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Highlights

What are the main findings?

e  The delignification of bamboo was carried out using a hydrothermal process in the
presence of a weak base such as NH;OH at different treatment times. The characteri-
sation of the delignified materials showed that, after just 3 h of treatment, the amount
of lignin present had decreased compared to the original material.

What are the implications of the main finding?

e  The main implication of this work is that it demonstrates how it is possible to produce
delignified material from whole bamboo culms using dilute solutions of weak bases,
with shorter processing times than those currently in use.

Abstract

In recent years, there has been a notable increase in commercial demand for natural
fibers. Consequently, numerous studies have concentrated on formulating innovative
industrial production methodologies for natural fibers, with a particular emphasis on
the environmental sustainability of production processes. Among natural fiber sources,
bamboo has emerged as a leading candidate, attracting considerable interest due to
its exceptional renewability, rapid growth, and low cultivation requirements. The
contemporary industrial methodologies employed in the extraction of cellulose from
bamboo frequently entail the utilization of concentrated solutions of strong acids and
bases, often at elevated temperatures and with extended treatment durations. These
processes generate highly polluting waste from mineral acids and bases, posing signifi-
cant environmental challenges and ecosystem damage. In response to the prevailing
concerns, there has been a marked increase in the focus on environmentally friendly
techniques that combine enzymatic treatments, selective chemical reagents, and opti-
mized mechanical processes. These processes facilitate the extraction of high-quality
bamboo fibers, which are suitable for utilization in the textile industry and have the
potential to replace synthetic fibers. This work demonstrates the efficacy of method-
ologies employing more diluted solutions than conventional approaches. Specifically,
this study utilizes a weak base, such as NH;OH, in conjunction with hydrothermal
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extraction. It is therefore possible for dilute weak base solutions to yield natural fibers
after a relatively brief period of processing, typically just a few hours.

Keywords: bamboo fiber extraction; hydrothermal extraction; cellulose fiber characterization

1. Introduction

Research in the textile sector is constantly evolving to identify new extraction methods
and plant sources that minimize the environmental impact of natural textile fibers [1]. New
plant materials for textile fiber production have also been extensively evaluated [2]. In
recent years, efforts to enhance bamboo fibers have driven progress due to their distinctive
properties, including high mechanical strength, antibacterial and antifungal activity, UV
light absorption, and remarkable softness [3-6]. Bamboo fiber application in the textile
industry offers notable advantages in terms of eco-sustainability, as it is both biodegradable
and renewable within a short period [5,7,8]. This is attributed to the rapid growth rate of the
bamboo plant, which serves as a vital economic resource in various Asian countries [9,10].
Interest in bamboo fiber stems not only from its inherent properties but also from the
ecological sustainability of the plant itself. Bamboo culms are particularly effective at
absorbing carbon dioxide from the atmosphere and remediating soil pollutants, especially
heavy metals such as lead, arsenic, cadmium, zinc, and copper [9,11-13]. Additionally,
bamboo requires less water and pesticide treatments compared with traditional natural
fibers, such as cotton, hemp, and flax [14-16]. In light of the growing emphasis on sus-
tainable industrial processes in recent years, innovative approaches have been explored
to produce bamboo fibers with increased focus on environmental sustainability [17]. Cur-
rent methodologies for manufacturing bamboo fibers intended for textile applications or
composites predominantly rely on chemical, mechanical, or enzymatic processes [3,18-21].
These techniques require substantial water and chemical reagent consumption, generating
considerable waste volumes that pose management challenges and incur disposal costs.
The main processes for extracting cellulose from plant matrices such as flax, hemp, and
sisal involve mineral acids and strong bases (e.g., NaOH) as an initial step to hydrolyze
the lignin matrix in which cellulose fibers are embedded. The hydrolyzed material is
then cooked to solubilize the hemicellulose fractions and subsequently bleached. This
final treatment, typically using oxidizing agents such as HyO,, sodium citrate, or ozone,
increases the purity of the extracted cellulose. All these steps generate large quantities of
process waste [22,23]. For these reasons, research is increasingly focusing on developing
new methods for extracting cellulose from plant biomass that are more sustainable than
current approaches [24-26]. Chemical methods for extracting cellulose from bamboo ex-
ploit hydrolysis reactions generated by lignin reacting with OH™ or H3;O" ions, breaking
the 3-O-4 bond [27,28]. For the lignin hydrolysis and hemicellulose solubilization during
cellulose extraction, various bases have been used, such as NaOH, KOH, and NH3 [29-31].

The green approach to lignin solubilization, using ionic liquids, enzymes, and deep
eutectic solvents, requires initial studies to design optimal combinations [32]. For these
reasons, such reagents remain limited to laboratory-scale production at present.

Moreover, many bamboo procedures transform extracted cellulose into viscose [8].
Viscose production employs solutions with high concentrations of bases and organic sulfur-
containing solvents [33]. This process generates significant waste that is difficult to eliminate
and poses health and environmental risks, despite recent innovations that have reduced
environmental impacts. Proposed novel methods use mechanical or enzymatic processes
to reduce both solution volumes and reagent concentrations [34]. Over time, pioneering
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chemical techniques have also been developed, employing lower reagent concentrations
to produce cellulose and viscose from various sources, including bamboo and wood from
softwood, hardwood, cotton linter, and hemp [7,9].

This study investigated how combining a weak-base solution, such as NH,OH, with
a hydrothermal process influences lignin hydrolysis and (3-O-4 bond breakage. These
findings demonstrate that NH4;OH, when paired with hydrothermal treatment, yields pro-
cessable material after just a few hours, offering potential for industrial-scale optimization.

2. Materials and Methods

Bamboo (Phyllostachys edulis) stalks used in this work were sourced from Lisante
Service s.rl. (Castelnuovo Scrivia, Italy). All culms were dehydrated, cut into strips
(7.0 = 0.5 cm), and weighed. For all experiments, samples of 37 £ 5 g were treated with
50 mL of 10% (v/v) NH4OH solution (VWR International, CAS number 1336-21-6, Radnor,
PA, USA) in an autoclave. The solution with bamboo stalks was heated to 170 °C for 3-24 h
to determine the minimum time required for stalk defibrillation. The selected temperature
of 170 °C was optimized for delignification of woody materials in previous work [35].

Each test was repeated 5 times to assess reproducibility and the effects of parameters
such as culm thickness, age, and part on the defibration process.

The materials obtained after hydrothermal extraction were separated from the solu-
tions by filtration and immersed in 250 mL of diluted (1:50 v/v) hydrochloric acid (Merk,
Darmstadt, Germany, CAS number 7647-01-0) to neutralize the residual base. Samples
were then thoroughly rinsed with deionized water until the pH was neutral. Materials
were dried in an oven at 50 °C to a constant weight, allowing calculation of the weight loss
percentage due to defibrillation, as reported in Table 1. A schematic of the process is shown
in Figure 1.

Table 1. Mass yield of samples after hydrothermal cellulose extraction.

Time of Treatment [h] Mass Yield [%]
3 535 + 3.1
6 524+ 0.4
12 429 + 6.6
24 505+72

F: Washed with
= HCl and H,O

\

170°C , NH,OH 10%
for different time

Hydrothermal
- extraction i

Figure 1. Diagram of the process from bamboo culms to extracted cellulose.

Scanning electron microscopy (SEM) analyses were performed with a field-emission-
gun (FEG) SEM (FEI INSPECT F, Thermo Fisher Scientific, Waltham, MA, USA). Samples
were gold-coated (5 nm) using a magnetron sputter coater (Cressington 108auto, Angstrom
Engineering Inc., Cambridge, ON, Canada) before being loaded into the high-vacuum
chamber to enable imaging despite their non-conductive surfaces. Imaging was performed
at a 10 kV accelerating voltage with a 3.5 spot size and 10 mm of working distance;
micrographs were acquired in top and cross-section views to visualize surface morphology.
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Attenuated Total Reflectance Infrared (ATR-FTIR) analyses were performed using a
Nicolet iS50 IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), with 64 scans
at a resolution of 4 cm~! over the 4000-400 cm ! range.

Thermogravimetric analyses (TGAs) were conducted using a Setaram LABSYS evo
instrument (Caluire, France) equipped with differential thermal analysis (DTA) and
differential scanning calorimetry (DSC) capabilities. Analyses were run under nitrogen
(50 mL/min flow), from 30 to 700 °C at 5 °C/min; 10 mg of sample was analyzed per
TGA run.

X-ray diffraction (XRD) analysis was performed using an Empyrean X-ray diffrac-
tometer (Malvern Panalytical, Malvern, UK) with a Cu source (40 kV, 40 mA). Samples
were scanned over 20 = 5-70°at 3° /min, with Soller (0.04 rad), anti-scatter (P7.5), beam
mask (10 mm), divergence (%4°), and axial (}2°) slits.

All samples were characterized using SEM, ATR-FTIR, TGA, and XRD to evaluate
lignin removal efficacy from bamboo culms.

3. Results

All materials were characterized both before and after delignification with 10% (v/v)
NH4OH to assess changes in the structure and composition of the bamboo stems. The
delignification process aims to break down lignin, which binds cellulose chains, thereby
improving the fiber’s workability. Samples of defibered material were compared with
their untreated counterparts to identify differences in the percentage composition of lignin,
hemicelluloses, and cellulose after delignification.

3.1. Scanning Electron Microscopy (SEM)

SEM analysis was performed to evaluate differences in sample morphology after
delignification. During the process, lignin, hemicellulose, and short-chain cellulose were
solubilized, while long-chain cellulose remained in the solid phase. SEM was used to verify
cellulose microfibril adhesion in the samples after delignification. Figure 2 shows images
of the samples before and after delignification.

The raw bamboo sample (Figure 2A) before delignification showed cellulose mi-
crofibrils emerging from a compact matrix. These fibers were not distinguishable from
the surrounding matrix, with only those near fracture surfaces protruding from the
compact material. Materials treated for different delignification times exhibited distinct
surface morphologies. After 3 h (Figure 2B), partial emergence of cellulose microfibrils
from the lignin matrix was observed, with the surface remaining compact and showing
only partial lignin removal. Figure 2C,D show the materials after 6 and 12 h of deligni-
fication treatment, respectively. In these cases, delignification progressed, rendering
cellulose microfibrils distinguishable from each other. Specifically, Figure 2C reveals
separated cellulose fibers; however, after 6 h of treatment, these cellulose microfibrils
were very short and unsuitable for the final application. In contrast, samples after 12 h
of treatment exhibited distinguishable cellulose microfibrils, though in an aggregated
form. Finally, samples after 24 h (Figure 2E) showed the same morphology as those
after 12 h, with individual fibers no longer separated but aggregated.
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Figure 2. SEM images of the raw bamboo samples (A) after 3 h (B), 6 h (C), 12 h (D), and 24 h (E) of
delignification treatment.

3.2. Infrared Spectroscopy in Total Attenuated Reflectance (ATR-FTIR)

Infrared spectroscopy in the attenuated total reflectance mode is widely used for
surface analysis of materials, particularly for characterizing wood and lignocellulosic
substrates [36,37]. This approach allows direct evaluation of interactions between cellu-
lose chains and lignin within the material, as well as the determination and quantification
of cellulose and lignin content [37-39]. The FTIR characterization of bamboo strips is
well documented and was instrumental in identifying and assigning the peaks observed
in the ATR-FTIR spectra of the bamboo samples analyzed in this study [40-43]. The
spectra of the bamboo samples, shown in Figure 3, display clear changes after treatment
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at 170 °C at a 10% concentration at different times. Figure 3 shows the spectra of the
materials after 3 (spectra b), 6 (spectra c), 12 (spectra d), and 24 h (spectra e), in addition
to the untreated bamboo (spectra a). The peaks modified by treatments are highlighted
relative to the untreated material.

3344

2894
1026

o

Absorbance [a.u.]

N
T T " T T T T T T T
4000 3500 3000 1500 1000 500
Wavenumbers [cm™"]  Wavenumbers [cm™]
(A) (B)

Figure 3. The ATR-FTIR spectra in the high-frequency region (A) and low-frequency region (B) show
the untreated bamboo (a and a'), as well as samples treated with 10% NH;OH solution at 170 °C for
3h(bandb’),6h(cand ¢’),12h (d and d’), and 24 h (e and ¢).

The ATR-FTIR spectra reveal significant differences between untreated bamboo and sam-
ples subjected to delignification treatments. In the high-frequency region (4000-2750 cm 1),
the most prominent peak, associated with hydroxyl group vibrations in cellulose chains,
shifted progressively toward lower wavenumbers with increasing treatment duration. Simi-
larly, in the low-frequency region, certain peaks observed in untreated bamboo diminished
after only a few hours of treatment. These spectral changes indicate structural and chemical
modifications in sample composition. Compared to the original samples, bamboo samples
defibered for varying durations exhibited peaks that either disappeared or shifted during the
defibering process. The peaks that diminished after delignification corresponded to those at
1734 and 1247 cm~!. These peaks were attributable, respectively, to stretching vibrations of
unconjugated aldehyde or ketone C=O groups in lignin and hemicellulose structures (the
former associated with lignin), as well as to CO-OR stretching in hemicelluloses or C-O bond
stretching in lignin monomer units [44]. The spectral peaks observed at 3344, 2894, 1599, and
1026 cm ™! were assigned to stretching vibrations of hydroxyl groups in cellulose, C-H bonds
in cellulose and residual lignin, C=C bonds associated with unsaturated lignin structures,
and in-plane C-H deformation of lignin aromatic rings and symmetric C-O stretching in
cellulose and hemicelluloses, respectively [44]. All stretching modes and their corresponding
wavenumbers are summarized in Table 2. The ATR-FTIR spectra, due to the decrease in sig-
nals at 1734 and 1247 cm ™!, indicated that a significant portion of the lignin and hemicellulose
present in the original bamboo was removed during the defibration process. Nevertheless,
residual lignin fragments and hemicellulose chains remained detectable in the material, albeit
at reduced levels, even after 24 h of treatment.
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Table 2. Assignment of the peaks in ATR-FTIR spectra.
Frequency [cm~1] Vibration Stretching Mode (v)
3344 vO-H
2894 vC-H
1734 vC=0 unconjugated aldehydes or ketones
1599 vC=C in lignin unsaturations
1247 vCO-OR in hemicellulose
vC-O in the guaiacyl units of lignin
1026 vC-O

3.3. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses were carried out to semi-quantitatively evaluate the
presence of hemicelluloses and lignin in the materials after defibering treatment. Thermo-
gravimetric analysis has been widely used for the characterization of plant biomass and
the determination of its components based on the different degradation temperatures of
cellulose, hemicellulose, and lignin [45-49]. Cellulose, hemicellulose, and lignin exhibited
distinct thermal degradation ranges, which enabled confirmation of hemicellulose and
lignin in the lignified materials [50]. The thermograms of the analyzed samples and their
first derivatives are presented in Figure 4.
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Figure 4. Thermogravimetric profile (A) and the first-derivative curves (B) of untreated bamboo (a
and a’) and samples treated with 10% NH;OH at 170 °C for 3h (b and b’), 6 h (cand ¢’), 12 h (d and
d’),and 24 h (e and €').

Figure 4 shows the thermal profiles of the defibered samples compared with the
untreated bamboo, highlighting a clear alteration in the curves after treatment, both in
their shape and the disappearance of some weight loss events present in the untreated
material. After comparison of the thermograms of the defibered bamboo samples, the
profiles appeared very similar to one another, whereas they differed markedly from that
of the original sample. All curves exhibited an initial weight loss between 65 and 80 °C,
attributable to the loss of physisorbed water and volatile compounds, which was par-
ticularly pronounced in the untreated bamboo due to the presence of residual hydrated
tissues [51,52]. In the untreated bamboo sample, two distinct weight loss events occurred
between 200 and 275 °C, which were not observed in the defibered samples, a behavior
likely related to the degradation of free sugars and hemicelluloses that were solubilized in
the basic solution during the defibering process. The most significant weight loss occurred
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between 300 and 350 °C, attributed to the thermal degradation of cellulose [35,51,52]. In
the untreated bamboo samples, this weight loss event had an intensity comparable to that
associated with hemicelluloses, whereas after 3 h of the process, it appeared to be the only
major degradation step in the defibered samples. No appreciable weight loss was observed
in the thermal range between 360 and 600 °C (typical of lignin thermal decomposition
range) in the defibered materials, indicating a reduced lignin content after the defibering
process [52]. These results suggest that both hemicellulose and a substantial fraction of
lignin were removed from the materials within the first 3 h of treatment. The corresponding
weight loss percentages at the relevant degradation temperatures are reported in Table 3.
The data shown in Table 3 indicate that the sample treated for 12 h showed significantly
greater weight loss in the temperature range between 150 and 400 °C when compared to
the other samples analyzed. This was linked to greater removal of lignin and hemicellu-
lose from the material. It is well known in the literature that prolonged treatments not
only cause lignin hydrolysis reactions but also condensation reactions that lead to lignin
repolymerization [53,54].

Table 3. The temperature and corresponding weight loss percentages for untreated bamboo (0) were
compared with those of samples treated with 10% NH;OH at 170 °C for durations of 3 h (3), 6 h (6),
12 h (12), and 24 h (24), respectively. This comparison highlights how increasing treatment time alters
the material’s thermal degradation behavior.

Time of Treatment Weight Loss % Residual Mass %
[h] 30-150 °C  150-400 °C  400-700 °C at 700 °C
20 40 5 35
6 57 10 27
5 57 9 29
12 8 63 11 18
24 7 53 10 30

3.4. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is widely used to characterize cellulose-based materials. De-
termining crystallinity and structural variations in cellulose is essential during processing
and extraction, as such changes can affect the mechanical properties of final materials.

Figure 5 shows diffractograms of delignified samples at different processing times.

(002)

(101)

(004)

Intensity [a.u.]

I lﬁ

10 20 30 40 50 60
20 [deg]

Figure 5. X-Ray diffraction pattern of raw (a) and bamboo fibers after 3 h (b), 6 h (c), 12 h (d), and
24 h (e) of delignification process.

https://doi.org/10.3390/fib14030038


https://doi.org/10.3390/fib14030038

Fibers 2026, 14, 38

90f13

The diffractograms of the analyzed samples (Figure 5) showed variation in the (002)
reflection angle. This shift was absent for the (101) reflection, which occurred at 26 = 17°
across all samples. The intensity of the (004) reflection decreased with increasing process
time. These angular variations indicated changes in crystallinity and cellulose chain
conformation within the materials. Table 4 lists the crystallinity indices (Crl%) for the
extracted cellulose samples, calculated per literature methods using Segal Equation (1) [55],
shown below.

(Ioo2) — Iam)

Crl% = 1100 (1)

Loo2)

The CrI% values in Table 4 show that the crystallinity of extracted cellulose increased
during the initial processing hours. This rise was directly linked to reduced lignin and
hemicellulose content, as these formed amorphous fractions. The trend was consistent
across the analyzed samples, except for the 12 h sample, where crystallinity decreased
before rising again at 24 h.

Table 4. Crl% calculated for the samples treated at different times of the process.

Time of Treatment [h] Crl%
0 80.5
3 85.3
6 86.1
12 83.4
24 87.9

4. Discussion

Traditional methods for bamboo processing rely on strong bases at high concentrations,
hazardous solvents, large volumes of water, and extended treatment times. This study
explored a more sustainable alternative using a weaker base than those typically employed
in the industry. A reduction in lignin was already evident after the first 3 h of treatment at
170 °C in 10% NH,;OH, but it was not sufficient to obtain a sufficiently delignified material.
This possibility was observed for treatment times of at least 6 h. The characterizations
were qualitatively and semi-quantitatively assessed for changes in the content of lignin,
hemicellulose, and cellulose.

SEM images reveal surface modifications and cellulose macrofibril aggregation post-
treatment: samples after 6 h exhibited the smallest fiber dimensions and lowest workability,
whereas those treated beyond 6 h showed lignin re-polymerization with cellulose fibers in
an aggregated form. ATR-FTIR spectra confirm that peaks associated with lignin and hemi-
celluloses started to disappear after the first 3 h, with no major differences observed among
spectra from 3, 6, 12, and 24 h treatments, indicating early breakdown and solubilization of
these components.

Thermogravimetric analyses of the materials reveal notable differences in sample com-
position relevant to this study’s objectives. After delignification treatment, the thermograms
showed significantly lower water content compared to the untreated material. Moreover,
between 300 and 350 °C, the delignified samples exhibited a much steeper weight loss
profile, indicating markedly lower hemicellulose concentrations and a substantial reduction
in lignin content; the degradation peak related to cellulose thermal degradation appeared
more pronounced.

XRD analyses reveal progressive increases in material crystallinity following the
delignification. This was directly linked to reduced amorphous fractions of hemicellulose
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and lignin in the analyzed materials. Crystallinity rose with longer hydrothermal treatment
times, except for in the 12 h sample, which exhibited the lowest value among all the
analyzed samples.

5. Conclusions

This work aimed to minimize the material /solution ratio and solution concentra-
tion used for cellulose fiber extraction from bamboo culms. Using a diluted solution
of a weak base—such as NH4OH—in combination with a hydrothermal process has
the potential to allow a lignin hydrolysis reaction. The materials obtained after the
delignification process were characterized. Lignin depolymerization and subsequent
solubilization in aqueous solution were evident after the first few hours of treatment.
SEM images show the morphological modification after the initial hours of treatment.
Cellulose aggregates could be distinguished from each other; FTIR spectra show how the
lignin-related bands at 1734 and 1247 cm ™! appeared, after the hydrothermal extraction
process, to be less intense compared with the original bamboo material, indicating in a
semi-quantitative way the decrease in lignin concentration in the extracted materials.
Also, the thermogravimetric analysis shows a difference between the materials after
different times of treatment in the temperature ranges of 200-280 °C and 365-600 °C,
where, respectively, hemicellulose and lignin thermal degradation occurred, indicating
a difference in terms of concentration % of the different fractions. X-ray diffraction
analysis shows a progressive increase in the crystallinity of the materials subsequent to
the delignification process, indicating a concomitant decrease in the concentration of
lignin and hemicellulose. The data collected suggest that 12 h of hydrothermal extraction
at 170 °C with 10% v/v of NH4OH solutions is the compromise between lignin residual
concentration and extracted cellulose yield.
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