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Abstract. Water hyacinth (Eichhornia crassipes) is an abundant aquatic biomass whose utilisation
as a reinforcement fibre is limited by high contents of hemicellulose, lignin, waxes, and inorganic
deposits. This study evaluates the effect of 10 % NaOH treatment on the structural, chemical,
thermal, and mechanical properties of water hyacinth fibres (WHF). Scanning electron
microscopy with energy-dispersive spectroscopy (SEM/EDS), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), X-ray fluorescence (XRF), thermogravimetric
analysis (TGA/DTG), and single-fibre tensile testing were employed. Alkali treatment induced
extensive defibrillation of compact fibre bundles into individual microfibrils (=2—7 um),
transformation of cellulose I to cellulose II, and a marked increase in crystallinity from
approximately 25 % to 71 %. Potassium and chloride contents were reduced by more than 99 %,
and the maximum thermal degradation temperature increased from about 337 °C to 367 °C.
Tensile strength and Young’s modulus increased from 18.4 £ 3.1 MPa to 58.1 £ 2.9 MPa and from
1.42+0.18 GPato 4.83 £0.23 GPa, respectively. These results demonstrate that NaOH treatment
effectively purifies and structurally optimises WHF, significantly enhancing its thermal resistance
and mechanical performance for sustainable composite reinforcement applications.
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1.Introduction

Water hyacinth (Eichhornia crassipes) is a fast-growing invasive aquatic macrophyte that
poses serious ecological and economic problems by blocking waterways, reducing biodiversity,
and impairing fishing and navigation [1,2]. At the same time, the plant represents an abundant and
inexpensive source of lignocellulosic fibre that can be utilised in value-added materials.
Converting this problematic biomass into engineering materials supports environmental
remediation and circular-economy objectives.

Raw water hyacinth fibre (WHF) contains significant amounts of hemicellulose, lignin,
extractives, ash, and mineral deposits. These constituents result in poor thermal stability, high
hydrophilicity, weak interfacial adhesion, and large variability in mechanical properties [3.,4].

Similar challenges have been documented for other natural fibres such as jute, sisal, banana, and
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kenaf [5,6]. Consequently, chemical treatment—particularly alkali treatment (mercerisation)—is
widely employed to improve fibre quality prior to composite fabrication [7,8].

Previous studies have shown that NaOH treatment removes hemicellulose and waxes,
increases fibre surface roughness, and improves crystallinity. For example, Varada Rajulu and co-
workers reported substantial increases in tensile strength after alkali treatment of Borassus fruit
fibres [9], while similar trends were observed for jute and sisal fibres [10,11]. In the case of water
hyacinth specifically, studies have shown that moderate alkali treatment can enhance tensile
properties and thermal behaviour, although the magnitude of improvement varies depending on
fibre extraction and chemical treatment conditions [3,4].

Despite these advances, a clear, quantitative linkage between chemical modification,
structural evolution, thermal stability, elemental purification, and single-fibre mechanical
performance in water hyacinth fibres remains limited.

Therefore, the specific objectives of this study are to: (i) systematically evaluate the effects
of 10 % NaOH treatment on the chemical composition of water hyacinth fibres using FTIR and
XRF/EDS; (i1) quantify changes in crystalline structure and crystalline index using XRD; (iii)
assess the influence of alkali treatment on thermal stability and degradation behaviour using
TGA/DTG; (iv) characterise morphological evolution and fibre defibrillation using SEM; and (v)
correlate these physiochemical and structural changes with single-fibre tensile strength, stiffness
and ductility.

Through this integrated, multi-technique approach, the study aims to establish a direct
structure—property relationship that defines the suitability of alkali-treated water hyacinth fibres as

sustainable reinforcements for composite applications.

2. Materials and Methods

This section describes the materials, fibre preparation, dimensional characterisation, and
analytical techniques employed to investigate the effects of alkali treatment on the chemical,
structural, thermal, and mechanical properties of water hyacinth fibres. All methodological
choices, instrument specifications, and operating parameters follow established standards and

published protocols for lignocellulosic fibre characterisation [12—14].

2.1. Fibre Preparation and Alkali Treatment
Water hyacinth (Eichhornia crassipes) stems were collected from local waterways and
thoroughly washed with tap water followed by distilled water to remove adhered soil and surface
contaminants, following procedures commonly adopted for aquatic lignocellulosic fibres [15,16].
Alkali treatment was carried out by immersing the fibres in aqueous NaOH solutions with

concentrations ranging from 0 to 10 % (w/v) at room temperature for 2 h under continuous stirring.
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After treatment, the fibres were repeatedly rinsed with distilled water until a neutral pH was
attained and then oven-dried at 60 °C for 24 h. These conditions are consistent with mercerisation
protocols reported to enhance fibre performance without excessive cellulose degradation
[10,17,18].

2.2 Fibre Dimensional Characterisation

Fibre dimensional measurements were performed prior to mechanical testing to ensure
accurate determination of tensile stress and elastic modulus, in accordance with standard practice
for single-fibre testing of natural fibres [14,19]. Individual fibres were randomly selected from
each sample group and mounted on glass slides.

Fibre diameters were measured using a calibrated optical microscope at a magnification of
x200. For each fibre, the diameter was measured at three locations along the gauge length to
account for natural variability, and the average value was used for subsequent calculations. A
minimum of ten fibres were analysed for each condition. The fibre cross-sectional area was

calculated assuming a circular geometry according to Eq. (1).

A =nd¥/4, (1)

where d is the average fibre diameter. These values were used in the calculation of tensile stress
and Young’s modulus.
2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were acquired using an Agilent Cary 630 FTIR spectrometer equipped with
a diamond attenuated total reflectance (ATR) accessory. Spectra were collected in the range of
4000-650 cm™ at a resolution of 8 cm™ with 16 background scans per sample, consistent with
reported protocols for lignocellulosic fibre analysis [12,18].

2.4 X-ray Diffraction (XRD)

X-ray diffraction patterns were recorded using a PANalytical Empyrean diffractometer with
CuKa radiation (L = 1.5418 A). Measurements were performed in the 20 range of 5-80° at room
temperature.

The crystallinity index (Crl) was calculated using the Segal method based on background-
corrected diffractograms, using the maximum intensity of the main crystalline peak and the
minimum intensity corresponding to the amorphous region.

2.5 X-ray Fluorescence (XRF)

Elemental composition of untreated and alkali-treated fibres was determined using X-ray

fluorescence spectroscopy. Samples were prepared as pressed pellets and analysed under standard

operating conditions suitable for biomass-derived materials [15].
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2.6 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy (SEM—EDS)

Surface morphology and elemental composition were examined using a Phenom ProX
scanning electron microscope equipped with an integrated energy-dispersive X-ray spectrometer.
Fibre samples were mounted on aluminium stubs using conductive carbon tape and sputter-coated
with a thin gold layer to minimise charging.

Imaging was conducted under high-vacuum conditions at an accelerating voltage of 15 kV
using secondary electron mode, with a working distance of approximately 5—7 mm and
magnifications ranging from %500 to x5,000, in line with commonly reported SEM protocols for
lignocellulosic fibres [19,15].

2.7 Thermogravimetric Analysis (TGA/DTG)

Thermal stability was evaluated using a PerkinElmer Pyris 1 thermogravimetric analyser.
Approximately 11-12 mg of fibre sample was heated from 30 to 700 °C at a constant heating rate
of 10 °C/min under a nitrogen atmosphere with a flow rate of 20 mL/min, consistent with reported
thermal analysis protocols for natural fibres and biocomposites [16].

2.8 Mechanical (Tensile) Testing

The tensile properties of individual water hyacinth fibres were evaluated using an Instron
3369 Universal Testing Machine (UTM) equipped with a 50 N load cell, in accordance with ASTM
D3822/D3822M-14 for single textile fibres [9,14].

Individual fibres were mounted on paper frames with a gauge length of 20 mm to ensure
proper alignment and minimise slippage during testing. Tests were conducted at a constant
crosshead speed of 1 mm/min under ambient laboratory conditions (25 +2 °C and 65 £+ 5 % relative
humidity). A minimum of five valid replicates was tested for each NaOH concentration (0—-10 %
w/V).

Tensile strength, Young’s modulus, and elongation at break were determined from the

recorded stress—strain curves using Bluehill® 3 software.

3. Results and Discussion
3.1 Morphological Characteristics (SEM—EDS)

SEM micrographs (Fig. 1-4) and the corresponding quantitative summary (Table 1) reveal a
pronounced morphological transformation of water hyacinth fibres following 10 % NaOH
treatment. Untreated fibres are characterised by compact bundles exceeding 50 pm in diameter,
smooth and waxy surface layers, and extensive surface coverage by silica phytoliths (10-25 pum),
calcium oxalate crystals (5-20 pm), and flaky potassium chloride deposits. At higher

magnification, individual cellulose microfibrils are not discernible, indicating that hemicellulose
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and lignin form a continuous amorphous matrix that binds fibre bundles and masks the underlying

crystalline cellulose framework.

Fig. 1. Plate 3A. Scanning electron Fig. 2. Plate 3B. Complete removal of
micrographs of water hyacinth fibre
showing untreated compact bundles (>50
pm)
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Fig. 3. Plate 4A. Smooth waxy surface Fig. 4. Plate 4B (10 % NaOH-Treated).

covered by silica phytoliths (10-25 um), Extensive defibrillation into individual

Ca-oxalate crystals, and KCI deposits cellulose microfibrils of 1.85-13.9 um
diameter (average 7.0 um) with high
surface roughness.

Table 1. Comparison: Untreated vs 10 % NaOH-treated WHF (SEM)

Water Hyacinth Plant Fibre
Parameter Untreated 10 % NaOH-treated Change
Fibre bundle diamefter >50 pm (compact) Fully separated Complete
defibrillation
Individual  microfibril Not visible 2.3-7.0 pm (avg. 4.8 Exposed
diameter Lm)
Surface appearance Smooth, waxy, | Extremely rough, clean, 100 % removal of
heavily encrusted nano-grooved waxes & salts
Silica phytoliths & Ca- Abundant Completely removed >99 % elimination
oxalate
KCl deposits Clearly visible Absent Removed
Microfibril separation None Full longitudinal Ideal for composite
splitting reinforcement

Similar mineral-encrusted and poorly fibrillated morphologies have been reported for
untreated aquatic and bast fibres, where surface salts and amorphous phases limit effective fibre—

matrix interaction and mechanical efficiency [11,12].
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After alkali treatment, the fibre surface becomes markedly cleaner and rougher, and
extensive defibrillation into individual microfibrils is observed. The treated fibres exhibit
longitudinal grooves and exposed cellulose elements, which increase the effective surface area and
create favourable sites for mechanical interlocking. Comparable morphological evolution has been
reported for alkali-treated jute, sisal, and water hyacinth fibres, where surface roughening and
fibrillation are linked to improved interfacial adhesion and enhanced load transfer in composites
[3,10].

EDS analysis supports these observations by revealing substantial reductions in potassium
and chlorine contents after treatment, consistent with the removal of KCI and other inorganic
residues. Similar desalting effects following alkali treatment have been observed in other
lignocellulosic fibres and are attributed to dissolution of surface-bound salts and degradation of
non-cellulosic binding phases [16]. The combined morphological and elemental changes indicate
that NaOH treatment converts the fibre surface from a mineral-rich, chemically heterogeneous
state into a cleaner, cellulose-dominated interface more suitable for reinforcement applications.

3.2 Chemical Structure (FTIR)

Untreated ; Treated
33301 = 3330 - =
2915 “ 2915 -
1732 | 1732 -
5 1640 § 1840
2 1375+ 2 1375
1240 1240 l k A
1050 M 1050 4| b}' \__J \-\_
| — - = 0 J =~
4000 1900 200 200 400 500 4000 1900 200 200 400 500
vy =7 Wavenoctber’ I Wavenotbe™”

Fig. 5. FTIR spectra of water hyacinth fibre before (blue) and after (red) 10 %
NaOH treatment. Disappearance of 1735 cm™ and 1245 cm™! confirms
removal of hemicellulose and lignin.

The FTIR spectra (Fig. 5, Table 2) show clear chemical modifications induced by alkali
treatment. The untreated fibre exhibits characteristic absorption bands at approximately 1735 cm™
(C=0 stretching of hemicellulose), 1508 cm™ (aromatic C=C vibrations of lignin), and 1245 cm™
(C—O—C stretching of hemicellulose and lignin). The disappearance of these bands in the treated
fibre confirms effective removal of hemicellulose and substantial delignification.

An increase in the relative intensity of cellulose-associated bands in the range 1160—1050
cm ' and strengthening of the CH2 bending vibration near 1425 cm™ indicate a higher proportion

of ordered cellulose domains. These spectral changes are consistent with reports for alkali-treated
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jute, sisal, and other lignocellulosic fibres, where removal of amorphous constituents leads to
enhanced crystallinity and improved mechanical performance [5,11].

Table 2. Key FTIR Peak Assignments and Changes in Untreated and 10 % NaOH-Treated WHF

Wavenumber Assignment Untreated 10 % NaOH-
(cm™) WHF treated WHF
3330 O-H stretching (cellulose/hydroxyl | Strong, broad Strong, sharper
groups)
2915 C-H stretching (CH»CH: in Medium Medium
cellulose)
1735 C=0  stretching (hemicellulose Strong Absent
acetyl)
1517 Aromatic C=C stretching (lignin) Present Absent
1425 CH: bending (crystalline cellulose) Medium Strong
1372 C—H deformation (cellulose) Present Present
1245 Cc-0-C acetyl stretching Strong Absent
(lignin/hemicellulose)
1160-1055 | C—O stretching (cellulose backbone) Medium Stronger
897 [-glycosidic linkage (cellulose I) Present at 897 Shifted to 893
(cellulose IT)

3.3 Crystalline Structure and Elemental Composition (XRD/XRF)
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Fig. 6. X-ray diffraction patterns of water hyacinth fibre before (blue) and after (red)
treatment with 10 % NaOH. Untreated fibre: native cellulose I (broad peak ~22.5°
20). Treated fibre: cellulose II with characteristic sharp peaks at 12.1° (110), 20.0°

(110), and21.9° (020) 20. Crystallinity increased from ~25 % to ~71 %.

XRD patterns (Fig. 6) indicate that untreated water hyacinth fibres exhibit a predominantly
amorphous structure, with a broad diffraction hump centred near 22.5° 26 corresponding to native
cellulose I and non-cellulosic components. The calculated crystallinity index (Crl = 25 %)
confirms the dominance of amorphous phases.

Following 10 % NaOH treatment, the diffraction pattern transforms into that of cellulose II,
with well-defined reflections at 12.1°,20.0°, and 21.9° 20 and a substantial increase in crystallinity

(CrI = 71 %). Similar cellulose I — cellulose II transitions and crystallinity enhancements have
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been reported for alkali-treated water hyacinth, jute, and sisal fibres, with Crl values typically

ranging from 60 to 70 % depending on treatment severity [3,4,15].

Table 3. Elemental composition (XRF) of water hyacinth fibre before and after 10 % NaOH
treatment (mg/kg)
Element Untreated Treated What it means
(mg/kg) (mg/kg)

K 25,178 a82 Almost all potassivm removed (leached
by NaOH)

Cl 25008 271 Almost all chloride removed

Na 0 1,167 Sodium  introduced from  WNaOH
(expected)

Ca 10,523 21,528 Calcium doubled — forms Ca(OH): or
CaC0: on surface

Si 70 1,100 Silica exposed/increased after organics
removed

Pb 3,100 30 Huge reduction — excellent heavy-metal
removal

Fe, Al, Mmn, | minor changes MNormal soil-derived elements

etc.

XREF results (Table 3) provide complementary chemical evidence for this transformation.
The marked reduction in potassium and chloride contents indicates removal of soluble salts and
inorganic phases associated with amorphous regions. The substantial decrease in lead
concentration further confirms leaching of metal species bound to lignin- and hemicellulose-rich
domains. Sodium incorporation following treatment is consistent with ion penetration during
mercerisation, which facilitates cellulose chain rearrangement and stabilisation of the cellulose II
polymorph. Comparable elemental trends have been observed in alkali-treated aquatic biomass,
where removal of inorganic contaminants contributes to improved structural ordering and thermal
stability [16].
3.4 Thermal Stability (TGA/DTG)
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Fig. 7. TGA and DTG curves of untreated (blue) and treated (red) fibres. Treated fibre shows
higher decomposition temperature (~365 °C) and reduced residue.
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Table 4. TGA/DTG of WHF

Untreated Treated WHF
Parameter WHFE (10% NaOH) Improvement/Change
Initial weight (mg) 11.874 12,507 -
Lower moisture (more
Moisture loss (30-150 °C) | ~8-10 % ~5-7% hydrophobic after
treatment)
Hemicellulose shoulder Prominent Almost Hemicellulose largely
(~220-310 °C) | disappearad removed
Main cellulose +25-30 °C higher
decomposition Te (DTG | ~335-345°C | ~360-370 °C (classic for mercerised
peak) cellulose)
Onset decomposition +40 °C (higher thermal
temperature ~230*=C ~200*=C stability)
Residue at 700 °C Lower residue (purer
~15-18 % ~8-10 %a cellulose)
Total weight loss ~600 °C ~82-85 % ~00-92 %

Thermogravimetric analysis (Fig. 7, Table 4) reveals three characteristic degradation stages
in untreated fibres: initial moisture loss below 150 °C, hemicellulose decomposition between
approximately 220 and 310 °C, and major cellulose degradation near 335-345 °C. After alkali
treatment, the hemicellulose-related shoulder is largely absent, and the maximum degradation
temperature shifts to approximately 360-370 °C.

This increase in thermal stability is consistent with the removal of thermally labile
amorphous constituents and the formation of a more ordered cellulose II structure with higher
crystallinity. Similar increases in Tmax of 20-30 °C have been reported for alkali-treated jute,
kenaf, and water hyacinth fibres and are attributed to enhanced cellulose packing and reduced
lignin content [6,19].

The reduction in residual mass at 700 °C further reflects lower lignin and inorganic content,
which correlates well with the XRF and EDS results showing effective removal of mineral and

heavy-metal species.

3.5 Mechanical Properties (Tensile)
Table 7. Water Hyacinth Plant Fibre Mechanical Strength Characteristics

NaOH Tensile Std | Young's sStd Elongation at | Std
concentration strength dev | modulus dev break (%0) dev
(%0) (MPa) (GPa)

0 (untreated) 184 +3.1 142 +0.21 2.1 =0.4
2 28.7 +2.8 2.18 +0.18 24 =0.3
4 36.2 24 2.81 +0.22 2.8 =0.3
6 44.9 3.0 3.65 +0.25 3.1 =04
8 523 2.6 4.27 +0.19 34 =0.3
10 58.1 2.9 4.83 +0.23 3.7 =04
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Fig. 8. (a) Representative stress—strain curves of untreated and NaOH-treated water
hyacinth fibres showing progressive stiffening and strength enhancement with increasing
NaOH concentration. (b) Bar charts with error bars illustrating the effect of NaOH
concentration on tensile strength, Young’s modulus, and elongation at break

The tensile properties (Table 7, Fig. 8) show a systematic improvement with increasing
NaOH concentration. Untreated fibres exhibit low tensile strength and stiffness, consistent with a
high proportion of amorphous binding phases and weak interfacial cohesion within fibre bundles.
After 10 % NaOH treatment, tensile strength increases from 18.4 = 3.1 MPa to 58.1 + 2.9 MPa,
while Young’s modulus increases from 1.42 +0.21 GPa to 4.83 +0.23 GPa. The moderate increase
in elongation at break indicates that strength and stiffness gains are achieved without excessive
embrittlement.

These values fall within the upper range reported for alkali-treated water hyacinth and
comparable bast fibres. Abral et al. [3] reported tensile strengths of approximately 55 MPa after
NaOH treatment, while Tanpichai et al. [4] and Ajithram et al. [ 18] reported values between 50
and 70 MPa for treated lignocellulosic fibres. Lower strengths reported at higher treatment severity
[19] highlight the importance of optimising alkali concentration to avoid cellulose degradation.

The mechanical improvements observed here are consistent with the combined
morphological, chemical, and structural changes identified by SEM, FTIR, and XRD. Fibre
defibrillation and surface roughening enhance stress transfer, increased crystallinity improves
stiffness, and removal of amorphous and inorganic phases reduces defect sites that act as stress
concentrators.

4. Conclusions

This study systematically demonstrated that 10 % NaOH treatment effectively enhances the
chemical purity, crystalline structure, thermal stability, and mechanical performance of water
hyacinth fibres, thereby fulfilling the stated research objectives. FTIR and XRF/EDS confirmed
the removal of hemicellulose, lignin, and inorganic contaminants, while XRD revealed a complete
cellulose I to cellulose II transformation with a substantial increase in crystallinity (=25 % to =70
%). SEM analysis showed extensive defibrillation and surface roughening, providing a

microstructural basis for improved fibre—matrix interfacial bonding. These changes resulted in
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higher thermal resistance, evidenced by an increase in the maximum degradation temperature
(=337 °C to =367 °C) and reduced char residue, and significantly improved mechanical properties,
including a threefold increase in tensile strength and more than a twofold increase in stiffness.
Collectively, these results establish a clear structure—property relationship and confirm the
suitability of alkali-treated water hyacinth fibres as sustainable reinforcements for polymer
composite applications.
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