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ARTICLE INFO ABSTRACT
Received: 18/03/2025 This study examines the structural and optical characteristics of lignin/polyvinyl
Accepted: 07/05/2025 alcohol composite films, with a particular emphasis on the influence of Fe20O3 incorpo-
Available online: 19/11/2025 ration and carbonization under a nitrogen atmosphere. Field-emission scanning electron

microscopy (FE-SEM) analysis demonstrated that variations in Fe;O3 concentration
induce significant morphological changes, transitioning from nanorod formations to
fibrous structures as the concentration increases. Both the structural stability and porosity
of the films were enhanced by the carbonization process, leading to the integration of
(“ CiTe @ JUAPS) Fe203 nanoparticles into the carbonized films. Raman spectroscopy implied shifts in
the graphitic (G-band) and disordered (Dbrand) carbon structures, reversing enhancing
graphitization at higher Fe,O3 concentrations. Photoluminescence study identified
the emission peaks at 605 nm, 750 nm, and 857 nm, in agreement with carbon dots,
defect states, and extended sp2-hybridized carbon networks, respectively. Integrating
Fe, O3 to appear other peaks, which confirmed m — n* transitions and Fe3+-related
defects. These results underscore the key role of Fe;O3 and carbonization in modulating
the Lignin/PVA: Fe203 films’ properties, rendering it suitable for advanced sensors,
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1 INTRODUCTION scalable option compared to traditional production pro-
cesses, under green chemistry principles [1-5]. There
are various allotropic forms of CNMs, such as diamond,
graphene, amorphous carbon, fullerenes, and carbon
nanorods. They are classified based on their dimensional-
ity: zero-dimensional (0-D), one-dimensional (1-D), and
two-dimensional (2-D) forms [2].

Among these materials, carbon nanorods have been
extensively studied due to their outstanding mechanical
and electronic properties, making them suitable for ap-
plications, including supercapacitors, biosensors, and
high-resolution imaging sensors [3]. The most popular
techniques for manufacturing carbon nanorods, such

arbon nanomaterials (CNMs) have been of special
C interest due to their unique physicochemical prop-
erties, including mechanical stability, tunable electronic
behavior, and optical tunability, along with intrinsic
biocompatibility and overall chemical versatility. These
properties render CNMs highly beneficial for diverse
purposes, especially in sensing technologies. At the same
time, biomass has proven to be a viable precursor of
carbon material synthesis due to its high carbon content,
affordability, and eco-friendliness. Carbon materials
from biomass exhibit an environmentally friendly and
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as carbon nanotubes, are chemical vapor deposition
(CVD) and laser ablation. These techniques require
high temperatures, complex, and expensive preparation
conditions. This highlights the need for more sustainable
and efficient manufacturing methods [4].

Carbon nanomaterials (CNMs) synthesized from
biogas plant residual waste were characterized using
advanced techniques, including Raman spectroscopy
XRD. These materials demonstrated a specific capac-
itance of 371.88 F.g~', highlighting their potential for
supercapacitor applications [6]. Y. Peng et al manufac-
tured nitrogen-doped lignin-based carbon nanotubes via
pyrolysis using modified lignin as raw materials. Multi-
walled carbon nanotubes with diameters ranging from
10 to 80 nm enhance the selectivity for pyridine-N in
L-NCNTs. They exhibit their compatibility with peaceful
coexistence as non-toxic thermoresponsive agents in
light-sensitizing drug delivery systems [7]. Abbas et
al produced Graphene quantum dots GQDs with 0.5-4
nm and a thickness of 1-3 graphene layers using the
green precursor of biomass waste. GQDs have been used
as detectors for ferric ions (Fe3*) [8]. Raman spectra
and photoluminescence of CNMs are affected by the
metal additions, such as Fe, Co, and Ni, associated with
carbonization processes. This enhancement produces
shifts in the D and G bands in Raman spectra, resulting
in increased graphitization and reduced structural de-
fects [9]. Additionally, carbonation processes have been
shown to enhance the photoluminescence properties of
carbon-based materials. That amelioration is reflected
in increased electron mobility and structural stability
within the carbon matrix [10]. Likewise, the interaction
between mineral additions and carbonaceous materials
during synthesis plays an essential role in modulating their
functional properties, including electrical conductivity,
surface area, and optical properties [8].

The incorporation of mineral additions and carbona-
tion processes represents a promising approach to adjust-
ing the properties of BioSource carbon materials, making
them more acceptable for next-generation applications.
This work scrutinizes the Raman and photoluminescence
properties of lignin/PVA films and focuses on the impact
of iron oxide (Fe;O3) on their structural and optical
characteristics. To the best of the authors’ knowledge,
such inclusive analyses of the carbonized lignin/PVA
systems, especially in the Fe,O3 incorporation, remain
unexplored. This work aims to explain detailed insights
into the interactions between lignin, PVA, and Fe, 03,
as well as their collective impact on the Raman and PL
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behaviors of the resulting composite films.

2 MATERIALS AND METHODS

Lignin powder was chemically extracted from date
palm tree waste. The awdust was dissolved in a 10% sodi-
um hydroxide (NaOH) solution with a solid-to-solvent
ratio of 1 : 10. The mixture was then subjected to a
temperature of 150 °C for three hours to facilitate lignin
extraction. Next, to remove insoluble residues, sulfuric
acid (H2SOy) of 20% was gradually added to the filtered
solution until the pH reached 2 . The final lignin powder
was obtained by filtering and drying the precipitated
lignin for a few days at 50°C. The spinning solution
was prepared by dissolving Polyvinyl Alcohol (PVA) in
DEMSO at 90°C for three hours with continuous stirring
using a magnetic stirrer. Lignin was added to the PVA
solution at 65°C with continuous stirring on a magnetic
stirrer for 10 h . After the solution cooled, it was loaded
into a 10 ml syringe supplied with a 21 -gauge needle.
The solution was then electrospun at 16 kV between
the needle and the rotating-cylinder collector onto N
-type silicon wafers at a pumping rate of 0.6mlh~!. The
material was then placed in a tube furnace under a nitrogen
atmosphere, with the temperature raised from 25°C to
300°C at 5°C/min, held for 5 minutes, and then increased
to 700°C at 10 — 15°C/min for 3 h before being left to
cool, as shown in Figure 1. The synthesized films were
characterized using a field-emission electron microscope
(FE-SEM), photoluminescence (PL), and Raman shift
spectra.

3 RESULT AND DISCUSSION

3.1 FE-SEM analysis

FE-SEM results of the Lignin/PVA and Lignin/PVA:
Fe, 03 films are shown in Figure 2. The morphology of
the Lignin/PVA and Lignin/PVA: Fe, O3 films changed
depending on the used concentrations of Fe;O3. The
Lignin/PVA films consisted of bulk aggregates with an
average size of 187 nm and smaller particles with a size of
26 nm. The addition of Fe; O3 at a concentration of 4 ppm
produced nanorods with a diameter of 29 nm and a length
of 112 nm . While increasing the concentration to 5 ppm
led to a decrease in the density of the rods and a slight
change in the diameter and an increase in the length to
130 nm. In contrast, increasing the concentration to 7 nm
resulted in the disappearance of the rods and appearance
of fibrous-like formations with a diameter of 45 nm and
a length of 500 nm surrounded by particles of different
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shapes with an average size of 56 nm .
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Fig. 1 Carbonization process

The carbonization in nitrogen also affected the mor-
phological evolution of the composite films. Carboniza-
tion tends to break down organic materials such as PVA
and lignin to form a carbon-rich matrix. The process can
enhance the structural stability and porosity of the films as
well as favor the embedding of Fe, O3 nanoparticles in the
carbonized matrix. The synergistic effect of adding Fe,O3
and carbonization in a nitrogen atmosphere probably
facilitated particle size redistribution and the observed
morphological evolution, such as nanorod and fibrous
structure formation.

Fig. 2 FE-SEM images of (a) the Lignin/PVA and (b, c,
and d) Lignin/PVA: Fe,03 (4, 5, and 7) ppm films
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3.2 Raman shift spectrum analysis

The Raman shift spectrum was used to analyze the
carbonized lignin/PVA: Fe,Os film (Figure 3). The
peaks observed between 741 and 780 cm ™! are attributed
to fluorescence resulting from the strong C, = Cg
bond [11]. However, the variations in these peaks with
increasing Fe,O3 concentration suggest modifications
in the lignin structure during carbonization, as well
as chemical interactions between ferrite (Fe,O3) and
the lignin/PVA matrix [12]. The peak appeared at
1625 cm™!, corresponding to the G -band, is associated
with C = C stretching vibrations in aromatic rings, which
are characteristic of lignin [13]. A blue shift in this peak
was observed when Fe, O3 was added at concentrations of
4 and 5 ppm, with shifts of 26 and 29 cm™!, respectively,
relative to the original vibration line at 1625 cm™!. This
shift emphasizes the influence of Fe, O3 on the interaction
between lignin and PVA. These peaks are indicative of
graphitic carbon ( sp? hybridized carbon) and reflect the
degree of graphitization [14]. Additionally, a distinct
vibration peak at 1386 cm~! emerged when the Fe, 03
concentration was increased to 7 ppm , which is associated
with the D-band, representing disordered carbon struc-
tures [15]. The Raman spectrum analysis also indicated
an unusual peak at 2025 cm~! that could be attributed to
C = C stretching vibration in cumulenes or alkynes. The
molecular structures may exist as impurities in carboniza-
tion. Although not that pronounced in comparison to
the other peaks, this specific peak is highly informative
about the subtle molecular changes involved in material
preparation [16]. Furthermore, the peak at 2330 cm™! is
often associated with the presence of CO, or adsorbed
CO; on the material’s surface, which can occur during
carbonization or due to environmental exposure. The
2836 cm™! vibration line is typically described by C — H
stretching vibrations of aliphatic hydrocarbons, such as
methylene groups. The addition of Fe,O3 caused a red
shift in the peak to 2809 cm™!, indicating an increase in
surface area that can potentially facilitate CO, interaction
with the surface. This effect was especially pronounced
at the 5 and 7 ppm concentrations of Fe 2 O 3 , where the
peak shifted towards 2330 cm™!, thereby increasing CO»
adsorption [1]. Meanwhile, the band at 2836 cm™! may
be caused by symmetric stretching vibration of C — H
bonds or other oxidative functional groups created during
thermal treatment of carbonaceous material.

The occurrence of a peak at 3630 cm — 1 confirms
the presence of O — H stretching vibrations, revealing
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Fig. 3 Raman shift of (a) Lignin/PVA and (b, c, and d) Lignin/PVA: Fe,03 (4, 5, and 7) ppm films

hydroxyl group bonding in lignin [17, 18]. Similarly, the
peak at 2946 cm™! confirms the presence of aliphatic CH,
groups, which are common in lignin and PVA structures.
The position and intensity of this peak indicate valuable
information regarding the interactions between the or-
ganic materials (PVA and lignin) and inorganic Fe,O3
nanoparticles incorporated within the composite matrix.
Peaks at 3630, 3582, 3682, and 3656 cm™! are assigned
to O — H stretching vibrations. These peaks are most
probably caused by hydroxylated Fe,O3 (e.g., FeFOOH
), unreacted hydroxyl groups in lignin/PVA, or surface
hydroxyls of the carbonized product. Fe,O3 can influence
these peaks through increasing hydroxylation, modifying
hydrogen bonding, or catalyzing the decomposition of
organic -OH groups [19]. A higher Fe;O3 concentration
of 7 ppm may enhance graphitization, leading to a more
pronounced G -band and reduced defect density. In
contrast, lower Fe,O3 concentrations ( 4 and 5 ppm
) may result in less graphitization and higher defect
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density, consistent with the formation of nanorods and
agglomerates, as observed in FE-SEM images [14,20,21].
The photoluminescence of lignin/polyvinyl alcohol (PVA)
composites, as well as those mixed with iron oxide,
was studied after carbonization by excitation with a 320
nm laser. Figure 4-a illustrates the emission spectrum
with 605 nm , 750 nm , and 857 nm peaks for the
carbonized lignin/ PVA, with the dominate 605 nm peak,
which can be attributed to the Hu — Tju transition [22].
The appearance and dominance of the 605 nm peak
can be attributed to the possibility of carbon dots, the
appearance of quantum effects, structural defects, and
surface functional groups (e.g., -OH, -COOH), which
create energy levels within the energy gap that facilitate
radiative recombination processes [23].

The peak at 750 nm is usually assigned to emission
from either defect states or energy levels induced by
carbonization of lignin due to exciton recombination
(electron-hole bound states). In the case of lignin-derived
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carbon nanomaterials, this feature in the spectrum is
characteristic of localized states that enable radiative
recombination and thus fluorescence [24,25]. The 857
nm emission occurs in the near-infrared (NIR) range,
representing a longer wavelength and, by implication,
lower energy transitions. This maximum is usually
ascribed to larger conjugated systems like extended sp>-
hybridized carbon frameworks or polycyclic aromatic
hydrocarbons, which experience lower energy emissions
as a result of their electronic structure. The emission
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at longer wavelengths can also be explained by the
"rededge effect," a phenomenon characterized by the
emission spectrum’s shift toward longer wavelengths as
a result of the interactions occurring between emitting
species and the environment. This is commonly seen in
complex systems where environmental effects modulate
the electronic transitions of the material [23].

When iron oxide was added at several concentrations
(4,5, and 7 ppm ), peaks appeared at 439 nm and 451
nm , as shown in Figure 4 b — d.
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Fig. 4 Photoluminescence spectra of (a) the Lignin/PVA and (b, ¢, and d) Lignin/PVA: Fe,03 (4, 5, and 7) ppm films

The 541 nm peak indicates the 7 — ™ transition in
the carbonized Lignin/PVA matrix [26] while the 595
nm peak indicates emission associated with defects
such as oxygen vacancies or Fe3-bound states [27].
The 771 nm peak also confirms the presence of

© 2025 The Author(s).

130

deep defects and charge transitions involving iron
ions. increase in the F>O3 concentrations to 5 and 7
ppm led to the blueshift and the redshifts suggest a
change in the electronic structure of the carbonized
matrix, possibly due to increased cross-linking or
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quantum confinement effects and indicating further
modification of defect states, likely due to increased
F>0O3 aggregation or the formation of larger Fe-
related clusters, respectively [28,29]. This behavior
led from the fact that the incorporation of iron
oxide into the lattice not only affected the disorder
but also affected the vacancy sites, Oxygen, and
its distribution. There is also a decrease in the
spectral emission intensity with an increase in the
concentration of the activator, iron oxide [30]. Tablel
lists the PL peaks values of the carbonized (Lignin/
PVA and Lignin/ PVA/ Fe,03 ) films.

Table 1 PL peaks values of the carbonized (Lignin/ PVA
and Lignin/PVA/Fe,03 Fe (4, 5, and 7) ppm films

Fe203
(4 ppm)
275
451
2.084
595
1.608
771
2.12
585

Fe203
(5 ppm)
275
451
2.168
572
1.831
677
1.53
810

Fe203
(7 ppm)
2.82
439
2.119
585
1.712
724
1.473
842

Carbonized Lignin
/PVA
2.05
605
1.653
750
1.447
857
2.83
438

Peak no.

Energy (eV)
‘Wavelength (nm)
Energy (eV)
Wavelength (nm)
Energy (eV)
Wavelength (nm)
Energy (eV)
Wavelength (nm)

4 CONCLUSION

Waste palm biomass can be used as an economic
precursor for the production of carbon nanorods. It
provides a green alternative to traditional carbon
nanomaterial synthesis. Addition of iron oxide
(Fe»03) to lignin/PVA composite films, followed by
controlled carbonization in a nitrogen atmosphere,
has a significant influence on the morphology, struc-
ture, and optical properties of the material. Using
Fe, O3 serves as a catalyst and structural modifier that
promotes nanorod growth, enhances graphitization,
and regulates defect density. Raman spectra and pho-
toluminescence measurements revealed that Fe,O3
induces large vibrational band shifts and emission
profiles, characteristic of electronic structure and
defect state changes, that are dependent on concentra-
tion. The results reflect the potential of carbonized
lignin/PVA: Fe, O3 composites as high-performance,
multi-purpose sensing and optoelectronic device
materials, demonstrating the synergistic benefits
of biomass-derived carbon, polymer matrices, and
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transition metal oxides in the fabrication of scalable,
green nanomaterials for innovative technologies.
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