing structural
rigidity with improved interfacial bonding in composite materials.
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Table 1. The crystallinity indexes of untreated and treated ramie yarn fiber.

No. Sample All Crystalline
Area

All Crystalline and
Amorphous

Crystallinity
Index (%)

1 Untreated 6721.10 8826.28 76.05

2 NaOH 5% 1067.26 12,918.18 82.63

3 APTES 1% 9145.15 11,448.10 79.88

4 APTES 3% 5344.14 7490.32 71.35

4. Conclusions
This study demonstrates the effects of alkali and silane (APTES) treatments on the

chemical, structural, and morphological properties of ramie fibers, with a focus on their
potential use in composite materials.

FTIR analysis confirmed the successful reduction in hemicellulose and lignin during
the treatment of alkali and the successful grafting of silane onto the fiber surface during
APTES treatment. Alkali-treated fibers exhibited a reduction in hydroxyl groups, enhancing
the compatibility of the former with hydrophobic polymer matrices. Silane treatment
introduced siloxane bonds, as evidenced by the Si–O–Si stretching and bending peaks,
which improved the interfacial adhesion between fibers and polymers.

XRD analysis revealed that alkali treatment increased the crystallinity index (CrI) of
the ramie yarn fibers, while it reduced the amorphous components and the closer packing
of cellulose chains. However, silane treatment led to a decrease in CrI, particularly at higher
APTES concentrations, due to the deposition of silane onto the fiber surface. This indicates
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that while alkali treatment enhances the crystalline structure of the fibers, silane treatment
primarily modifies the surface chemistry to improve fiber–matrix interactions.

Overall, the dual treatments enable the tailoring of ramie fiber properties for com-
posite applications. The alkali treatment enhances the mechanical of the fibers by increas-
ing crystallinity, while the silane treatment improves interfacial bonding with polymers.
These findings underscore the importance of optimizing treatment parameters to bal-
ance structural and surface modifications, ultimately enhancing the performance of ramie
fiber-reinforced composites.
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